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ABSTRACT 

The importance of electrical insulators for various house hold goods and power industries needs 

the exploitation of geomaterials which are available in Ethiopia. This work deal with the 

exploitation of talc, kaolin, and bentonite deposits, as a raw material in the manufacturing of 

electrical voltage resistant material. The chemical compositions of the geomaterials were 

characterized by XRF. The particle size distribution, mass composition and formulation were 

selected from a review of the literature. Attempts have been made to study the pressing pressure, 

sintering temperature, and soaking time effect on the production process and electrical properties 

of the material developed. The specimens were compacted by dry pressing method at different 

pressures of 30 MPa, 40 MPa, and 50 MPa. The materials have been dried at 110 ℃ and sintered 

at different temperatures of 1100, 1200, and 1300 ℃ for 1, 1.5, and 2 hrs. soaking time and 10 

℃/minute firing rate. The optimization of process parameters for the ceramic insulator was 

investigated using GFD. The specimens were characterized in terms of bulk density (0.987-2.901 

g/cm3), apparent porosity (1.567-19.871 %), water absorption (0.891-9.982 %), shrinkage (4.562-

8.643 %), compressive strength (6-30MPa), and dielectric strength (6.3-11kv/mm). The micro 

structural investigation was carried out by both XRD and SEM. The experimental results showed 

that at 1288.34 ℃ sintering temperature, at 41.47MPa pressing pressure and 1.97 hr soaking time 

are found to be the best for electrical voltage resistant ceramic material production. In conclusion 

the results of this study confirmed that the local geominerals have properties that can be 

potentially used to the manufacturing of electrical voltage resistant ceramic materials. 

Keywords: Geomaterials, Composition, Parameter, Insulator, Microstructure, Optimization
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1. INTRODUCTION 

1.1. Backgrounds 

The present economic situation of Ethiopia calls for the local sourcing of raw materials used in the 

production of engineering materials, such as electrical voltage resistant material. 

The demand of electric power has been risen sharply in developing countries due to the rapid 

development of industries and human lifestyle. As a result, governments in developed and 

developing countries have focused on finding a variety of electrical energies from simple resources 

to advanced nuclear power. In Ethiopia the energy sector has grown over the last 20 years and now 

has an electrical output of 4,413 MW (EEP, 2020). This would be expected to reach 20,000 MW 

in the next 10 years. The country is said to have a potential of 45,000 MW from hydro-power, 

7000MW from geothermal, 1.400 GW from wind power and other energy sources like solar and 

coal (EEP, 2015). Though especial attention must be paid to be to the development of various 

types of electrical voltage resistance material from locally available raw materials in order to safely 

transfer and distribute this generated energy to the intended users.  

 

Therefore, electrical energy industries are working hard to develop insulator and long-distance 

transmission. For safe transmission and distribution of the electric power, it is very important to 

use the insulator material to prevent the flow of current from the wire through the towers or ground 

support poles to the earth (Ezenwabude & Madueme, 2016). Electrical voltage resistance ceramic 

material is most widely used for overhead insulators in power transmission and distribution 

systems (Ovri & Onuoha, 2015). Such materials must be electrically highly inert and prevent the 

risk during its usage in day to day life (Moyo & Park, 2014). In power transmission and distribution 

systems, the overhead conductors are usually supported by towers or poles which are properly 

grounded and there must be an insulator between tower and conductors to prevent the flow of 

current from conductors to the earth through grounded supporting towers (Moyo & Park, 2014). 

In this distribution network insulators have two major functions. The first one is fastening 

mechanically and the second one is insulating electrically the component of the electrical network 

(Schulle, 2002).  
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Recently different kinds of electrical insulators have been applied in electric power distribution 

systems like ceramic insulator, polymer, composite, and glass insulators (Meng et al., 2016). Each 

of these materials have its own advantages and disadvantages, but the ceramic insulator is the most 

commonly used material for overhead insulators (Moyo & Park, 2014). 

The ceramic insulator is one of ceramic products that have fired at high temperature (1100 – 1400 

℃) to achieve vitreous or glass qualities such as translucence and low porosity (Ovri & Onuoha, 

2015). The electrical ceramic insulator is one of the most complex ceramic materials used and 

preferred for both low and high tension insulation (Olupot, 2006). Naturally available raw 

materials are used for its production in contrast to other types of insulators in which are made with 

industrially processed materials. Ceramic insulator also possesses several outstanding properties 

simultaneously such as; high mechanical strength, high electrical and corrosive resistance which 

could not be possessed by another type of insulators (Moyo & Park, 2014). 

The properties of electrical ceramic insulators depend on the amount and size of the phase resulting 

from the high-temperature reaction, the raw material chemical and physical properties, and the 

firing condition (Olupot, 2006). So by varying the heating and cooling rate, firing cycle, and 

percentage composition of raw materials it is possible to influence the properties of the final 

product (Borode, 2010). 

Nowadays electric power industry needs to develop extra-high-voltage, large capacity, and long-

distance transmission (Kitouni, 2014), resulting extensive the demand for electrical insulators. The 

present study investigates the synthesis of electrical voltage resistant ceramic material using local 

Ethiopian minerals deposits (talc from Babon, Guji zone, Oromia region; bentonite from Ounda 

Hadar, Afar region; and kaolin from Sidama basin, Sidama zone). 

This thesis has been divided into 5 parts where chapter 1 describes a general introduction of the 

subject. Chapter 2 provides a detailed analysis of the literature available with the objective of the 

present work. Chapter 3 describes the detailed methodology and experimental techniques used in 

the current study. Chapter 4 discussed the results of the present study. Finally, all the results of 

study are summarized as conclusions in chapter 5. 

. 
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1.2. Statement of the problem 

For a developing country like Ethiopia, the access to energy is a key concern, to remove poverty, 

enhance food production, increase clean water availability, upgrade medical facilities, boost up 

education standards, and develop employment opportunity. Around 85% of the population lives in 

rural areas and most of the households in rural towns and villages have no access to electricity. 

Like most other sub-Saharan countries, Ethiopia’s electricity access has been quite low. According 

to ministry of Water, Irrigation and Energy report, the country’s electricity coverage was 17% in 

1999. However, by the continuous effort of the government, rural electricity access is reached to 

57.17%. The demand for electricity has been continuously increasing due to expanding 

transmission of electricity to every part of the country. Ethiopia is considered as one of the few 

countries that has immense potential for electric energy development. To utilize this vast resource, 

the Ethiopian Electric Power (EEP) has developed a generation and transmission plan for the year 

2025. In order to make electricity available for all, it is to be transmitted, most times over long 

distances using overhead cables. Insulators play an important role in supporting the overhead 

conductor cables, in supporting electrical equipment, and in isolating conductors from other 

objects and from each other. Electrical voltage resistance ceramic materials are among the major 

materials used for insulation on power transmission and distribution lines. Ethiopia expends a lot 

of foreign exchange importing the electrical voltage resistant material. According to Ethiopian 

Customs Authority, Ethiopia imported more than 20,000 tons of electrical voltage resistance 

ceramic materials in the past ten years, even though the ceramic raw materials are widely available 

in the country. Therefore, it is essential to synthesize high grade electric resistance material of low 

cost using local abundant material. Hence, the present study' synthesis of talk based electric voltage 

resistance ceramic materials' is highly significant.  
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1.3. Objective 

1.3.1. General objective 

The overall objective of this study was to prepare and characterize talc-based electrical voltage 

resistant ceramic material from Ethiopian mineral deposits. 

1.3.2. Specific objective 

The specific objectives of this work were: 

 To study the chemical composition of the local raw materials for talc-based electrical 

voltage resistant ceramic material. 

 To prepare the talc-based electrical voltage resistant ceramic material and study the effect 

of process parameters on the dielectric strength. 

 To optimize the process parameters for the dielectric strength properties of talc-based 

electrical voltage resistant ceramic material. 

 To characterize the chemical, physical, mechanical and electrical properties of the 

produced talc-based electrical voltage resistant ceramic material. 

. 

 

 

 

 

 

 

 

 

 

 

 

 



Production of Talc based Electrical Voltage Resistant Material from Ethiopian Mineral Deposit 
 

MSc Thesis Page 5 
 

1.4. Significance of the Study 

The study provides talc-based electrical voltage resistant ceramic material data made from locally 

sourced-ceramic raw materials that are available in Ethiopia. The data will familiarize the alternate 

production method of electrical voltage resistant ceramic material in the country for adequate 

provision at an affordable price and reduce overdependence on ceramic insulators imported from 

abroad which are more expensive. The work will illuminate the suitability of using Ethiopian 

mineral deposits as raw materials for the production of electrical voltage resistant ceramic material. 

This circumstance will minimize the imported insulators grown fast in number and types due to 

the expansion of households and electrical power industries in the country. Moreover, the study 

will be used as a baseline for future research to produce quality ceramic insulators and other white 

ware from locally sourced raw materials. 
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2. LITERATURE REVIEW 

2.1. Ceramics 

Ceramics are defined as a class of inorganic, non-metallic solids that are subjected to high 

temperature in the manufacture and/or use. The most common ceramics are composed of oxides, 

carbides, and nitrides. Silicides, borides, phosphides, tellurides, and selenides are also used to 

produce ceramics. Ceramic processing generally involves high temperatures, and the resulting 

materials are heat resistant or refractory (Kirk, 2004). 

Traditional ceramics refers to ceramic products that are produced from unrefined clay and 

combinations of refined clay and powdered or granulated non-plastic minerals. Often, traditional 

ceramics are referred as ceramics in which the clay content exceeds 20 percent (Kellersohn, 1986). 

Ceramic products that are made from highly refined natural or synthetic compositions and 

designed to have special properties, are referred to as advanced ceramics. Advanced ceramics can 

be classified according to the application as electrical, magnetic, optical, chemical, thermal, 

mechanical, biological, and nuclear (Kirk, 2004). 

2.2. Ceramic Electrical Insulator 

The properties of a material are important because they dictate its ultimate usage. Ceramics, which 

are well known for their hardness and rigidity, often are used as abrasives. Other applications are 

due to their electrical and thermal insulation characteristics. In addition to their properties, the 

basic requirements in using ceramic materials are dimensional, surface, and strength requirements. 

Dimensions are important because most ceramic processing involves shrinkage during thermal 

treatment; the reproducibility of dimensions or tolerance can affect the use of the material. The 

surface is important both for contact applications and when further processing. And strength is 

important in applications where the ceramic material is stressed (Kellersohn, 1986). 
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2.3. Electrical Properties of Ceramic Insulators 

The major properties required for materials being an insulator are high resistivity, high dielectric 

strength, and protection of a conductor from a saver environment like humidity and corrosiveness 

(Moyo & Park, 2014). Dielectric strength is the measurement of materials to withstand high 

voltage. Higher the dielectric strength the better is the electrical insulation. The specified range for 

high tension porcelain insulator is (6.1 – 13 kV/mm) (Olupot, 2006). Electrical insulation 

resistance test can be used instead of a dielectric strength test. According to the international 

electrical testing association, the minimum recommended value of insulation resistance of 

electrical system and equipment is 1000 Mega ohm at the injection of 1000 DC voltage (Moyo & 

Park, 2014). 

 

Ceramics are used where ever high strength, e1evated temperature, heat dissipation, or long-term 

hermeticity (scaled from pressure 10 the atmosphere) is required. The most demanding application 

for high resistivity ceramics is as insulators for high voltage power lines (Ramaswamy et al., 2005). 

Most people are aware that ceramics are used for these insulators, but they are not aware of its 

high demand at present. First, the insulators must be very strong because they support the weight 

of the power lines and should endure during heavy wind or any other catastrophic calamities; then 

the material should be considered how long these insulators are designed to last. They must be 

highly reliable. Second; the insulator must be resistant to weather damage and absorption of water. 

Internal adsorption can result in arcing at the high voltages involved. Ceramic materials that are 

good electrical insulators are referred to as dielectric materials (Meng et al., 2016). Although these 

materials do not conduct an electric current when an electric field is applied, they are not inert to 

the electric field. The field causes a slight shift in the balance or charges within the material to 

form an electric dipole, thus the term "dielectric" applies, Electrons can move when a material has 

e1ectron energy levels that overlap or are not filled. Most ceramics do not have mobile electrons 

or ions and do not permit passage of an electrical current when placed in an electric field, these 

nonconductive ceramics are called the electrical insulator. The high value of electrical resistivity 

for these materials results from the way that the electrons are tied up during atomic bonding. In 

each case, valence electrons are either shared (Covalently)or transferred (ionically) such that each 

atom achieves a full outer shell of electrons (Kitouni, 2014). 



Production of Talc based Electrical Voltage Resistant Material from Ethiopian Mineral Deposit 
 

MSc Thesis Page 8 
 

2.4. Classification of Ceramic Electrical Insulator 

Ceramic insulator bodies can be classified as triaxial, steatite or non feldspathic types depending 

on the composition and amount of glass phase present in the ceramic. 

2.4.1. Triaxial ceramic insulator 

Triaxial ceramic insulator forms a large base on the commonly used insulators for both low and 

high tension insulation (Balkevich, 1984). In its formulation, triaxial ceramic insulator consists of 

a mixture of the minerals clay-flint and feldspar. The clay (kaolin) or hydrous aluminum silicates 

of varying purity and of the general formula [Al2O3.2SiO2.2H2O], give plasticity to the ceramic 

mixture; flint or quartz, which is silica (SiO2), acts as an inert material that helps to maintain the 

shape of the formed article during firing; and feldspar, and alkali aluminum silicate [ KxNa1-

x(AlSi3) O8], serves as flux. These three constituents placed triaxial porcelain in the phase system 

[(K, Na)2O-Al2O3- SiO2] in terms of oxide constituents (Buchanan, 2004). The quality of the final 

product and its degree of vitrification depends upon the fineness of grinding, the method of 

forming, and the firing temperature. The fired product contains two main crystalline phases: 

Mullite crystals (3Al2O3.2SiO2) and undissolved quartz (SiO2) crystals these crystals are 

embedded in a continuous phase, originating from feldspar and other low melting impurities in the 

raw materials. 

  

2.4.2. Steatite ceramic insulator  

 

These are found in the system MgO-Al2O3-SiO2 (Buchanan, 2004). They include the oxide end 

members: MgO, Al2O3, and SiO2; the binary compounds: MgO.SiO2 (steatite), 2MgO.SiO2 

(forsterite), MgO.Al2O3 (spinel), and 3Al2O3
.2SiO2 (mullite) and the ternary compound 

MgO.Al2O3
.2.5 SiO2 (cordierite). The main raw materials are talc (3MgO.4SiO2

.2H2O), kaolinite 

clays, and alkaline earth fluxes such as BaCO3 and CaCO3. These ceramics are typically of higher 

purity than the triaxial ceramics with superior dielectric properties but are more difficult to produce 

due to a narrower sintering range. 
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2.5. Technology of Steatite Ceramics 

Steatite ceramics can have significantly different properties, depending on its composition and 

technology as well as on its application. Therefore, industrial compositions and production 

methods are very different. By application and properties, steatite ceramics are divided into high-

voltage and high-frequency. By mass composition and manufacturing technology steatite ceramics 

are divided into in plastic, low-plastic and non-plastic (Balkevich, 1984). Plastic steatite masses 

are prepared by combined mixing and wet grinding of all components in ball mills. The ball mills 

lined with the same steatite and using steatite balls. The normal moisture of the suspension is 40-

50 % with the ratio of the material to the grinding media 1:1. After dehydration, the mass on the 

filter press to water content 18-22 %. Depending on the type of products, and processed according 

to one of the common methods of plastic molding: honing on turning machines, sculpting in plaster 

forms, molding through the profile of the headpiece, etc. (Rodrigues & Moreno, 2007). In plastic 

steatite masses it is recommended to use only thin-grained talc as it provides a more homogeneous 

structure of products. At the same time, part of the introductory talc is pre-burned at 1350 ℃, 

which improves the molding properties of the mass structure and appearance of the products 

(Balkevich, 1984).  

 

Small-plastic steatite masses are made in products by pressing dry and wet method (Dyatlova, 

2014). Semi-dry pressing is used to make the simplest configuration and it is based on the organic 

binder of fatty acids (Balkevich, 1984). For dry pressing the powder should be granulated to 

increase the density and strength of the presses. Granulation is carried out by two-cut pressing of 

powder on a binder of at a pressure of about 300 kg/cm2. Granulated powder is dispersed into 

fractions (Balkevich, 1984). For small make-up, the size of the particles is 0.2-0.5 mm, for larger 

ones - up to 0.8 mm. Products are pressed on presses - machine at pressure of up to 600 kg/cm2 

with two-way compression (Buchanan, 2004). Pressed products in a special drying do not need, as 

they contain a small amount of moisture (up to 5%), wet pressing or, as it is otherwise called, 

stamping make products of more complex configuration. Crushed powder from dried blanks is 

mixed with a binder, which is a water emulsion of fatty organic acids, in the amount of 18-26 %  

(Dyatlova, 2014). 
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Such powder has a high fluidity, which allows to press products at relatively low unit pressures of 

pressing - about 60-80 kg/cm2 (Dyatlova, 2014). Usually the products are pressed on mechanical 

presses, dry them at 100-120 ℃. In wet pressing products have a lower density and strength than 

in dry pressing, and accordingly reduced electro physical properties. The way the pressing is made 

mainly by electrical installation parts (Buchanan, 2004). Hot pouring under pressure produce 

products from non-plastic masses, designed mainly for high-frequency radio-technical parts 

(Balkevich, 1984). The technological scheme is two-stage. The first stage represents the actual 

synthesis in briquette or speck, and the second- the manufacture and roasting of products from this 

speck. Crushed in ball mills with steatite lining mass after vacuuming is processed on a vacuum 

press with a multi-breath mouthpiece to produce thin rods with a diameter of 2-3 mm (Balkevich, 

1984). 

 

After drying (usually in shambolic capsules) these rods are roasted until fully baked at 1200-1250 

℃ depending on the composition of the masses. After roasting in the form of cakes or crumbs, 

subject to dry grinding with organic acid in ball mills with steatite lining. Prepared and processed 

in the process of grinding superficially active substance powder is plasticized with paraffin in the 

corresponding unit at 70-80 ℃ (Balkevich, 1984). The Prepared grinder is vacuumed and sent to 

foundries or vacuumed directly in the foundries. Steatite grinders contain paraffin binder. It is 

burned at a temperature of about 900 ℃, and in some cases under burn at 200-300 ℃ (Dyatlova, 

2014). For small products, it is possible to burn once on porous stands without first burning the 

binder. The most important issue in the technology of steatite products is their roasting (Balkevich, 

1984). The steatite masses are burned until fully caking at 1170-1340 ℃, depending on the 

composition, they have a very small interval of speculative condition, which is only 10-40 ℃ for 

different masses. Therefore, the steatite is burned in the furnaces with a well-regulated temperature 

and a slight temperature difference on the section of the furnace (Buchanan, 2004). Most often 

roasting lead in electric furnaces with silicon carbide heaters. The temperature of the roasting of 

steatite at the interval of its caking, as well as the phase composition and properties of the burnt 

product, depends to a large extent on its original chemical composition. In recent times it has been 

shown that the increase in the variance of talc in plastic steatite masses leads to a technical 

expansion of the interval of the baked state from 10-20 to 40-60 ℃, by reducing the minimum 
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required roasting temperature due to the increase in the specific scheming of silica, which is 

released during the decomposition of talc (Buchanan, 2004). 

Table 2. 1: Approximate chemical composition of the steatite, wt. %. 

 

Steatite 

 

Silica and 

alumina 

 

Transition 

metal 

 

Alkaline earth metal 

oxides (RO) 

Alkaline metal oxides 

(R2O) 

Plastic 59-63 0.5-0.6 35.8-45.5 0.3-0.5 

Low –plastic 58.5 -62.5 0.2-0.25 37.05-42 0.1-0.15 

Nonplastic 48.5—6.1 0.7-1 40-48.2 0.03 

 

Plastic masses are characterized by high content of Al2O3 and alkaline oxides, injected into the 

mass with clay and bentonite (Balkevich, 1984). When introduced into the mass up to 15 % of 

additives in the form of clay and bentonite injected about 5 % Al2O3. Non-plastic steatite masses 

contain a small amount of Al2O3 and R2O (Balkevich, 1984). Phase composition of steatite 

ceramics is characterized by the content of crystals clinosteatite and other forms of MgO.SiO2 in 

the amount of 60-65 % of the vitreous and a small amount of gas phase (Dyatlova, 2014). The ratio 

of crystalline and vitreous phases is a silicate glass complex composition. In the steatites of various 

types, the compositions of these glasses contain both alkaline and alkaline earth oxides. Up to 4-5 

% Al2O3 and R2O are suitable in the mass of plastic steatite in glass. In the masses of non-plastic 

steatite glass is almost devoid of Al2O3 and R2O and is alkaline earth. Thus, the composition of the 

glass-shaped phase of different types of steatite can be discerned. The presence in the vitreous 

phase of steatite ceramics of all types of shell-earth metals, especially Barium oxide, leads to a 

decrease in dielectric losses. In the vitreous phase and the product as a whole (Dyatlova, 2014). 

This decrease in dielectric loss steatite is explained by the fact that the density of packaging of 

ions in the vitreous phase increases with the introduction of Barium ion, which has a large ion 

radius. This reduces the ability to oscillate movements in high-frequency fields and reduces energy 

loss. Therefore, Barium oxide addition is necessary in the steatite mass. It follows that the 

composition of the vitreous phase of steatite has an effect mainly on dielectric properties 

(Balkevich, 1984). In non-plastic steatite dielectric losses are much less, and the specific volume 

resistance is about two orders of magnitude more than in plastic steatite. Therefore, the steatite 
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from non-plastic masses is used as a high-frequency dielectric (Buchanan, 2004). The presence of 

various chemical oxides in the steatite makes it possible to form not only double and triple eutectic 

but also a significant amount of low melting polyeutectic. Since there are no diagrams of the state 

of multi-component systems, you can only set the temperature of the liquid phase, using diagrams 

of the equilibrium state of the three-component systems of the main oxides that make up the mass 

(Balkevich, 1984). Such systems are MgO- Al2O3-SiO2 and BaO-Al2O3-SiO2. In the first of the 

systems, the most low-melting eutectic are formed at 1345 ℃ and has a composition of MgO-20.3 

%, SiO2-61.4 %, Al2O3 -18.3%. In the same system there are eutectic compositions melting at 1360 

,1370 and 1425 ℃. In the BaO-Al2O3-SiO2 system, the most low-melting eutectic are formed at 

1230 ℃ (BaO-32%, Al2O3-11%, SiO2- 57 %). In CaO-Al2O3-SiO2, a liquid phase appears at 1170 

℃. However, the actual appearance of the liquid phase in the roasting of steatite ceramics is 

observed at much lower temperatures of about 900-1100 ℃, and full caking, accompanied by an 

open porosity, at a temperature of 1200-1300 ℃ (Balkevich, 1984). The duration of the roasting 

and the rate of temperature increase depend on the shape and size of the products. In equal-larges, 

non-fast masses can be burned more quickly, as decomposition reactions have been completed 

when baking (Buchanan, 2004). 

2.6. Raw Material for Steatite Ceramics 

Properties of any ceramic material depend on the characteristics of the raw materials and 

processing parameters applied during processes to assure the quality of ceramics material products 

(El Ouahabi, 2014). Steatite electrical voltage resistance material is one of the component for the 

construction of electrical power transmission line station. Most of low and high electrical voltage 

resistant insulators are made using different industrial minerals. Among these minerals are talc, 

clay, bentonites  and calcite  rock (Iqbal & Lee, 2000). According to Yaya et al., 2017 one variable 

in the production of electrical porcelain insulator is the source of geominerals, because critical 

aspects of particular geominerals, such as its elemental composition, phase constitution, 

microstructure, and its plasticity are all a function of geological condition, that differ from place 

to place. 
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2.6.1. Talc 

Talc is an industrial raw material used in many industrial applications because of its unique 

physical and chemical features. It is a layered, hydrous magnesium silicate with the chemical 

formula of Mg3(Si2O5)2(OH)2 and the theoretical chemical composition of 63.5 wt.% of SiO2, 31.7 

wt.% of MgO, and 4.8 wt.% of H2O (Boschi, 2006). Talc extracted from various localities shows 

different mineralogical, chemical, and physical properties; these features depend on their parent 

rock types, and origins play a key role in their usability (Rodrigues & Moreno, 2007).  

Talc has an apple-green color, sometimes white with yellowish or greenish type. Its Density is 

2580 -2830 kg/m3, hardness is in group one. Dense monomineral talc is called steatites 

(Duderov,1987). Talc containing a small amount of impurities is suitable for the production of 

steatite. When heated, talc loses chemical water and turns into a magnesium metasilicate with 

excess amounts of silica (Rodrigues & Moreno, 2007). 

The other properties of talc are: hydrophobicity, organophilicity, platy ness or lamellarity, softness, 

chemical inertness, high thermal stability, low electrical conductivity, heat resistance, wide particle 

size distribution, high specific surface area, oil absorption, and surfactant/polymer absorption 

capability (Wallqvist, 1972). In addition to ceramics it is used in the production of fire retardants 

as filler and white pigment in paper paints, as filler in the cable, rubber and roofing industry, as an 

intoxicating material that protects products from clumping, as a substrate for dust used to control 

pests in agriculture (Duderov & suhanova,1987). 

2.6.2. Bentonite 

Bentonite is very high plastic material, adsorbing ability and a tendency to swell. Bentonites are 

used in the production of porcelain material and other electrical insulators. Introduction to the mass 

of ceramic, bentonite dramatically increases their plasticity, increases the mechanical strength of 

the dried products, lowers the temperature of roasting and increases the translucent of porcelain 

(Sonmez, 2019). 

The basic structure of Bentonite is made up of two silica tetrahedral sheets with an intermediate 

aluminum octahedral sheet (Vimonses, 2009). The charge between the octahedral and tetrahedral 

sheets is not balanced due to the isomorphous substitution of Al3+ for Si4+ in the tetrahedral sheet 

and generally Mg2+ for Al3+ in the octahedral sheet. The substitution by these ions of lower valence 
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induces a permanent negative charge in the lattice structure. The negative charge is balanced by 

treating it with cations such as sodium, calcium, or magnesium. These cations are exchangeable in 

the lattice structure due to loosening binding (Vimonses, 2009). 

2.6.3. Clay materials 

Plastic materials - natural substances that in a moist state are able to take under the influence of 

external influence desired form and preserve materials. Kaolin also referred to as china clay, is 

used to produce traditional ceramics when the color of the finished object and its high-temperature 

performance are important. Kaolin is a clay mineral made up of aluminum, silicon, and water. It 

is a hydrated aluminum silicate, with approximately 46% Silicon, 40% aluminum, and about 14% 

is made up of calcium, iron, magnesium sodium, and water. It has a melting temperature of about 

1700 ℃ and it is triclinic in its crystal system (Ouahabi, 2014). Kaolin is a mineral that is described 

technically as a white alumina-silicate. It does not react with other materials and is insoluble in 

water (Egbai, 2013). Kaolin is used as a ceramic raw material, and a component for refractory, 

brick, and fiberglass products (Dana, 2004).  

Clays are more diverse in mineralogical composition. They consist mainly of kaolin, 

montmorillonite and gallusite. The chemical composition of clay raw materials fluctuates and the 

broad influence of each of the oxides depends on the quantity and the degree of dispersing. With 

the increase in the content of free silica (not associated with Al2O3 in clay minerals), the binding 

capacity of the clays is greatly reduced, the strength limit is narrowed and increased porosity of 

the materials. The clays containing less than 6-8 % Al2O3 and more than 80-85% SiO2, cannot get 

in the manufacturing of ceramics material. Clay can be classified on high alumina -more than 45%: 

high basic - more than 38 to 14 %: basic - from 28 to 38 % (Egbai, 2013).  

The presence of iron compounds in clay, being strong affect it is melting point, lower the fire 

resistance of the clay. They have an impact on the coloration of the product, which leads to a 

deterioration in the quality of the products (Ouahabi, 2014). Clays with medium and high content 

of coloring oxides are not suitable for making advanced type of   ceramics. The presence of more 

than 0.5% of earth alkaline oxides in clays in the form of carbonate and sulphate salts causes the 

fragility of clays, worsening the molding, reducing their fire resistance and in addition on the 

products appearance (Ouahabi, 2014). 
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2.7. Fluxing materials 

Fluxing materials added into ceramics mass, this material during roasting reacts with the raw 

materials and forming easily smelting compounds (Balkevich, 1984). Hence, the temperature of 

its sintering and fire-resistantness decrease. The liquid phase contributes to the cohesing of the 

material, the convergence of solid phase particles and the fusion of them (Dyatlova, 2014).  

In addition, the liquid phase fills the pores between the particles of the solid phase. This increases 

the density as well as the strength of the final product. Some of the fluxing agents in ceramics 

technology are chalk, calcite and barium oxide (Dyatlova, 2014). 

2.8. Crystal Phases in Steatite Ceramics 

The MgO-SiO2 system produces two crystalline substances, namely the magnesium metasilicate 

MgO.SiO2 and the magnesium orthosilicate (forsteatite) 2MgO.SiO2 (Bowen, 1987). 
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Figure 2.1:  Phase diagram of MgO-SiO2  (Bowen, 1987). 

Ceramics with clinoenstatite crystallization received more common name in the industry- steatite 

ceramics or abbreviated steatite, as it is made mainly from natural talc mineral, separate varieties 

of which have this name. Magnesium metasilicate melts incongruently at 1557 ℃ with forsteatite 



Production of Talc based Electrical Voltage Resistant Material from Ethiopian Mineral Deposit 
 

MSc Thesis Page 16 
 

formation and vitreous phase (Rodrigues & Moreno, 2007). Magnesium metasilicate exists in three 

modification forms. These are ensteatite, clinoenstatite and prothoenstatite, which differ between 

by the density and the structure of the crystal lattice (Dyatlova, 2014).  

Table 2.2: Modification and  some properties of magnesium metasilicate 

Modification Densiy gm/ cm3 Crystalline system 

Enstatite 3.175 Rhombic 

Clinoenstatite 3.19 Monoclinic 

Protoenstatite 3.1 Rhombic 

 

Indiscretions on a large number of works devoted to the study of polymorphism MgO.SiO2, a 

single interpretation of this process is unconceived. Ensteatite is a low-temperature form and when 

heated at high temperature irreversibly transform to prothoenstatite, bypassing the clinoenstatite 

form (Rodrigues & Moreno, 2007). According to various researchers, the temperature of the 

transition lies between 1100-1250 ℃. When cooling prothoenstatite passes not into ensteatite, but 

in clinoenstatite, and this transition is metastable and occurs in the interval 800-1000 ℃ (Dyatlova, 

2014). Thus, when burning steatite ceramics in the final stage can jointly present prothoenstatite 

and clinoenstatite, and in the chilled product the main phase will be clinoenstatite and 

prothoenstatite may remain in case of its incomplete transition to clinoenstatite. Incomplete 

transition of prothoenstatite to clinoenstatite can cause volume changes in the product (up to 6%), 

as the process of modification transition will continue slowly (Dyatlova, 2014). 

 

Volume changes due to different densities of prothoenstatite and clinoenstatite, lead to the loss of 

the necessary electrical insulation properties and vacuum density, reduce strength, and sometimes 

the change may destroy the products (Rodrigues & Moreno, 2007). The combination of these 

phenomena associated with the loss of steatite of its primordial properties as a result of 

polymorphic transformations was called aging steatite. To reduce the tendency of steatite to aging 

increase the viscosity of the vitreous phase, inhibiting the growth of prothoenstatite crystals. The 

industrial manufacture of clinoenstatite ceramics is based on the use of the natural mineral talc, 

which is a water silicate of magnesium 3MgO.4SiO2.H2O.  
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When heated, the talc loses water and becomes a magnesium metasilicate with the formation of 

excess SiO2  (Rodrigues & Moreno, 2007). 

The decomposition reaction  is,  

3MgO.4SiO2.H2O             3( MgO.SiO2) + SiO2 + H2O……………………. (2.1) 

Talc is dehydrated in a temperature interval of 850-1300 ℃, which depends on the composition of talc, 

the presence of impurities, with the most intensifying in kind of distribution occurs at 900-1000 ℃. At 

1200-1300 ℃, the bulk of magnesium metasilicate will be formed (Wallqvist, 1972). 

 

2.9. Electrical Strength of Ceramics 

The electrical strength of ceramics is called its ability to withstand the punchy action of the 

attached electric field and it is expressed by a punching voltage in kilovolts, divided by the 

thickness of the dielectric in the centimeter or millimeters (Balkevich, 1984). The electrical 

breakdown of ceramic insulation materials under the applied field can occur in different ways. 

Distinguish between the breakdown of solid dielectrics of four types: electric homogeneous 

dielectrics, electric heterogeneous dielectrics, heat, chemical. The electrical breakdown is by 

nature a purely electronic process, when an electronic avalanche is created from a few initial 

electrons. Pure electronic breakdown is typical for nanocrystals, i.e. Homogeneous dielectrics, and 

electro ceramics, always containing gas inclusions, are broken down in the electric field due to 

other forms of breakdown (Dyatlova, 2006). The electric breakdown of ceramic dielectrics is 

characterized by rapid development; it proceeds over a time of less than 10-7– 10-8 seconds. The 

electrical strength of ceramics depends largely on the homogeneity of the structure. Therefore, the 

ceramic material has lower punching voltages than glass. The heat breakdown occurs as a sigma 

or loss conduction, exceeds the amount of heat that can dissipate in it under these conditions. In 

places of overheating conductivity increases significantly and the current can reach a very enough 

to break the dielectric (Balkevich, 1984).  

Chemical breakdown of ceramics takes place at high temperature and high humidity. The chemical 

breakdown requires a long time for its development, as it is associated with the phenomenon of 

electro-healing, the transition of ions into atoms or ions of reduced valence (Dyatlova, 2006). The 

chemical sample is closely related to electrical conductivity: the presence of alkaline oxides 

contributes to the emergence of a chemical breakdown. Thus, the increase in the concentration of 



Production of Talc based Electrical Voltage Resistant Material from Ethiopian Mineral Deposit 
 

MSc Thesis Page 18 
 

conductive ions of alkaline metals and the heterogeneity of the ceramics string reduces the 

punching voltage. As a rule, the electrical strength at temperatures up to 200 ℃ decreases slightly, 

and when the temperature rises significantly due to increased electrical conductivity (Balkevich, 

1984). 
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3. MATERIALS AND METHODS 

The study consisted of four separate but related stages: (i) carrying out the chemical composition 

of the raw material, (ii) produce the ceramic insulator and study the effect of process parameters 

(sintering temperature, soaking time, pressing pressure) on the dielectric strength, (iii) 

Optimization of the process parameters (sintering temperature, soaking time, pressing pressure), 

(iv) Characterize the chemical, physical, mechanical and electrical properties of the product. 

3.1. Material and Equipment used during experiment 

3.1.1. Material 

The major raw materials used during the experimental work were talc, kaolin, bentonite and chalk. 

The chemical used during the experimental work were magnesium oxide, barium carbonate and 

other chemicals necessary for the experiment. All the above chemicals were laboratory grade and 

bought from different chemical companies in Addis Ababa, Ethiopia. 

3.1.2. Equipment used during experiment 

The equipment used during the experimentations includes different size of chemistry glass ware, 

analytical balance, spatulas, sieve analysis equipment, electrical oven, ceramic crucibles, 

aluminum foil, hotplate, crusher, ball mill, hydraulic pressing machine, refractory plate, electrical 

furnace, tong, X-ray fluorescence (REFLEX XRF V3.0), X-ray diffraction (XRD-7000S), 

scanning electron microscope (SEM), plastic bags, goggles for eyes protection, protective gloves 

for hand. 

3.2. Source of raw materials 

All raw materials used in this study were taken from the ministry of mines and petroleum 

organization which was delivered from different parts of Ethiopia (talc from Babon, Guji zone, 

Oromia region, bentonite from Ounda Hadar, Afar region and kaolin from Sidama basin, Sidama 

zone). The Raw materials were selected based on the properties desired in the final product. The 

Chemical composition of the geomaterials analysis is performed by a wet method and X-ray 

Fluorescence. The selected raw materials were talc, kaolin, and bentonite. 
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3.3. Experiment Location 

Sample preparation (drying, size reduction, and particle size distribution of the raw material), the 

experiment on the production process and product characterization were conducted in the 

laboratory of the Materials Science and Engineering (MSE) department, Adama Science and 

Technology University (ASTU). While the raw materials characterizations were conducted at the 

Ethiopian Ministry of Mines and Petroleum. 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 Figure 3. 1: The experimental framework of the study 
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3.4. Raw sample preparation 

The impurities of the raw material were removed by ashing, dewatering, and magnetic separation 

operations. The raw materials were crushed and milled by crusher and ball mill respectively. The 

particle size distributions was done by granulometric calculation method to obtain good packing 

density (mesh number: 106 µm). A batch trial has been done based on granulometry.  

3.5. Raw materials sample characterization 

3.5.1. X-Ray Fluorescence (XRF) 
 

The chemical composition of talc, kaolin, and bentonite was done by using X-Ray Fluorescence 

(XRF). XRF technique was used to identify the elements present in the talc, kaolin, and bentonite, 

as well as to establish the proportion in which each element was present in the sample.  For this 

purpose, a mass of 8g of each of the powdered raw material samples was further ground and 

homogenized using a mill. The homogenized samples were placed in an aluminum cup and 

hydraulically pressed into pellets under very high pressure of 20 MPa for 60 seconds. This was 

done to ensure sample integrity under the vacuum and a consistent surface to receive the X-rays. 

3.6. Mass formulation  

Based on raw material analysis result the mass composition and formulation were selected and 

determined from the various ceramics science and engineering literature and monolog review 

analysis (Dyatlova, 2014), (Balkevich, 1984) and (Buchanan, 2004). The purpose of calculating 

the composition of the raw material in the production of material was important for the 

determination of the quantitative proportions of the raw component that will give the product of 

the desired properties and mineralogical compositions. The mixing ratios selected as indicated in 

Table 3.1. 
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Table 3.1: Ceramic Insulator mass compositions 

 

 

 

 

 

 

 

 

                            Source: Technical ceramics (Balkevich, 1984) 

3.7. Experimental procedure 

3.7.1. Design of experiments (DoE) 

The first task before conducting the experiments was the selection of potential parameters to be 

varied. Ceramic insulator can be affected by many factors during the production process but 

sintering temperature, soaking time, and pressing pressure are the main factors that affects the 

ceramic insulator production process (Balkevich, 1984). The three main factors selected in this 

study were sintering temperature, soaking time, and pressing pressure. The levels were selected 

based on the optimum results of (Sonmez, 2019) report which states that the high dielectric strength 

insulator. The levels of the selected factors are presented in Table 3.2. 

Table 3.2: Factors and Levels of variables used for General Factorial Design 

Factor Unit Level 

Sintering Temperature ℃ 1100 1200 1300 

Soaking Time Hour 1 1.5 2 

Pressing pressure MPa 30 40 50 

 

 

Body compositions 

 

Amount (Wt. %) 

 

Talc 
Raw 15 

Sintered 50 

Kaolin 8 

Bentonite 3 

Barium Carbonate 13 

Magnesium Oxide 3 

Chalk 8 

Total 100 
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The experiment performed as a completely randomized design. The optimal dielectric strength of 

the materials was determined using Box Benkhen Design (BBD). The 3-Factor, 3-Level, and 2-

replicate experimental design was used to investigate and validate potential parameters affecting 

the responses. A summary of the sintering temperature, soaking time, and Pressing Pressure of 17 

experiments with two replications were evaluated. The software Design-Expert (Trial Version 

6.0.8) was employed for experimental design, data analysis, and model building. Statistical 

significance of the model and model variables was determined at a 5% probability level (p < 0.05). 

The significance of the result was set from the analysis of variance (ANOVA).  

Table 3.3: General Factorial Design and combination of process variables 

Run order 

 

Sintering 

Temperature 

[oC] 

Soaking Time 

            [Hr.] 

Pressing Pressure 

[MPa] 

1 1200 1.00 50 

2 1200 1.50 40 

3 1100 1.50 30 

4 1300 1.00 40 

5 1300 1.50 30 

6 1200 1.50 40 

7 1200 1.50 40 

8 1100 1.00 40 

9 1200 2.00 50 

10 1200 1.00 30 

11 1300 1.50 50 

12 1100 1.50 50 

13 1200 2.00 30 

14 1100 2.00 40 

15 1200 1.50 40 

16 1300 2.00 40 

17 1200 1.50 40 

 

Runs with the set of input parameters that were conducted are given in Table 3.3. Design expert 

software was used to design the experiment and randomize the runs. Randomization ensures that 

the conditions in one run neither depend on the conditions of the previous runs nor predict the 

conditions in the subsequent runs.  
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3.8. Ceramic insulator production 

3.8.1. Mixing 

All samples were mixed in required proportions as described in the Table 3.4. Then the mixed and 

weighed compositions were charged into the pot mills containing the media/balls and milled by 

using a ball mill (wet type) for 20 hours with pre-set speed 100 rpm by using a milling machine. 

The ball mill was used for the mixing of the formulated samples ensuring appropriate mixing and 

homogenous compositions and assisted the samples to gain excellent particle interlock bonding 

during pressing. 

3.8.2. Green body preparation 

3.8.2.1. Pressing 

The compacting and shaping of the mixtures were done in a dry mold pressing machine. Kerosene 

was used as a lubricating agent between the material and the mold. Poking was done to ensure 

uniform pressing. Initial pressing was done with a pressure of 15 kg/ cm2 for 10 minutes to 

eliminate the entrapped air in the sample. 

Then, a specimen size of 20mm diameter and about 7mm thickness were prepared by using a 

hydraulic press. The mixtures (samples) were classified into three groups and the first group 

pressed maintaining a specific pressure of 30 MPa and approximate 5 minutes of loading. The 

second and the third groups were pressed maintaining a specific pressure of 40 MPa and 50 MPa 

and approximate 5 minutes of loading respectively. The molded samples were physically inspected 

for the crack, flaw, etc. 

3.8.2.2. Drying 

After the green pressing the specimens were placed directly into the oven dryer operated at 

constant temperature value usually 110 ℃ ± 5 ℃. This process was allowed overnight to remove 

the moisture. 

3.8.2.3. Sintering 

The first group samples were sintered at 1100 ℃ for a soaking period of 1 hr., 1.5 hrs., and 2hrs. 

The 2nd group of the samples was sintered at 1200 ℃ for a soaking period of, 1 hr., 1.5 hrs., and 2 
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hrs. The 3rd group of the samples was sintered at a temperature of 1300 ℃ for a soaking period of 

1 hr., 1.5 hrs., and 2 hrs.  All samples were cooled to room temperature by 10 ℃/minute in an 

electrical furnace. 

Sintered samples were characterized in terms of water absorption, bulk density, apparent porosity, 

linear shrinkage, compressive strength, and dielectric strength. The water absorption, bulk density, 

and apparent porosity were measured by the water displacement method using the Archimedes 

principle. The linear shrinkage samples were measured using digital calipers and crystalline phases 

and surface morphology of the sintered samples were identified from X-ray diffraction (XRD) 

patterns and Scanning electron microscopy (SEM) respectively. 

3.9. Testing of Physical Properties of  Ceramics Samples 

Water absorption, apparent  porosity, and bulk density were performed on ceramic samples fired 

at 1100 to 1300 ℃ using the Archimedes method in accordance with (ASTM, 2012). 

3.9.1. Water absorbance 

The dry weight (Wd) of the sintered ceramic insulator samples were taken before the samples were 

boiled in distilled water for 5 hrs. The samples were then removed and the new weight after boiling 

(Ws) was recorded. The water absorption was calculated by the expression given below (ASTM, 

2012). 

              Water absorbance(%) =
𝑊𝑠−𝑊𝑑

𝑊𝑑
𝑥 100 %                                                           (3.1)                       

                           Where: Ws = soaked weight              

                                        Wd = dry weight 

3.9.2. Apparent porosity 

The dry weights (Wd) of the sintered ceramic insulator samples were taken before the samples 

were boiled in distilled water for 5 hrs. The ceramic insulator sample's weight after boiling (Ws) 

was measured. The samples were then suspended in water using a beaker placed on a balance. The 

suspended weights (Wsp) were then measured. The expression for apparent porosity is given by 

the equation below (ASTM, 2012). 
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                Apparent Porosity (%)=
𝑊𝑠−𝑊𝑑

𝑊𝑠−𝑊𝑠𝑝
𝑥 100 %                                                         (3.2) 

                           Where: Ws = soaked weight 

                                        Wd = dry weight           

                                        Wsp = suspended weight 

3.9.3. Bulk density 

The dry weights (Wd) of the sintered ceramic insulator samples were taken before been boiled in 

distilled water for 5 hrs. The ceramic insulator sample's weight after been boiled (Ws) was 

recorded. The ceramic insulator samples were then suspended in water using a thin thread in a 

beaker placed in a balance. The suspended weight (Wsp) for each porcelain sample was measured. 

The bulk density (g/cm3), of the specimen, was calculated from the equation below (ASTM, 2012). 

                     Bulk density (g/ml)=
𝑊𝑑

𝑊𝑠−𝑊𝑠𝑝
𝑥 density of water                                         (3.3) 

                                       Where: Ws = soaked weight              

                                                    Wd = dry weight 

                                                    Wsp = suspended weight 

3.9.4. Linear shrinkage 

The dimension of the green body before firing at this stage was taken as dry length (Ld). The 

samples were then fired to 1100 to 1300℃ for a soaking period of, 1 hr., 1.5 hrs., and 2 hrs. The 

samples were cooled to room temperature and the fired length (Lf) was recorded. Then the linear 

shrinkage was calculated from the equation below (ASTM, 2012). 

 

                     Linear shirinkage =
𝑳𝒅−𝑳𝒇

𝑳𝒅
𝒙100 %                                                        (3.4) 

                                     Where: Ld= dry length 

                                                  Lf= fired length 
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3.10. Mechanical Properties Testing 

3.10.1. Compressive strength measurement 

Compressive strengths were measured by compressive strength tester (Model MEGA 10-200-10 

DS). The compressive strength testers were first adjusted. Then the load was applied uniaxially on 

ceramic insulator samples until failure occurred. Then the samples were placed on a compressive 

tester and the load was applied uniaxially by turning the hand wheel until failure occurred. The 

manometer readings for bending and compressive strength were recorded in MPa. 

3.11. Dielectric Strength 

The dielectric strength of insulator samples was computed by measuring their break down voltage 

using a high voltage testing machine (model TERCO HV 1103. The test was carried out for 

duplicate samples for each batch with respect to firing temperatures. The positive and negative 

terminals of the instrument were connected at either end of the insulator sample then the voltage 

gradually increased from the control disk until the voltage increment break and began to drop 

displayed on the control disk which indicates the breakdown voltage of the sample. Then the 

dielectric strength of insulator samples was calculated by using equation-4 below. 

 

Dielectric strength =
Break down voltage (Kv)

The thickness of the sample (mm)
                                                  (3.5) 

                                                 Where: Kv = kilovolt 

                                                              mm = millimeter 

3.12. X-ray Diffraction (XRD) Analysis 

Mineralogical composition or crystal phase analysis of the raw materials and products used for 

ceramics is important as minerals have a great influence on the technological behavior and the 

final properties of the fired product. For this specific work, the mineralogical analysis of the 

selected product has been analyzed by using X-ray diffraction (X-Ray Diffractometer; XRD-

7000S) using Cu-Kα radiation with a voltage of 40 kV and current intensity of 30 mA at a scanning 

speed of 4.000deg/min. From XRD results the crystalline (grain) size of the particles can calculate 

by using the Scherrer equation given below. 
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                                            𝐷 =
𝐾λ

β cos θ
                                                           (3.6) 

 

Where: D = Crystallites size (nm)= FWHM (radians), 𝜃 = peak position (radians) 

K = 0.9(Scherrer constant) = 0.15406nm (wave length of the x-ray sources) 

3.13. Scanning Electron Microscope 

The micro structural and surface morphological studies of the sintered ceramic pellets were carried 

out using SEM (JEOL JSM-6480 LV). The sample pellets were platinum-coated before being 

scanned under a high-resolution field emission gun scanning electron microscope. Scanning 

electron microscopy (SEM) gives the topography and grain morphology of sintered samples. A 

scanning electron microscope images the sample surface by scanning it with a high energy beam 

of electrons in a raster scan pattern. This is the regular pattern of image capture and reconstruction 

that television uses. Raster graphics involves the pattern of image storage and transmission used 

in most computer bitmap image systems. Microstructure inspection of samples was observed using 

a JEOL T –330 scanning electron microscope. 
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4. RESULTS AND DISCUSSION 

4.1. Raw material Characterization Result 

The XRF results of talc, kaolin, and bentonite were given in Table 4.1. The chemical analysis 

result revealed that both kaolin and bentonite sources contain a considerably average amount of 

Al2O3 content about 32.05 % and 15.04 % respectively. While the Al2O3 content in the talc source 

was not detected.  

Table 4.1: Chemical composition analysis of Talc, Kaolin, and Bentonite minerals in wt. % 

 

 

 

 

 

               

                                    *ND-non detected, LE-light element 

The ratio of SiO2/Al2O3 content in clays is an alternative indicator to identify the type of clay 

minerals, pure kaolinite, and montmorillonite clay minerals have a classical SiO2/ Al2O3 ratio of 

1.18 and 2.36 respectively. From XRF results the ratio of SiO2/ Al2O3 of kaolin much closer to the 

classical value of pure kaolinite clay about 1.71, but bentonite slightly far about 1.3, it must be due 

to the presence of free silica.  

The other oxide content should be considered while comparing clay minerals source for ceramic 

insulator fabrication is its Fe2O3 content. According to Olupot, 2006, the low Fe2O3 content clay 

preferred for ceramic insulator manufacturing because of its low gas formation during firing by 

the transformation of Fe2O3 to Fe3O4 at high temperature, which significantly affects the properties 

of final products, as result all raw materials has relatively low Fe2O3 content. However, bentonite 

contain considerable amount of Fe2O3. This condition may affect the properties of the electrical 

insulator. Hence it needs further purification. 

Talc is a hydrated magnesium silicate with a theoretical composition of 31.7% MgO and 63.5% 

SiO2. However, the composition usually varies with the locality. The XRF result of talc shows, 

Oxides Talc Bentonite Kaolin 

SiO2 52.78% 55.16% 54.94% 

Al2O3 ND 15.04% 32.09% 

Fe2O3 0.1022 % 9.30% 1.10% 

MgO 25.07% 0.0517% 0.0108% 

CaO ND 0.734% ND 

LE 0.06% 0.55% 0.54% 
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25.07 % MgO and 52.78% SiO2 and contains relatively less range of Fe2O3 content when compared 

to the other raw material. In general, the raw materials are suitable for preparation of ceramic 

insulator in terms of their chemical composition. 

4.2. Experimental Results 

The experimental values of dielectric strength obtained under different conditions were presented 

in Table 4.2. A total of 17 experimental runs with its levels were performed in duplicate. The 

responses obtained for maximizing of the dielectric strength were taken as the mean of these two 

replicates plus standard deviations. The individual replicates of raw data were written in appendix 

1. The figure obtained on the responses from this experimental result is highly related to the 

previous research on the ceramic insulator in which the dielectric strength values are fall in the 

specified range for ceramic insulator (6.1 – 13 kV/mm) (Olupot, 2006). These results were input 

into the Design-Expert software version 6.0.8.for further analysis. 

Table 4.2: Dielectric strength values of the specimen 

Run 

order 

Sintering 

Temperature [oC] 

Soaking 

Time [Hr.]  

Pressing 

Pressure [MPa] 

Dielectric 

strength 

[KV/mm] 

1 1200 1 50 8 

2 1200 1.5 40 8.75 

3 1100 1.5 30 6.5 

4 1300 1 40 8.3 

5 1300 1.5 30 8.5 

6 1200 1.5 40 9 

7 1200 1.5 40 8.5 

8 1100 1 40 6.3 

9 1200 2 50 10.75 

10 1200 1 30 6.5 

11 1300 1.5 50 11 

12 1100 1.5 50 7.6 

13 1200 2 30 8.5 

14 1100 2 40 7.75 

15 1200 1.5 40 8.3 

16 1300 2 40 11 

17 1200 1.5 40 8.4 
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4.3. Development of Empirical Models 

In the present study, empirical models for the output response (the dielectric strength) in terms of 

the process parameters in actual and coded factors were developed by using the Box Benkhen 

design (BBD). The sequential model fitting for the dielectric strength of the samples prepared is 

given in Appendix 2. The test was carried out to determine the adequate model. These included 

the Sequential Model Sum of Squares and Model Summary Statistics. From Appendix 2, it was 

found that the 2FI model was the most suitable model for the present study because the 2FI model 

had high R2, adjusted R2, predicted R2, and low PRESS for the response. The Sequential Model 

Sum of Squares also showed that the 2FI model was the highest order polynomial where the 

additional terms were significant as the PRESS value of the cubic model could not be defined in 

the model summary statistics for the response. Besides, it can be observed that the 2FI model had 

proximity or reasonable agreement of Predicted R-square is with that of adjusted R-square. 

The regression coefficients of the developed model are determined from the regression analysis. 

From the ANOVA table it is observed that the 2FI model is the best fit model for the response in 

terms of its significance and for this experimental design, the 2FI model is suggested, as the p-

value of this model is also smaller than that of other models. The developed model regardless of 

significant and insignificant model terms for dielectric strength is given in Appendix 3. The 

developed model is further used for the optimization of the ceramic insulator production.  

4.4. Adequacy Check for the Developed Models 

Usually, it is essential to confirm first whether the fitted model provides an adequate 

approximation of the actual values or not. The adequacy of the model was checked by analysis of 

variance (ANOVA) and some diagnostic plots. Analysis of variance (ANOVA) is employed to test 

the significance of the developed models. Table 4.3 shows the summary of the analysis of variance 

(ANOVA) of the response (dielectric strength). The detailed ANOVA for the response is given in 

Appendix 3. The F-value is a measure of the variation of the data about the mean. Generally, the 

calculated F value should be several times greater than the tabulated value, if the model is a good 

prediction of their experimental results and the effects of the estimated factors are real 

(Montgomery, 2020). Also the high F-value and a very low probability indicate that the present 

models are in a good prediction of the experimental results. The p-value serves as a tool for 
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checking the significance of each of the coefficients. The pattern of interaction between the 

variables is indicated by these coefficients. The variables with low probability levels contribute to 

the model, whereas others can be neglected and eliminated from the model. 

Table 4.3: ANOVA results of the quadratic regression model for dielectric strength 

Source 
Sum of 

Squares 
DF 

Mean 

Square 

F-

value 
P-value 

 

Model 31.85 6 5.31 99.81 < 0.0001 significant 

A 14.18 1 14.18 266.56 < 0.0001  

B 9.9 1 9.9 186.16 < 0.0001  

C 6.75 1 6.75 126.96 < 0.0001  

AB 0.39 1 0.39 7.34 0.0219  

AC 0.49 1 0.49 9.21 0.0126  

BC 0.14 1 0.14 2.64 0.135  

Residual 0.53 10 0.053    

Lack of Fit 0.21 6 0.035 0.43 0.8270 not significant 

Pure Error 0.32 4 0.080    

Cor Total 32.39 16     

R2= 0.9836; Pred.R2= 0.9676; Adj.R2= 0.9737; and Adeq. Precision= 33.026 

Values of P >F less than 0.0500 indicates model terms are significant. In the present study A, B, 

C, AB, and AC are significant model terms. High F-values and non-significant lack of fit relative 

to the pure error indicated that models were a good fit. The coefficients of determination 

(coefficient of correlation), R2 was high for dielectric strength, a value > 0.75 indicates the aptness 

of the model. For a good statistical model, the R2 value should be close to one (Montgomery, 

2020). The value of R2 (correlation coefficient) is very high and close to one which indicates a 

good agreement between experimental and predicted values. The predicted R2 is in a reasonable 

agreement with the adjusted R2. Also, a ratio of adequate precision greater than 4 is desirable. In 

the present study, the ratio for the response was greater than 4, which is 33.026 indicates an 

adequate signal. 

Additionally, the developed response model for dielectric strength has been checked by using 

residual analysis. Residuals are usually considered as components of variations, imprecisely fitted 

to the model and subsequently, it is predicted that they behave according to a normal distribution 
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feature. For the evaluation of the normality of the residuals, graphical visualization of the normal 

probability plot is considered as the proper method.  

The normal plot for dielectric strength is shown in Figure 4.1 (a). It can be observed that the data 

are spread approximately in a straight line, which shows a good correlation between experimental 

and predicted values for the responses. The plot of observed versus predicted values shows 

minimal variation between the observed and fitted values for the responses (Figure 4.1(b)).  

Figure 4.1: Normal probability and actual versus predicted plots for the response; (a) Normal 

probability plot for dielectric strength and (b) Actual versus predicted for dielectric strength. 

4.5. Interpretation of the Developed Models 

In the subsequent headings, whenever direct effect, interaction effect, or comparison between any 

two input parameters is being discussed and the third parameter would be on its center point. 

General factorial design was used to estimate the effect of the three process variables on the value 

of dielectric strength. Perturbation, contour, and 3D surface plots were drawn by using GFD to 

investigate the effect of all the factors on the responses. The inferences so obtained are discussed 

below.  
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4.6. Effect of Process Parameters on Dielectric Strength 

Direct effects 

It is evident from Figure 4.2 that; all factors have a positive effect on dielectric strength. Thus, 

increasing sintering temperature, soaking time, and pressing pressure increased dielectric strength. 

This behavior is because; the increasing sintering temperature and soaking time the raw materials 

start to melt and form the glassy phase. Hence the resulting liquid of the glassy phase fills the gaps 

or voids in the microstructure and leading to the densification of the body (Iqbal & Lee, 2000).  

 

Figure 4.2: Perturbation plot showing the effect of all factors on dielectric strength 

 

Interaction effects 

The other benefit of the perturbation plot is for selecting axes and constants in contour and 3D 

plots. From the above perturbation plot, it can be noticed that the curve of all parameters are almost 

constant and in this section, only the interaction effect of sintering temperature and pressing 

pressure is plotted, while the plot of the other interaction effects is given at Appendix 4. The 

interaction effects of these variables on the dielectric strength were studied by plotting 3D surface 

and counter curves, while keeping constant the soaking time at its center value. The three-

dimensional surface and counterplots for dielectric strength as a function of sintering temperature 
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and pressing pressure are shown in Figure 4.3 and Figure 4.4 respectively using the design expert 

statistical software, 6.0.8 trial version. The response plots exhibit a minimum and maximum ridge, 

respectively in the investigated domain.  

 

Figure 4.3: Response surface plot for the effect of sintering temperature and pressing pressure on 

dielectric strength. 

It can be observed that dielectric strength is increased with increasing sintering temperature. The 

dielectric strength value all samples fall in the specified range for porcelain insulator (6.1 – 13 

kV/mm) (Olupot, 2006). From the figure, it can also be noticed that at the lower value of pressing 

pressure the value of dielectric strength was also low and dielectric strength was increased as the 

pressing pressure was increased. 
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Figure 4. 4: Contour plot showing for the effect of sintering temperature and pressing pressure on 

dielectric strength. 

4.7. Optimization 

One of the primary objectives of the present study was to find the optimum process parameters for 

maximizing the value of dielectric strength. The process variables such as sintering temperature, 

soaking time, and pressing pressure have been optimized using the General Factorial experimental 

design, and their output values are executed using design-expert software 6.0.8. In optimizing the 

ceramic insulator process, the sintering temperature, soaking time, and pressing pressure is a set 

of process parameters held to be "in range" while the dielectric strength is the set of responses that 

need to be "maximized". Table 4.4 shows the summary of factors/responses and goals and the 
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corresponding set of specific objectives that will optimize the process condition. Table 4.4 exhibits 

the desired combinations of process parameters that would provide the highest responses.  

Table 4.4: constraints applied for optimization. 

Factors/responses Ultimate goal Experimental range 

Lower limit Upper limit 

Sintering Temperature (oC) In the range 1100 1300 

Soaking Time(Hr.) In the range 1 2 

Pressing Pressure (MPa) In the range 30 50 

Dielectric strength (KV/mm) Maximize 6.3 11 

 

Numerical optimization was used to optimize any combination of one or more goals. The goals 

may be applied to either factors or responses. The model capable of predicting the maximum 

dielectric strength value showed that the optimum values of the process variables were sintering 

Temperature of 1288.34 oC, soaking Time of 1.97 hr., and Pressing Pressure of 41.48 MPa. Under 

these conditions, the predicted dielectric strength value was 11.1436 KV/mm. The desirability 

function was used to identify the optimum levels of factors and to get maximum desirable 

responses. The optimized parameters were selected with maximum combined desirability value 

i.e. 1.00 using Design-Expert version 6.0.8. The ramp plot of the optimized responses for the 

process condition is shown in Figure 4.5. The ramp display combines individual graphs for easier 

interpretation.  
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Figure 4.5: Ramp plot of optimization solution for the responses 

The dot on each ramp reflects the factor setting or response prediction for that process. 

4.8. Validation of the Developed Models 

To validate the developed models, a confirmation experiment was carried out with the production 

process condition chosen from the optimization results, at 1288.34 oC for sintering temperature, 

1.97 hr. for soaking time, and 41.48 MPa for pressing pressure. Table 4.5 summarizes the actual 

experimental values, the predicted values, and the percentages of error. The validation results 

demonstrated that the models developed are quite accurate as the percentages of error in prediction 

were in a good agreement. 

Table 4.5: Validation test results 

Sintering 

Temperature 

[oC] 

Soaking 

Time [Hr.] 

Pressing 

Pressure 

[MPa] 

 Dielectric strength 

[KV/mm] 

1288.34 1.97 41.48 Actual  11.00 

1288.34 1.97 41.48 Predicted  11.1436 

 

Sintering Temperature = 1288.34

1100.00 1300.00

Soaking Time = 1.97

1.00 2.00

Pressing pressure = 41.48

30.00 50.00

Dielectric strength = 11.1436

6.3 11

Desirability = 1.000
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4.9. Physical Properties of Ceramic Insulator Samples 

4.9.1. Water absorbance and Apparent porosity 

Water absorbance and apparent porosity of all samples decreased with increasing of sintering 

temperature and reaching a minimum (approaches to zero) at sintering temperature of 1300 ℃ as 

shown in Figure 4.6 and Figure 4.7. This may be as the sintering temperature increase above 1100 

℃ talc starts to melt and form the glassy phase. Hence the resulting liquid of the glassy phase fills 

the gaps or voids in the microstructure and leading to the densification of the body (Iqbal & Lee, 

2000). From the Figure 4.6 and Figure 4.7, only the effect of sintering temperature is plotted, while 

the data of the soaking time and pressing pressure effects are given at Appendix 1. 

 

Figure 4.6: Water Absorbance of ceramic samples as a function of sintering temperature at 1.97 

hr. soaking time and 41.48 MPa pressing pressure. 
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Figure 4.7: Apparent porosity of ceramic samples as a function of sintering temperature at 1.97 

hr. soaking time and 41.48 MPa pressing pressure. 

4.9.2. Bulk density 

The bulk density has an inverse relation with apparent porosity and water absorbance, the bulk 

density of all samples increase with sintering temperature as shown in Figure 4.8. This might be 

due to an increase of the sintering temperature and high concentration of talc which promoted the 

formation of the liquid phase. The liquid phase formed during sintering fills the pores thus blocking 

the open porosity, decreases water absorption and increase the bulk density due to maximum 

vitrification range and densification of porcelain samples at 1300 0C. The trend was reported in 

the works of Akwilapo, (2003) and Kimambo, (2014). Both authors reported that increase of 

sintering temperature results to enough liquid phase or maximum vitrification which fills the open 

porosity, decrease water absorption and increases bulk density. From the Figure 4.8, only the effect 

of sintering temperature is plotted, while the data of the soaking time and pressing pressure effects 

is given at Appendix 1. 
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Figure 4.8: Bulk density of ceramic samples as a function of sintering temperature at 1.97 hr. 

soaking time and 41.48 MPa pressing pressure. 

4.9.3. Linear shrinkage analysis 

Figure 4.9, shows the changes in linear shrinkage when the ceramic insulator samples were fired 

at the temperature of 1100 to 1300 ℃. Linear shrinkage was observed to be increasing during 

sintering temperature at 1300 ℃. This is reasoned to be due to the extent of sintering reactions, 

the amount of glass formed and the development of open or closed pores. Shrinkage is one of the 

physical changes, which takes place in fired bodies due to loss of open pores during the vitrification 

process. It is highly related to sintering. According to Rainforth, (1994), sintering is the removal 

of pores between starting particles accompanied by shrinkage of the component combined with 

formation and growth of strong bonds between adjacent particles. As vitrification proceed the 

proportion of glass phase increases and the apparent porosity of the fired body becomes 

progressively low. Earlier work by Sumi et al., (1999) shows that bodies with high silica content 

normally have low shrinkage during firing. Therefore, the low shrinkage of the material might also 

be due to the talc content. Talcs consist of higher contents of silica, normal talc has SiO2 content 

of about 52.7 % but values can vary depending on the locality where talc has been obtained, but 

generally the SiO2 content is higher than 50%. From the Figure 4.9, only the effect of sintering 
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temperature is plotted, while the data of the soaking time and pressing pressure effects is given at 

Appendix 1. 

 
Figure 4.9: Linear Shrinkage of ceramic samples as a function of sintering temperature at 1.97 

hr. soaking time and 41.48 MPa pressing pressure. 

4.10. Compressive Strength  

The results for compressive strength are shown in Fig. 4.10. The ceramic insulator samples 
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compressive strength due to low flux content which inhibited maximum vitrification and 
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Kimambo, (2014). The authors reported that mechanical strength increased with the increase of 

sintering temperature and high flux content ceramic insulator samples. High flux content 

influences formation of the liquid phase which fills the pores and eventually decreases porosity 
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obtained when the apparent porosity decreased to zero (Kitouni, 2014). The ceramic insulator 
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samples sintered at 1300 ℃ possess the highest mechanical strength which is close to the Standard 

requirements for electrical porcelain of 30 MPa as recommended by International Standards of 

Organization (ISO). From the Figure 4.10, only the effect of sintering temperature is plotted, while 

the data of the soaking time and pressing pressure effects is given at Appendix 1. 

 

Figure 4.10: Compressive strength of ceramic samples as a function of sintering temperature at 

1.97 hr. soaking time and 41.48 MPa pressing pressure. 

4.11. Microstructure Analysis 

The X-ray diffraction pattern is a sum of the diffraction patterns produced by each phase in a 

mixture at various sintering temperatures. Each different phase produces a different combination 

of peaks. 

The XRD phase analyses as shown in figure indicate that the sample was composed predominantly 

of mullite and SiO2 at 1100 0C.  X-ray diffraction pattern indicate that the sample was composed 
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As pointed out by Sumi et al., (1999), there are three well-defined phases that could exist in 

magnesium metasilicate, i.e. enstatite, prothoenstatite, and clinoenstatite. Complete transformation 

from prothoenstatite to clinoenstatite would require rapid cooling from 1200 0C or above down to 

room temperature (Ni et al., 2007). XRD pattern as a function of sintering temperature has been 

showed in the figure below. 
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Figure 4.11: Powder X-ray diffractogram of ceramic insulator sintered at 1100 0C the reflection 

on the diffractogram identified as M: M: mullite and Q: quartz. 
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Figure 4.12: Powder X-ray diffractogram of ceramic insulator sintered at 1200 ℃ the reflection 

on the diffractogram identified as MMS: magnesium metasilicate. 
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Figure 4.13: Powder X-ray diffractogram of ceramic insulator sintered at 1300 ℃ the reflection 

on the diffractogram identified as MMS: magnesium metasilicate. 
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It could be seen from the above XRD pattern that the major phases are found in sample fired at 

1110, 1200 and 1300 ℃ are mullite and magnesium metasilicate. As the temperature increased 

above 1200 ℃ the generation of a crystalline phase of magnesium metasilicate from talc mineral 

is occurred according to the following reaction.  

 

3MgO.4SiO2.H2O           ∆T         3MgSiO3 + SiO2 + H2O………………………… (4.1) 

 

As a consequence, a small amount of liquid phase starts to appear where BaCO3 particles were 

lying. Due to its melting to form a glassy phase that produces a hump reflection on the x-ray 

diffractogram the quantity of glassy phase hump reflection on XRD increases with temperature. 

The increasing of hump reflection on XRD and get maximum at firing temperature of 1300 ℃ 

implies at this firing temperature sufficient glassy phase is formed which is necessary for filling 

of the void space in the microstructure and leads to the densification of the body as result these 

bulk densities increased with temperature. It could be concluded that from the XRD data the 

amount of magnesium metasilicate increases with increasing temperature.  
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4.12. Surface Morphology Analysis of the Ceramic Insulator Samples 

The examination of the surface morphology was done by Scanning Electron Microscope (SEM) 

Model: JEOL JSM-6335F having a resolution of 10 μm at 2 kV evidences the progressive change 

in the densification on the surface of ceramic insulator samples after the sintering process was 

completed. The SEM micrographs show the densification of the ceramic insulator sample sintered 

at 1300 ℃. The sintering process reduced the pores and promoted the high dielectric and 

mechanical properties of the ceramic insulator samples. The sample has shown a homogeneous 

mixture particularly the richness of magnesium metasilicate. 

 

 

Figure 4.14: SEM microstructure of ceramic insulator sintered at 1300 ℃. 
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5. CONCLUSION AND RECOMMENDATION 

5.1. Conclusion 

The results of the present study indicate that, Ethiopian mineral deposits (talc from Babon, Guji 

zone, Oromia region, bentonite from Ounda Hadar, Afar region and kaolin from Sidama basin, 

Sidama zone) have suitable properties for ceramic insulator production. The X-ray fluorescence 

result of both kaolin and bentonite sources contain an average amount of Al2O3 content about 

32.05 % and 15.04 % respectively and SiO2 content about 54.94 % and 55.16 % respectively. The 

XRF result of talc shows, 25.07 % MgO and 52.78% SiO2 and contains relatively less range of 

Fe2O3 content.  

The experiments were conducted by dry pressing method at different pressures of 30 MPa, 40 

MPa, and 50 MPa and the specimens have been sintered at different temperatures of 1100, 1200, 

and 1300 ℃ for 1, 1.5, and 2 hrs. soaking time and 10 ℃/minute firing rate. The specimens were 

characterized in terms of bulk density (0.987-2.901 g/cm3), apparent porosity (1.567-19.871 %), 

water absorption (0.891-9.982 %), shrinkage (4.562-8.643 %), compressive strength (6-30MPa). 

The microstructure analysis of the ceramic insulator samples was performed by using XRD and 

the examination of the surface morphology was done by Scanning Electron Microscope (SEM). 

 Optimization of the process parameters has been carried out in order to attain maximum value of 

dielectric strength. The process parameters (sintering temperature, soaking time and pressing 

pressure) were selected and optimized to produce high quality of ceramic insulator. Design Expert 

software was used to develop design of experiment and analyze the results. General Factorial 

Design (GFD) method was used to optimize the process condition. In summary, the following 

conclusions can be drawn: 

 For this particular study, the 2FI model was the best fit model for the response as the p-

value of this model was smaller than the other models and had the highest p-value for Lack 

of Fit Tests. 

 Among the three variables studied, ANOVA showed that, sintering temperature is found 

to be the most important parameter influencing the dielectric strength value followed by 

soaking time and pressing pressure. 
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 The dielectric strength values of the ceramic insulator increased with increase of sintering 

temperature, soaking time and pressing pressure. 

 Maximum values for dielectric strength is 11 kv/mm were achieved under the optimum 

conditions; sintering temperature of 1288.34 oC, soaking temperature of 1.97 hr. and 

pressing pressure of 41.48MPa with high value of combined desirability, i.e. 1.0. 

Generally, High quality ceramic insulators can be synthesized and produces by using available 

local material in Ethiopia, to help the country's economic and industrial growth by providing its 

power supply needs. 

. 
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5.2. Recommendation 

The present study has enabled to confirm that there is a potential in Ethiopia to produce high 

quality ceramic insulators up on proper formulation of locally available materials for domestic 

demand in Ethiopia. However, this thesis focused on the synthesis and characterization of the 

ceramic insulators made from Ethiopia ceramic raw materials by optimizing process parameters. 

From this study, the following are the recommendations; 

 Results of the present study has proven the possibility of synthesizing good quality ceramic 

insulators from local geo-materials. Hence, local available geo-minerals can be explored 

for large scale production of ceramic insulators.  

 It need further study in order to achieve the high voltage ceramic insulators with low water 

absorption, apparent porosity and high dielectric and mechanical strength from locally 

available materials. 

 

 The differential thermal analysis (DTA) and gravimetric (TG) thermal analysis of the 

formulations should be studied further in order to identify the temperature differences 

between geominerals samples and determine the weight gain or loss of a condensed phase 

due to gas release as function of temperature for studying decomposition reactions.  
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APPENDIXES 
 

Appendix 1: The experimental result  

Table A1. 1: The experimental result of Dielectric strength 

Run order 

 

Sintering 

Temperature 

[oC] 

Soaking 

Time 

[Hr.] 

Pressing 

Pressure 

[MPa] 

Dielectric 

strength 

[KV/mm] 

Trial-1 Trial-2 

 

 1 

 

1200.00 

 

1.00 

 

50.00 

 

 7.75 

8.25 

 

2 1200.00 1.50 40.00 8.8 8.7 

3 1100.00 1.50 30.00 6.3 6.7 

4 1300.00 1.00 40.00 8.3 8.3 

5 1300.00 1.50 30.00 8.6 8.4 

6 1200.00 1.50 40.00 9.2 8.8 

7 1200.00 1.50 40.00 8.5 8.5 

8 1100.00 1.00 40.00 6.0 6.6 

9 1200.00 2.00 50.00 10.65 10.85 

10 1200.00 1.00 30.00 6.5 6.5 

11 1300.00 1.50 50.00 11 11 

12 1100.00 1.50 50.00 7.9 7.3 

13 1200.00 2.00 30.00 8.2 8.8 

14 1100.00 2.00 40.00 7.9 7.6 

15 1200.00 1.50 40.00 8.0 8.6 

16 1300.00 2.00 40.00 11.2 10.8 

17 1200.00 1.50 40.00 8.4 8.4 
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Table A1. 2: Effect of Sintering temperature on water absorbance, apparent porosity and bulk 

density. 

Sintering 

Temperature 

Water Absorbance Apparent Porosity Bulk Density 

Trial 1 Trial 2 Average Trial 1 Trial 1 Average Trial 1 Trial 1 Average 

1100 7.867 7.984 7.925 19.102 19.453 19.277 1.126 0.998 1.062 

1200 5.945 5.913 5.929 9.872 9.138 9.505 2.165 2.205 2.185 

1300 0.914 0.856 0.885 4.096 2.452 3.274 2.789 2.901 2.845 

 

Table A1. 3: Effect of soaking time on water absorbance, apparent porosity and bulk density. 

Soaking 

Time 

Water Absorbance Apparent Porosity Bulk Density 

Trial 1 Trial 2 Average Trial 1 Trial 2 Average Trial 1 Trial 2 Average 

1 5.931 5.987 5.959 11.845 11.832 11.838 2.164 2.186 2.175 

1.5 4.562 4.135 4.348 9.146 9.323 9.2345 2.208 2.231 2.219 

2 3.867 3.942 3.904 5.674 5.624 5.649 2.876 2.932 2.899 

 

Table A1. 4: Effect of pressing pressure on water absorbance, apparent porosity and bulk density. 

Pressing 

Pressure 

Water Absorbance Apparent Porosity Bulk Density 

Trial 1 Trial 2 Average Trial 1 Trial 2 Average Trial 1 Trial 2 Average 

30 5.867 5.964 5.915 12.639 12.783 12.711 2.169 2.187 2.178 

40 5.641 5.589 5.615 9.232 9.410 9.321 2.278 2.284 2.281 

50 3.986 3.874 3.930 5.742 5.684 5.713 2.789 2.641 2.715 
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Table A1. 5: Water absorption, apparent porosity and bulk density data of all samples. 

Sintering 

Temperature 

 

[oC] 

Soaking 

Time 

[Hr.] 

Pressing 

Pressure 

 

[MPa] 

Water 

absorption (%) 

Apparent porosity 

(%) 
Bulk density 

1100 1.00 40 9.982 19.871 1.201 

1100 2.00 40 7.839 18.945 0.987 

1100 1.50 30 7.867 19.102 1.126 

1100 1.50 50 7.936 19.234 0.998 

1200 1.00 30 5.924 12.521 2.342 

1200 2.00 30 5.935 12.642 2.287 

1200 1.00 50 5.924 11.761 2.187 

1200 2.00 50 3.88 5.673 2.203 

1200 1.50 40 5.882 8.645 2.165 

1200 1.50 40 5.945 10.761 2.147 

1200 1.50 40 5.913 9.871 2.205 

1200 1.50 40 5.591 9.132 2.069 

1200 1.50 40 4.395 6.413 2.187 

1300 1.00 40 4.387 4.356 2.876 

1300 2.00 40 0.891 1.567 2.891 

1300 1.50 30 3.88 4.156 2.798 

1300 1.50 50 2.578 2.223 2.901 
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Table A1. 6: Effect of Sintering temperature on linear shrinkage. 

Sintering 

Temperature 

[oC] 

Linear Shrinkage 

Trial 1 Trial 2 Average 

1100 4.896 4.902 4.899 

1200 7.490 7.494 7.492 

1300 8.639 8.645 8.642 

 

Table A1. 7: Effect of soaking time on linear shrinkage. 

Soaking Time 

[Hr.] 

Linear Shrinkage 

Trial 1 Trial 2 Average 

1 6.890 6.894 6.892 

1.5 7.288 7.294 7.291 

2 7.487 7.489 7.488 

 

Table A1. 8: Effect of pressing pressure on linear shrinkage. 

Pressing Pressure 

[MPa] 

Linear Shrinkage 

Trial 1 Trial 2 Average 

30 6.889 6.891 6.890 

40 7.540 7.542 7.541 

50 7.864 7.866 7.865 
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Table A1. 9: Linear Shrinkage data of all samples. 

Sintering 

Temperature 

[oC] 

Soaking 

Time 

[Hr.] 

Pressing 

Pressure 

[MPa] 

Dimensions (Before 

sintering) 

[mm] 

Dimensions (After 

sintering) 

[mm] Linear 

Shrinkage Thickness Diameter Thickness Diameter 

1200 1.00 50 6.848 20 6.31 19.462 7.865 

1200 1.50 40 6.854 20 6.352 19.471 7.498 

1100 1.50 30 6.914 20 6.599 19.685 4.562 

1300 1.00 40 6.899 20 6.35 19.451 7.961 

1300 1.50 30 6.902 20 6.336 19.434 8.21 

1200 1.50 40 6.866 20 6.349 19.483 7.541 

1200 1.50 40 6.889 20 6.374 19.485 7.489 

1100 1.00 40 6.87 20 6.534 19.664 4.898 

1200 2.00 50 6.851 20 6.301 19.45 8.029 

1200 1.00 30 6.914 20 6.438 19.524 6.891 

1300 1.50 50 6.852 20 6.26 19.408 8.643 

1100 1.50 50 6.801 20 6.418 19.617 5.643 

1200 2.00 30 6.92 20 6.385 19.465 7.741 

1100 2.00 40 6.869 20 6.464 19.595 5.898 

1200 1.50 40 6.889 20 6.356 19.467 7.739 

1300 2.00 40 6.874 20 6.283 19.409 8.601 

1200 1.50 40 6.868 20 6.368 19.5 7.288 
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Table A1. 10: Effect of Sintering temperature on compressive strength. 

Sintering 

Temperature 

[oC] 

Compressive Strength (MPa) 

Trial 1 Trial 2 Average 

1100 14 16 15 

1200 20 22 21 

1300 28 30 29 

 

Table A1. 11: Effect of soaking time on compressive strength. 

Soaking Time 

[Hr.] 

Compressive Strength (MPa) 

Trial 1 Trial 2 Average 

1 15 15 15 

1.5 17 18 17.5 

2 22 21 21.5 

 

Table A1. 12: Effect of pressing pressure on compressive strength. 

Pressing Pressure 

[MPa 

Compressive Strength (MPa) 

Trial 1 Trial 2 Average 

30 16 18 17 

40 20 22 21 

50 21 24 22.5 
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Table A1. 13: Compressive strength data of all samples. 

Run 

order 

Sintering 

Temperature 

[oC] 

Soaking Time 

[Hr.] 

Pressing Pressure 

[MPa] 

Compressive 

Strength 

[MPa] 

1 1200 1 50 15 

2 1200 1.5 40 18 

3 1100 1.5 30 7 

4 1300 1 40 16 

5 1300 1.5 30 18 

6 1200 1.5 40 18 

7 1200 1.5 40 17 

8 1100 1 40 6 

9 1200 2 50 22 

10 1200 1 30 8 

11 1300 1.5 50 30 

12 1100 1.5 50 9 

13 1200 2 30 17 

14 1100 2 40 14 

15 1200 1.5 40 15 

16 1300 2 40 28 

17 1200 1.5 40 16 
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Appendix 2: Sequential Model and Model Summary Statistics 

 

 Response: Dielectric strength 

  *** WARNING:  The Cubic Model is Aliased! ***  

 

  Sequential Model Sum of Squares 

 Sum of  Mean F 

 Source Squares DF Square Value Prob > F 

Mean 1213.84 1 1213.84 

Linear 30.83 3 10.28 86.02 < 0.0001 

 2FI 1.02 3 0.34 6.40 0.0108 Suggested 

Quadratic 0.16 3 0.053 1.00 0.4482 

 Cubic 0.051 3 0.017 0.21 0.8850 Aliased 

Residual 0.32 4 0.081 

 Total 1246.23 17 73.31 

 

"Sequential Model Sum of Squares":  Select the highest order polynomial where the 

 additional terms are significant and the model is not aliased. 

 

 

 Model Summary Statistics 

  Std.  Adjusted Predicted 

Source Dev. R-Squared R-Squared R-Squared PRESS 
 Linear 0.35 0.9520 0.9410 0.9121 2.85 

 2FI 0.23 0.9836 0.9737 0.9676 1.05 Suggested 

Quadratic 0.23 0.9885 0.9737 0.9595 1.31 

 Cubic 0.28 0.9901 0.9602  + Aliased 

+ Case(s) with leverage of 1.0000:  PRESS statistic not defined 

 

"Model Summary Statistics":  Focus on the model maximizing the "Adjusted R-Squared" 

 and the "Predicted R-Squared". 
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Appendix 3: ANOVA for the response (Dielectric strength) 

 

 Response: Dielectric strength 

         ANOVA for Response Surface 2FI Model 

 Analysis of variance table [Partial sum of squares] 

 

                  Sum of                  Mean                   F  

 Source     Squares                DF             Square                 Value           Prob > F 
 Model       31.85 6 5.31 99.81 < 0.0001 significant 

 A 14.18 1 14.18 266.56 < 0.0001 

 B 9.90 1 9.90 186.16 < 0.0001 

 C 6.75 1 6.75 126.96 < 0.0001 

 AB 0.39 1 0.39 7.34 0.0219 

 AC 0.49 1 0.49 9.21 0.0126 

 BC 0.14 1 0.14 2.64 0.1350 

Residual 0.53 10 0.053 

Lack of Fit 0.21 6 0.035 0.43 0.8270          not 

significant 

Pure Error 0.32 4 0.080 

Cor Total 32.38 16 

  

 The Model F-value of 99.81 implies the model is significant.  There is only a 0.01% chance 

that a "Model F-Value" this large could occur due to noise. 

 

 Values of "Prob > F" less than 0.0500 indicate model terms are significant. In this case A, B, 

C, AB, AC are significant model terms.   

 

Values greater than 0.1000 indicate the model terms are not significant. If there are many 

insignificant model terms (not counting those required to support hierarchy), model reduction 

may improve your model. 

 

 Std. Dev. 0.23  R-Squared 0.9836 

 Mean 8.45  Adj R-Squared 0.9737 

 C.V. 2.73  Pred R-Squared 0.9676 

 PRESS 1.05  Adeq Precision 33.026 

 

 The "Pred R-Squared" of 0.9676 is in reasonable agreement with the "Adj R-Squared" of 

0.9737. "Adeq Precision" measures the signal to noise ratio.  A ratio greater than 4 is desirable.  

Your  ratio of 33.026 indicates an adequate signal.  This model can be used to navigate the 

design space. 

 

  Coefficient  Standard 95% CI 95% CI 

 Factor Estimate DF Error Low High VIF 
  Intercept 8.45 1 0.056 8.33 8.57 

  A-Sintering Temp 1.33 1 0.082 1.15 1.51 1.00 

  B-Soaking Time 1.11 1 0.082 0.93 1.29 1.00 
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  C-Pressing pressure 0.92 1 0.082 0.74 1.10 1.00 

  AB 0.31 1 0.12 0.056 0.57 1.00 

  AC 0.35 1 0.12 0.093 0.61 1.00 

  BC 0.19 1 0.12 -0.069 0.44 1.00 

 

  Final Equation in Terms of Coded Factors: 
 

   Dielectric strength  = 

  +8.45 

  +1.33   * A 

  +1.11   * B 

  +0.92   * C 

  +0.31   * A * B 

  +0.35   * A * C 

  +0.19   * B * C 

 

  Final Equation in Terms of Actual Factors: 
 

   Dielectric strength  = 

  +15.76250 

  -0.010062  * Sintering Temperature 

  -6.77500  * Soaking Time 

  -0.38438  * Pressing pressure 

  +6.25000E-003  * Sintering Temperature * Soaking Time 

  +3.50000E-004  * Sintering Temperature * Pressing pressure 

  +0.037500  * Soaking Time * Pressing pressure 
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Appendix 4: 3D and contour plots for the response 
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Figure A4. 1: Contour and response surface plots of dielectric strength of the sample as a function 

of (a) sintering temperature and soaking time, pressing pressure fixed at 40 MPa (b) sintering and 

pressing pressure  , sintering temperature fixed at 1200 oc. 
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Appendix-5: pictures during the research work 

 

Figure A5. 1: Ball mill used for milling and mixing samples 

 

Figure A5. 2: a) Pressing machine and  b) Pressured specimens. 
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Figure A5. 3: Laboratory oven dryer 

 

 

Figure A5. 4: Electrical Furnace firing at 1100, 1200 and 1300℃ and the products for 2 hours 
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Appendix-6: pictures during the research work 

 

   

Figure A6.  1: Pictures during the research work 

 

 


