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ABSTRACT  

The use of local clays for the production of porcelain pin insulators 
was investigated. Clays from Awo-omama, Ibere and Nsu were used 
for the study. Test samples were made by varying the compositions of 
feldspar and quartz needed to form a mouldable plastic body with 
each clay. The following properties were determined: electrical 
resistivity, apparent porosity, water absorption, bulk density, linear 
shrinkage as well as crystalline phases produced after firing. This 
characterization was carried out for both the locally made porcelains 
and the standard. Results obtained showed that for the three clays 
studied, apparent porosity, water absorption and electrical resistivity 
increased with increase in the composition of the non-plastic 
materials (feldspar and quartz) while bulk density and linear 
shrinkage decreased with increase in non-plastic materials. The 
chemical composition of the clays (43.94-59.09%SiO2, 
23.3427.75%Al2O3) compare well with values in literature (40-
60%Si2O, 25-45%Al2O3) for the production of ceramic refractories. 
Linear shrinkage values (7.27-9.68%), apparent porosity (14.00-
20.80%), water absorption (7.62-12.15%) are in conformity with 
standards     (7-10%, 16.45% and 8.20% respectively). Electrical 
resistivities recorded (0.61-1.39 x 107Ω-m) are in agreement with 
values obtained for standard (0.45 x 107Ω-m). These results are 
obtained in samples containing 50-70% clay, 20-30% feldspar and 
10-20% quartz. It is therefore concluded that imported porcelains 
used by Power Holding Company of Nigeria (PHCN) can be replaced 
with porcelains made from these local clays.  
   

Key Words: Porcelain, clay, feldspar, quartz, mullite, sintering, 
electrical resistivity.  
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CHAPTER ONE  

  

1.0 INTRODUCTION   

1.1 BACKGROUND INFORMATION   

 The term porcelain refers to a wide range of ceramic products that 

have been fired at high temperature to achieve vitreous or glassy 

qualities such as translucence and low porosity. Porcelains are 

vitrified and fine grained ceramic whitewares, used either glazed or 

unglazed. They are widely used in household, laboratory and 

industrial applications. For technical purposes, porcelain products 

are designated as electrical, chemical, mechanical, structural and 

thermal wares (Olupot, 2006).  

 The primary components of electrical porcelain are clays,  

feldspar and flint (quartz or silica), all characterized by small particle 

size. The clay gives plasticity to ceramic mixtures, flint or quartz 

maintains the shape of the formed article during firing and feldspar 

serves as flux, which is added to decrease firing temperature and 

thus to reduce costs by saving fuel (energy).  

 Electrical porcelains are widely used as insulators in electrical power 

transmission system due to the high stability of their electrical, 
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mechanical and thermal properties in the presence of harsh 

environments. These are the reasons for their continued use over the 

centuries despite the emergence of new materials like plastics and 

composites. They form a large base of the commonly used ceramic 

insulators for both low and high tension insulation. They are 

considered to be one of the most complex ceramic materials and 

represent the most widely studied ceramic system (Dana et al, 2004).  

 By varying the proportions of the three main ingredients, (clay, 

feldspar and quartz) it is possible to emphasize the thermal, dielectric 

or mechanical properties of the porcelain. For electrical insulation 

applications, porcelains are expected to meet minimum specifications 

of the latter two (dielectric and mechanical) properties (Olupot, 2006).  

 The porcelain need of Nigeria – a developing industrial nation – is 

potentially enormous, especially in realization of present 

government‟s 7-point agenda which include rural electrification. The 

country expends a lot of foreign exchange importing porcelains. Yet, 

a lot of clay deposits abound in the country, which can be developed 

to meet our local needs.  

  The possibility of developing some of these mineral resources for 

the production of porcelain locally is the focus of this research.  
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1.2 PROBLEM STATEMENT   

The under-listed problem statements bring to light the focus of 

this investigation.  

(1) Why does Nigeria – a country blessed with abundant clay 

minerals –still depend heavily on imported porcelain?  

(2) Does Nigeria have adequate raw materials (mineral resources) 

for the production of porcelain locally?  

(3) In what ways does the variation of the three ingredients affect 

the properties of porcelain product?   

(4) Which of the three clays is most suitable for the production of 

electrical porcelain? and   

(5) To what degree do the properties conform to or compare with 

standard specifications?  

(6) Consequently, can we not develop these resources and 

encourage investment in the production of electrical porcelain 

insulators for our local use and for export to earn foreign 

exchange?  
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1.3 OBJECTIVE OF STUDY  

The aim of this project is to ascertain the possibility of replacing 

imported porcelain pin insulators current used by Power Holding 

Company of Nigeria (PHCN) with insulators made with local clays.  

  

1.4 JUSTIFICATION OF STUDY   

The Federal Ministry of Solid Minerals Development, in 2005, 

estimated reserve of 3 billion tones of kaolinite clay deposits 

identified in many parts of Nigeria. Despite this vast deposits of good 

clay minerals, Nigeria still depends heavily on imported electrical 

porcelain for electrification projects. Therefore, the development of 

our local materials for the production of porcelain to meet our 

industrial and technological demands is of great importance, and this 

research is a contribution in that respect.  

  

1.5 SCOPE OF STUDY   

This research was limited to the study of the properties of 

electrical porcelain pin insulators from blended local clays obtained 

from three clay deposits in the South-eastern region of Nigeria. The 

properties studied include:  
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 Linear shrinkage  

 Apparent porosity  
 Bulk density  

 Water absorption   

 Phase distribution, and   

  Electrical resistivity.  
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CHAPTER TWO  

  

2.0 LITERATURE REVIEW   

2.1 INTRODUCTION   

 Ceramics is made up of earth, shaped with water, dried in air, and 

made durable by fire. Its manufacture comprises the same steps as 

baking; grinding, mixing with water, kneading, shaping, drying and 

firing (Rado, 1969).   

 The essential point in the making of potter (ceramics) is that, the 

product is shaped in the cold state and then exposed to heat. As 

pottery developed, it was embellished by patterns, colouring, and 

glazing. Most pottery nowadays is covered with a glaze, which is 

applied as a finely ground suspension of the mixed glaze materials to 

the fired pottery, again in the cold state. In a second firing, a thin 

layer of glass, the actual glaze is formed on the pottery. Decoration is 

applied by colouring with metal oxides, usually after glazing. A 

further firing permanently fixes the colours to the glaze (Rado, 1969).   

 Ceramic processing is an ancient art but a young applied science. 

Ceramic processing technology is used to produce commercial 

products that are very diverse in size, shape, detail, complexity, 
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material composition, structure, and cost. Several examples of both 

modern/advanced and traditional ceramics are shown in Table 2.1. 

The applications of these products, as indicated in Table 2.1, are also 

diverse (Reed, 1988).   

 Ceramic materials are generally classified into two broad groups – 

Traditional and Advanced (Modern) ceramics.   

The traditional ceramics are based on natural raw materials 

mostly clays and include bricks, white wares, glasses, refractory and 

cement. Due to their mode of formation, these materials often contain 

impurities which lead to phases that melt at relatively lower 

temperatures usually at about 10000C (Ovri, 1997). Traditional 

ceramics have been produced for centuries. The earliest ceramic 

articles were made from naturally occurring raw materials. Early 

civilizations found that clay minerals became plastic when water was 

added and could be molded into shapes. The shape could then be 

dried in the sun and hardened in a high-temperature fire. Many of 

the raw materials used by the ancient civilizations are still used 

today and form the basis of a sizable segment of the ceramic industry 

(Richardson, 1981).   
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During the past 50 years, scientists and engineers have 

acquired a much better understanding of ceramic materials and their 

processing and have found that naturally occurring minerals could 

be refined or new compositions synthesized to achieve unique 

properties. These refined or new ceramics are often referred to as 

modern ceramics and typically are of highly controlled composition 

and structure and have been engineered to fill the needs of 

applications too demanding for traditional ceramics (Richardson, 

1981). Advanced (modern) ceramics are produced as a result of the 

demand for materials that can withstand high stress, aggressive 

environments and dimensional stability. The raw materials for these 

materials do not occur naturally and are therefore produced under 

restricted conditions (Ovri, 1997).   
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 Table 2.1:Examples and Applications of Traditional and Modern 
Ceramics.  

Types  Examples  Applications   

    

  

  

Traditional  

Ceramics  

White wares  Dishes, plumbing, enamel, tiles  

Heavy clay 
products  

Sewer pipe, brick, pottery, sewage 
treatment and water purification 
components   

Refractories   Brick,  castables,  cements, 
 crucibles, molds.  

Construction  Brick, block, plaster, concrete, tile, glass, 
fiberglass  

Abrasive 
production 
glass   

Grinding wheels, abrasives, milling, media, 
sand-blast  nozzles,  sandpaper 
 too numerous to list.  

  

    

   

Modern 
ceramics  

Electronics   Heating elements, dielectrics, substrates, 
semi-conductors, insulators, transducers, 
lasers, heretic seals, igniters.  

Aerospace 
and 
automotive  

Reentry, radomes, turbine components, 
heat exchangers, emissions control.  

Medical   Prosthetics, controls  

High-temp 
structures  

Kiln furniture, braze fixtures, advanced 
refractories   

Nuclear   Fuels, controls  

Technical   Laboratory wares   
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Miscellaneous   Cutting tools, wear-resistant components, 
armor, magnets, glass-ceramics, single 
crystals, fibre optics.  

  
2.2 MAN AND CLAY  

 The most abundant, ubiquitous and accessible material on the 

earth‟s crust is clay. Early man was in constant touch with it. 

Having observed that, after heavy rains, clay left his footprints, he 

found he could shape it with his hands. He thus discovered that clay 

was plastic. Plasticity, the most important property of clay, made 

early man realize the potentialities of this material which was the key 

to the foundation of pottery. He found that objects made from clay 

retained their shape and when left in the sun became dry and firm 

(Rado, 1969).   

 Rado (1969) went further to state that early man may have thrown a 

pot accidentally into fire, or in order to destroy it, or in order to bake 

it like bread. It must have been a thrilling experience for him to 

notice that the pot which was exposed to heat had become much 

stronger and emitted a pleasing sound when struck. He noticed that 

his pot shrunk. Subconsciously, he became aware of the phenomena 

due to firing (sintering, chemical reactions, formation of a glassy 

phase) and in the same way had already realized the  
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characteristics of plasticity.   

 The history of ceramic processing technology is very interesting in 

that both simple processes developed in ancient times for natural 

materials, and recently developed, relatively sophisticated processes 

depending on synthetic materials are used extensively near the end 

of the 20th century (Reed, 1988).  

 Hand mixing, hand building and scratch and ship decorating of 

earthenware date back to before 5000BC. The first forming machine 

was probably the potter‟s wheel, which was used earlier than 

3500BC for throwing a plastic earthenware body and later for turning 

a somewhat dried, leather, hard body. Shaping by pressing material 

in fired molds and firing in a closed kiln were subsequently developed 

(Reed, 1988).   

 The other most common freehand method of modeling pottery was 

coiling (the building up of vessels by long coils). Casting involving 

liquid clay (slurry) was used in ancient Palestine but this method has 

been used in Europe only since about 1730AD, before the 

introduction of the potter‟s wheel. The earliest known use of 

potter‟s wheel was in Mesopotamian town of Worka (5000 B.C) as 
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well as during the Indus Valley Civilization (3250-3000BC); as did 

the Mayan people for making ceramic toys for their children. By Old  

Testament times (2000BC), the potter‟s wheel was in common use in  

Southern Palestine (Rado, 1969).  
 Fired clay pieces with basketwork imprints dating from 15,000 to 

10,000BC were found in Gambles cave in Kenya. Much of ancient 

pottery was unglazed although glazes were known to the Egyptians 

as far back as 12,000BC. There was no information about firing. It 

was the most mysterious and the most skillful part of the potter‟s 

craft and so, was kept a trade secret. However, there was an idea 

from failures (cracked or misshaped ware) as one of the gates of 

Jerusalem was called the “Gate of Potsherds” (i.e. broken pots). The 

ancient Greeks sought the aid of the „gods‟ and medieval potters 

offered prayers before firing. The Indians in North America prevented 

their dishes not used for cooking, from cracking by applying grease 

until the clay was saturated. According to Rado, (1969), clay tablets 

bearing inscriptions were usually only fired accidentally as a result of 

an outbreak of fire, as were building bricks for houses. Concurrently, 

with improvements in the methods of making refinements were also 

being made in the raw materials.  
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 In his search for refinement, the potter first succeeded in making his 

pots white by covering them with an opacified glaze; the result was 

majolica. By more clay selective approach, by incorporating greater 

amounts of white burning non-clay materials  

(flint) and by increasing the firing temperature, he produced 
earthenware. Also by using clays rich in fluxing contaminants and 
firing sufficiently high, he arrived at a non-porous product, 
stoneware. When however, his clay as well as the other minerals were 
very low in iron oxide (FeO) and when he fired to a very high 
temperature, the resulting materials was not only non-porous but 
also white  and translucent. This was given the name porcelain, the 
potter‟s crowing achievement (Rado, 1969).   

 Other inventions in the 18th century indicated the use of a template 

for forming, slip casting in porous moulds, auger extrusion, transfer 

decoration, and firing in a tunnel kiln. In the 19th century, 

parametric cones were developed by Seagerto control firing. The first 

half of the 20th century saw the development of thermocouples used 

routinely to monitor temperatures during firing. The second half of 

the 20th century has witnessed major advances in the synthesis, 

characterization and fabrication of ceramic products. Scanning 

electron microscopy is now used for routine microstructural analysis 

for quality control in manufacturing. Computers are now used 

throughout the industry to monitor and/or control raw material 

handling and preparation, fabrication, and firing (Reed, 1988).  
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 2.3 CLAYS AS MINERALS  

 Clays have been known and used by man since ages for varied 

purposes (Prentice, 1990). To an ordinary observer, it may just be the 

materials from which pottery is made. A gardener might, perhaps, 

see it as an important part of the soil. A craftsman might know it as 

material from which structural clay products or traditional ceramics 

such as Chinaware, tiles, building bricks, firebricks (for lining kilns 

or furnaces) and porcelains are made (Idenyi and Nwajagu, 2003). 

The term “Ceramic” is derived from the Greek word “Keramos” which 

means “Potter‟s clay”.   

 As time went on, this meaning came to include all products made 

from fired clay, such as electrical porcelain, tiles, bricks and fireclay 

refractories, as well as pottery tableware. Presently, many substances 

grouped as ceramics, in fact contain no clay, though they are usually 

hard, brittle materials of minerals origin, with high fusion-

temperatures. As a result, the general heading of ceramics now 

include materials such as hydraulic cement, glass and vitreous 

enamel, while a number of metallic oxides such as beryllia, alumina, 

magnesia and zirconia form the basis of high temperature ceramics.  

These high temperature ceramics, which are sometimes termed the 
newer industrial ceramics, also include sintered oxides, borides, 
carbides, and nitrides of metals (Ekpe, 2008).   
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 In fact, the mineralogist, the geologist, the chemist, the soil scientist, 

the civil engineer, and of course, the materials scientists and 

engineers do study clay from different points of view or interest. In 

general, clay has come to be defined as a natural earthy, finegranular 

material which acquires plasticity on being mixed with limited quality 

of water (hydro-plasticity) and which has maximum sizes of about 

two microns (2µ = 0.002mm) and showing sheet-like crystallographic 

habit; or it is fine-grained rock which when suitably crushed and 

pulverized, becomes plastic when wet, leather-hard when dried and 

on firing is converted to a permanent rock-like mass (Velde, 1992; 

Idenyi and Nwajagu, 2003).   

 Clays consist of extremely fine particles of complex  

aluminosilicates. In the raw state, clay molecules are arranged in 

layers which are separated by molecules of water. This allows the 

layer to glide over each other, making it possible for clays to be 

readily shaped when wet and plastic (Ekpe, 2008).   

 Clays are minerals (Velde, 1992). The term “mineral” has several 

meanings. Used and strictly defined by the mineralogist, it refers to a 

naturally occurring solid inorganic substance with distinctive 

physical properties and a composition that can be described by a 
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chemical formula (Mckelvery, 1986). A mineral economist may refer 

to it as a commercially traded product derived from a naturally 

occurring nonliving, organic or inorganic, solid, liquid or gaseous 

substance. In describing resources, Mckelvery (1986) noted that the 

term generally refers to naturally occurring nonliving, organic or 

inorganic, solid, liquid or gaseous substance that have a known or 

potential use. Therefore, Onyemaobi (2002) defined mineral as an ore 

found in or on the earth‟s crust (whether inorganic, organic, metallic 

or non-metallic) that can be exploited at an economic value. Solid 

minerals of economic values are classified as metallic (for the 

extraction of metals) or non-metallic [e.g. fossil fuels (coal), 

gemstones, bitumen/tar, and industrial minerals such as kaolin] 

(Mark, 2007).   

  

2.3.1  Origin and Formation of Clays   

 Clays originated as a result of the dissolution of a given mineral or 

group of minerals composing rocks like granites (Velde, 1992). The 

dissolution produces a solution of different aggregate solute 

composition from that of each of the reacting solids/minerals. From 

this solution, clays can precipitate and grow; the clay being the least 

soluble portion of the mineral reaction (Velde, 1992). The clay 



 

17  
  

generated, is in general, a function of the minerals present in the 

rock.   

 The genesis of clays is one of low temperature (between 40C and 

about 2000C). Velde (1992) identified four basic geological processes, 

which are water-rock interaction processes, giving rise to clay 

mineral formation. These are: weathering (either sub-aerial or 

subaqueous); precipitation from concentrated solution (saline lakes 

and closed marine basins); burial diagenesis (effects of chemical and 

thermal changes); and hydrothermal alterations (water-rock 

interaction at higher temperature due to thermal effects of magmatic 

intrusions).   

 The variable for all these geological environments are the same, 

water-rock ratio and rock composition as well as the temperature at 

which the reactions take place. Essentially, this ranges from 

conditions at the earth-air or earth-water interface which gives 

minimum temperature of 40C for ocean bottom formation and around 

150C average for land occurrence to the upper limit at which clay 

minerals are found, which is near 2000C in young rocks. Burial 

depths are usually not greater than 6-7km (Velde, 992).  

 Some inorganic impurities present in the primary rock  
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(unchanged rock particles) also find their way into the resulting clay, 
and impart various colours to the pristine whiteness of the clay 
substance (Idenyi and Najagu, 2003). For instance, ferric oxide will 
make it reddish (Borode and Ajaka, 2002) while limonite (a term 
covering most hydrated iron oxides) will give it buff-pale yellowbrown 
colour. In addition to organic impurities, eons of plant growth and 
animal life may introduce a considerable proportion of organic matter 
into the clays turning them grayish or almost black (Prentice, 1992; 
Idenyi and Nwajagu, 2003).   

 When clays are found where they originally formed (which they are 

not very frequently) they are known as residual or primary clays. 

Often, they are formed deep underground, the necessary chemical 

changes having been brought about by superheated acidic water that 

was forced up under pressure through the mass of primary granite. 

Clay deposits of this kind are commonly characterized by their great 

thickness-sometimes of several hundred meters and by their high 

content and large-grained primary minerals such as quartz, mica 

and feldspar. Far more common than residual clays, are sedimentary 

or secondary clays that have been transported perhaps more than 

once, from their site of origin by the action of seas, rivers and 

glaciers. These vary greatly in composition according to mode of 

transportation and age (Idenyi and Nwajagu, 2003).   
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2.3.2  Clay Groups and Nomenclature   

 One basic property of clay minerals is the capacity of certain clays to 

change volume by absorbing water molecules or other polar ions into 

their structure (Grim, 1968; Velde, 1992). This is called the swelling 

property. Based on this property, Velde (1992) broadly classed all 

clays into swelling and non-swelling type minerals. Swelling clays are 

called smectites (gallaries .com).   

 The next important property, according to Velde (1992), is the basic 

composition and structure of the clays; and this is used to further 

classify the clay minerals. 1llite and chlorites are two mineral  

groups that are similar to the metamorphic minerals-

hightemperature phases. They kaolinite family has no equivalent in 

metamorphic mineral groups.  Also, the needle-shaped 

sepiolitepalygoaskites, are found uniquely in low-temperature 

environments. The mineral groups smectite (e.g. 

moutmorillomite/batomite) illite, chlorite, kaolinite, sepiolite-

palygoaskites are said to account for by far, the greatest part of the 

clay minerals found in nature (Velde, 1992; Grim and Bray, 2000).   

 Table 2.2 shows the data for quick identification and  

classification of clay minerals.  
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Table 2.2: Data for identification and classification of clay  

minerals.  

Swelling Types (smectites)  Dominant Elements  Basal Spacing (Ǻ)  

Dry          Glycol  

Beidellite  Al  10          17  

Montmorrillomite  Al (Mg, Fe2+ minor)  10          17  

Montronite  Fe3+  10          17  

Saponite  Mg, Al  10          17  

Vermiculite   Mg, Fe2+, Al(Fe2+  10-12     15.5  

Mixed layer minerals  Minor   <10        10-17  

Non-swelling Types       

Illite   K, Al (Fe, Mg minor)  10  

Glauxonite  K, Fe2+,Fe3+  10  

Celadonite  K, Fe2+, Mg, Fe3+  10  

Chlorite   Al3+  14  

Berthierine  Mg, Fe, Al  7  

Kaolinite   Fe2+, Al3+  7  

Halloysite  Al   10.2  

Sepiolite  Al   12.4  

Palygorskite  Mg, Al  10.5  

Talc   Mg, Al  9.6  
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 2.3.3  Identification and Chemical Analysis   

 The word „clay‟ is among the more troublesome of the singlesyllable 

words, covering a huge range of natural substances differing greatly 

in appearance, texture, and chemical and physical properties (Idenyi 

and Nwajagu, 2003). However, all clays (whether swelling or non-

swelling types) are hydrous aluminosilicates, and are therefore 

denoted by silica (SiO2). Hence, their SiO2 content is not of great 

diagnostic help in their identification (Velde, 1992). Generally, the 

elements Al, Mg, Fe, K and to a lesser extent Na and Ca, are useful 

indicators of clay types. Another important criterion is the basal 

spacing, i.e. the distance between the sheet layers of the crystal 

structure as determined by x-ray diffraction techniques. It is 

determined after heating to 2000C to eliminate absorbed water and 

thus called the dried state. Swelling-spacing is determined using 

ethylene glycol vapour to expand the layers to a standard distance 

(Velde, 1992).  

 With these three things (swelling property, elemental  

composition and basal spacing) as a basis for rapid identification, a 

rough table of clay mineralogy can be constructed, as displayed in  
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Table 2.2 earlier shown.  
 Identification and characterization in clay mineralogy had to wait for 

new analytical technology to come to its aid, because;   

(i) Clay particles could not be seen with an optical microscope, and   

(ii) Many minerals were often found in association in clay samples.  

The new methods, according to Velde (1992), and Idenyi and 

Nwajagu (2003), include those of x-ray diffraction and fluorescence, 

electron microscopy, infrared and microwave spectroscopy,  

Differential Thermal Analysis (DTA), and Differential 

Thermogravimetric Analysis (DTGA), also known as Dynamic  

Differential Calorimetry (DDC).  

Complete chemical analysis of clays involves a true 

mineralogical analysis. Clays are basically aluminosilicates composed 

of alumina (Al2O3) and silica (SiO2) with some ionic substitutions, and 

chemically bound water. Common impurities include compounds 

(usually oxides) of Ba, Ca, Na, K and Fe, and some organic matter 

(Callister, 2003). A complete chemical analysis of clay therefore 

identifies the minerals and also shows the exact quantities of 

elements or compounds present (soilscijournals.org).  
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One difficulty in classical chemical analysis of clays is in finding 

a reagent specific for detecting the presence of certain element or 

mineral. However, classical methods (those based on wet chemistry 

techniques) are still very much in use today, but the modern 

instrumental methods are faster, and more accurate (Reed, 1988). 

The relative proportions of silica and alumina (in the case of kaolinite 

or refractory clays) are relevant, since the higher the proportion of 

alumina, the higher the temperature (i.e. higher refractoriness) 

necessary to form the glassy ceramic bonding (vitrification) material 

which characterizes ceramic products (Idenyi and Nwajagu, 2003).  

  

2.3.4 Sintering Theory and Clay Transformation on Heating   

 Sintering is the consolidation, under the effect of temperature, of a 

powdery agglomerate, a non-cohesive granular material (often called 

compact, even though its porosity is typically 40% and therefore its 

compactness is only 60%), with the particles of the starting powder 

“welding” with one another to create a mechanically cohesive solid, 

generally a polycrystal.  

 It is the basic technique for the processing of ceramics, but other 

materials can also use it: metals, carbides bound by a metallic phase 

and other cermets, as well as natural materials, primarily snow and 

ice.  
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 During sintering, the non-cohesive granular medium becomes a 

cohesive material-whilst organizing the microstructure (size and 

shape of the grains, rate and nature of the porosity, e.t.c). However, 

the microstructure determines to a large extent the performance of 

the material: all the more reason why sintering deserves a thorough 

attention.   

 The consolidation of the material is done during sintering, therefore 

during the high temperature treatment, ceramic processes bring 

sintering primarily into play, at temperatures higher than 8000C.  

 In fact, the term sintering includes four phenomena, which take 

place simultaneously and often complete with each other:  

- consolidation: development of necks that “weld” the particles 

to one another;  

- densification: reduction of the porosity, therefore overall 

contraction of the part (sintering shrinkage)  

- grain coarsening: coarsening of the particles and the grains;  

- physicochemical reactions: in the powder, then in the 

material under consolidation (Philippe, 2007).  

 According to Velde (1992), there are four ranges of temperature 

which produce characteristic changes (transformations) in clay 

materials: the free-water dehydration range (or dry range) (50-1200C); 

the clay stability range (120 – 6000C); the anhydrous clay range (600 

– 9000C); and the recrystallization range (above 9000C). In the 

manufacture of ceramics, the 600-10000C zone is of greatest 
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importance in transforming the dried clay into a new, more rigid 

substance. In this range, the interaction of the clay and non-clay 

additives occurs to form new minerals or physical states (glass or 

new crystalline phases).  

 In clays, an important volume change (shrinkage) takes place as 

they re-crystallize into other phases, losing their crystalline water 

above 10000C (Grim, 1968); Velde, 1992). This loss is important to 

the ceramic process. When firing brings the material into this 

thermal region, the shrinkage effect must be modified by the addition 

of sufficient non-clay materials, called temper or grits. Sands of 

various types, pure quartz, alkali feldspar, grog (ground-up burnt 

refractory materials), or chamotte (calcined and ground-up kaolinite 

or fired clay) are used depending on the quality and use of the 

ceramic product (Velde, 1992; Krivandin and Markov, 1980; Idenyi 

and Nwajagu, 2003).  

 All clay minerals, when heated to temperatures in excess of 12000C, 

are capable of being re-crystallized to form the minerals mullite 

(3Al2O3.2SiO2), corundum (Al2O3), and where Mg is present, olivine 

(Mg.Fe)2.SiO4, while tridymite or cristobalite (SiO2) results both from 

changes in the mullite composition, and from the  

incorporation of free quartz. The silica-alumina system illustrates the 

relationship between these high temperature ceramic phases with 

temperature and composition. However, the temperatures and times 

used in industrial brick production are inadequate for these changes 
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to go to completion, and fusion usually ceases at a stage of 

vitrification in which some of these minerals are beginning to form.  

Nevertheless, the development of the felted crystals of mullite is 
believed to be important in the production of strength in the fired 
bricks (Prentice, 1990).  

  

2.3.5  Clay Properties and Uses  

 All clays attract water to their surfaces (adsorption), but some of 

them bring it into their structure (absorption). Absorption is the 

incorporation or admission of molecules into the crystal grain while 

adsorption is the addition of molecules onto the surface of the grains 

(Velde, 1992). The smectites attract water between the sheet layers of 

the structure and, in doing so, they increase their volume greatly.  

 Clays were used in past centuries for their properties, in producing 

building materials and ceramics. In addition to these uses, clays 

have become an important part of industrial technology in recent 

times, taking many roles in manufacturing processes, and are major 

constituents in products such as plastics and foodstuffs (Velde, 

1992). These uses depend upon the special properties of the clay 

particles. Their chemical properties (internal and external surfaces) 

are used in many ways, as are their physical properties (grain size 

and shape, etc).  

  

(a) Chemical properties and uses   

The chemical properties of interest are:  

(i) Clay-organic interactions,  
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(ii) Clay-polymer interactions, and  

(iii) Catalysis   

  

(i) The highly preferential adsorption characteristics of swelling 

clays and sepiolite-palygorskites was used in fuller‟s earth to 

extract the grease, oil and other materials from the wool of 

sheep in order to be able to use it to make clothing. Other more 

recent uses have been to clarify oils, to clean away unwanted 

grease and to act as a carrier of insecticides. One aspect of 

clay-organic interactions is the exchange of a hydrogen ion for 

another cation on the clay surface. By changing the pH one 

could adsorb and then de-sorb organic materials from clays – 

very useful steps in a manufacturing process. Industrial 

applications of this include hydrogenation of different organic 

molecules, clarification of solutions, e.g. de-colorization – 

removal of impurities, which can cause unwanted colouring 

effects (Velde, 1992).  

(ii) In clay-polymer adsorption interactions, the swelling property is 

no longer necessary. Kaolinite and other clays can be used in 

clay-polymer interactions. This is applied in paints and inks 

(Velde, 1992), where kaolin is employed as an inert colloidal 

pigment (Brady and Clauser, 1979).  

(iii) Natural clays also find application as catalysts to promote 

organic reactions, such as petroleum cracking or 

depolymerization of large organic molecules found in natural 

hydrocarbons (Igbokwe and Nwokolo, 2005). Clays present two 

main properties of use in catalysis; a large particle surface area 

due to their small grain size; and an even larger internal, 
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chemically active surface due to their absorptive properties. In 

both cases, the property, which is useful, is the negative charge 

on the surface of the clay. This makes the clays behave like a 

Lewis‟s acid, i.e. an electron donor (Velde, 1992).  

  

  

  
(b) Physical properties and uses.  

The particle size and flat grain shape of clays can be useful in 

conditioning and processing of materials in industry.  

(i) The small grain size of clays gives more viscous suspensions, 

which can often be used more efficiently in industrial 

machinery. A major use of smectite (bentonite in commercial 

terms) is in drilling mud, for drilling petroleum wells and water 

boreholes. The drilling mud fulfills two functions at the same 

time: as a lubricant/coolant, and as a means of increasing the 

density of the drilling fluid. Where the density of the drilling 

mud is not enough to contain the pressure of the petroleum, 

other materials, such as barite (BaSO4), are added to the slurry 

suspension (Onyemaobi, 2002; Velde, 1992).  

(ii) Grain shape is used to advantage in the paper industry, where 

kaolinte is used both as a filling agent and a coating agent. 

Printing inks tend to adhere better to kaolin-treated paper 

surfaces (Velde, 1992; Aliyu, 1996). Both grain size and shape 

are useful properties in the production of various types of 
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plastic and rubber products, e.g. automobile tires, where, 

kaolinite is again, frequently employed as a filler (Velde, 1992).  

2.3.6 Advantages of Clay   

The benefits of clay in comparison to other materials include:   

(i) Clay is abundant in nature  
(ii) It is inexpensive   
(iii) It is used as-mined without upgrading of quality  

(iv) It is easily formed and is very amenable to shaping  

(Khanna, 2001)  
2.4 THE KAOLINITE CLAYS   

 Kaolin is an important and widely used industrial mineral which is 

refined from kaolinite – a naturally occurring mineral of the clay 

family. Kaolinite has an intrinsic white colour, which is often stained 

brown or grey by impurities derived from its parent rock. It does not 

swell in water (Aliyu, 1996; Marshal, 1999).  

 Kaolinite is also called china clay or porcelain clay, and is the 

refractory clay that characterizes fireclays (Idenyi and Nwajagu, 

2003).  

  

2.4.1 Classification and Nomenclature   

 Kaolin is the most important clay mineral (Al2O3.2SiO2.2H2O). The 

name is derived from “Kao-Lin”, a hill in North China where a very 
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pure, white-firing clay was first discovered. In Britain, this type of 

clay is known as “china clay”; in America and elsewhere as “kaolin” 

(Rado, 1969).  

 Kaolinite is the product of the breakdown of the mineral feldspar or 

of similar metastable aluminosilicate minerals that were formed 

under high temperature conditions as components of various kinds 

of igneous and metamorphic rocks. The breakdown occurred in the 

presence of water at low temperature when these minerals were no 

longer in equilibrium with their environment. In some deposits of 

china clay, e.g. in Cornwall, the mineralogy evidence shows that the 

potash feldspar first decomposes to secondary mica and then to 

kaolinite (Rado, 1969).  

 The etymology of nomenclature and classification in the  

kaolinite family of clays as presented by Grim (1968) is, inter-alia, 

summarized. According to that account, Johnson and Blake (1867) 

appear to have first clearly intended the name “kaolinite” for the 

“mineral of kaolin”; the suffix – ite being derived from the Greek and 

denotes „of the nature of‟ or „similar to‟. In discussing 

nomenclature of the kaolin minerals, Ross and Kerr (1931) observed 

as follows:  



 

31  
  

 By kaolin is understood the rock mass which is composed  

essentially of a clay material that is low in iron and usually white or 

nearly white in colour. The kaolin forming clays are hydrous 

aluminium silicates of approximately the composition 2H2O. 

Al2O3.2SiO2 and it is believed that other bases [metal ions] if present 

represent impurities or absorbed materials. Kaolinite is the mineral 

that characterizes most kaolin.  

 They showed that the kaolin minerals cannot be assigned to a single 

species, i.e. clays of this character are not composed of a single 

mineral species, and minerals of that composition also are not all the 

same species. It was concluded that three distinct species are 

represented, viz. kaolinite, nacrite, and dickite. It was Brown (1955) 

who first suggested the name kandidites as a portmanteau word for 

the mineral group kaolinite, nacrite, and dickite. Mellor (1916) 

accepted nacrite as a distinct mineral, and Ross and Kerr (1931) 

finally established its identity.  
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2.4.2  Kaolinite Structure and Polytypes  

(a) Structure   

 The structure of kaolinite can be considered as being made up of two 

layers. One layer consists of silicon and oxygen ions in which each 

silicon ion is at the centre of a tetrahedron formed by four oxygen 

ions (silica layer). The other layer consists of Al and OH ions (gipsite 

layer), the OHs forming the corners of an octahedron. When the two 

layers are combined, a layer of kaolinite is formed. Each Al ion is now 

surrounded by six anions, some oxygen and some hydroxyl ions 

(Rado, 1969).  
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The silica tetrahedral layer, represented by (Si2O5)2-, is made 

electrically neutral by an adjacent Al2(OH)42+ octahedral layer 

(Barsoum, 1997; Callister, 2003). The charge distribution (which 

balances in the structure unit) in the layers is as follows:  

6O2-    12- 4Si4+    16+  

4O2- + 2(OH)-    10-  
Layer common to  

3+     12+ tetrahedral and  
4Al 

octahedral sheets   

6(OH)-      6-  

  

 Taking one silicon tetrahedral unit and one aluminium  

octahedral unit, the structural formula of kaolinite can be written as  

Al2(OH)4Si2O5 or Al2Si2O5 (OH)4 or Al2O3.2SiO2.2H2O. Alternatively, 

when two alternating units of each layer are considered, the 

structure becomes 2Al2 (OH)4Si2O5 or Al4Si4O10(OH)4 or 

2Al2O3.4SiO2.4H2O, there being little or no atomic substitution. In 

few instances especially in the poorly crystallized kaolinites, a very 

small amount of substitution of iron and/or titanium for aluminium 

is observed (Grim, 1968; Velde, 1992). In terms of oxides, the 

structural formula shows that the theoretical composition is: SiO2, 
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46.54%;AlO3, 39.50%, H2O, 13.96%; thus making kaolinite the clay 

mineral with the highest content of alumina (Prentice, 1990).   

 Kaolinite consists of small hexagonal plate-like crystals about 0.1-2µ 

in size, only visible under the electron microscope. These crystals are 

often compressed to concertina-like stacks. The crystals of 

montmorillonite are extremely small, extending from 0.01-2µ. The 

crystals of clay mineral thus lie within the colloidal range (0.001-1µ) 

and therefore have colloidal properties, e.g. when dispersed in water 

or other liquid, they do not obey ordinary sedimentation laws but are 

subject to Brownian movement. The smaller the particle size, the 

greater the disorder. The purest clay mineral, viz non-disordered 

kaolinite as present in china clay, has the largest particle size of all 

clay minerals (Rado, 1969).  

(b) Polytypes  

 The minerals of the kaolinite family consist of sheet units of the type 

just described continuous in a- and b- direction and stacked one 

above the other in the c- direction. The variation between members of 

the family (the polytypes) consists in the way in which the unit layers 

are stacked above each other and possibly in the position of the 

aluminium atoms in the possible positions open to them in the 

octahedral layer (Grim, 1968). Kaolinite is the commonest of the four 
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aluminosilicate polytypes or polyforms – the others are dickite, 

nacrite, and to a lesser extenthalloysite(Aliyu, 1996).  

 As noted earlier, the mineral formula is Al2(OH)4.Si2O5; the thickness 

of the two layers is near 4Ǻ. The names dickite and nacrite indicate a 

different stacking structure of the basic 7Ǻ kaolinite mineral (Velde, 

1992). Dickite and nacrite are rare while halloysite is moderately 

common. The polytypes differ in the stacking of the basic structure 

unit (the kaolin layer). Regular sequences of one, two and six kaolin 

are found in kaolinite, dickite and nacrite respectively (Aliyu, 1996).  

 Halloysite [Al2(OH)4.Si2O5.2HO] however, is a kaolinite with an extra 

layer of water molecules between the 7Ǻ layer sheets which change 

its basal (c-axis) spacing to near 10Ǻ. The water is easily removed 

near 1000C and in some cases the dehydration is  

irreversible (Velde, 1992). The halloysites also appear to contain high 

amounts of Fe2O3, up to 15. This is what distinguishes them from the 

kaolinites. Halloysites also have tubular structure of rolled sheets 

instead of the typical flat sheet structure of kaolinites and most 

phyllosilicates (Velde, 1992).  

The different structural states or stacking patterns, which give 

polytypes of kaolinite, allow one to identify (by means of their x-ray 
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and electron diffraction maxima/data) the different subspecies of 

kaolinite family. All are monoclinic (Velde, 1992).  

  
2.4.3  Formation of Kaolinite  

 Kaolinite is the product of the breakdown of the mineral, feldspar, or 

of similar metastable aluminosilicate minerals that were formed 

under high temperature conditions as components of various kinds 

of igneous and metamorphic rock. The breakdown occurred in the 

presence of water at low temperature when these minerals were no 

longer in equilibrium with their environment (Rado, 1969).  

According to Idenyi and Nwajagu (2003), during weathering, these 

complex aluminosilicates become hydrolyzed, the alkali and alkaline 

earth ions form soluble salts and are leached out. Remainder 

consists of hydrated aluminosilicates of varying compositions and 

structures and free silica. This process can be represented (for the 

case of kaolinite formation) by the following simplified equations:  

K2O.Al2O3.6SiO2 + H2O = Al2O3.6SiO2.2H2O + 2K+ [hydrolysis] …...........(2.1) 
(potassium feldspar)  
  
Al2O3.6SiO2.2H2O = Al2O3.2SiO2.2H2O + 4SiO2 [Desilication]……...........(2.2)  
        (kaolinite)  
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 In some deposits of china clay, e.g. in Cornwall, the mineralogy 

evidence shows that the potash feldspar first decomposes to 

secondary mica and then to kaolinite. The reactions are as follow:  

(Rado,1969).  

  
3(K2O.Al2O3.6SiO2) + H2O   =   K2O.3Al2O3.6SiO2.2H2O  
                                            + 2K2O + 12SiO2 + 4H2O   
= 3(Al2O3.2SiO2.2H2O + K2O………………………………………….……......(2.3)  

  

2.4.4   Dehydration and Phase Changes on Heating   

 Dehydration involves the loss of any water, adsorbed, interlayer, or 

lattice OH water, held by the clay minerals. A study of dehydration is 

concerned with the amount of water lost (and hence weight loss), rate 

of water loss, temperature of dehydration, and energy (enthalpy 

change) involved. It is accompanied by significant changes in the 

structure of the clay minerals, and consequently changes taking 

place during the heating of the clay mineral cannot be separated 

from dehydration. However, transformations taking place on heating 

to relatively high temperatures are necessarily related to dehydration 

reactions (Grim, 1968).  

 Mark (2007) reported how Ross and Kerr (1931) pointed out that the 

dehydration curves of kaolinites are almost flat up to 4000C, 
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indicating little loss of water at low temperatures. It has also been 

observed that the differential thermal curves for some poorly 

crystalline kaolinites do show a small initial endothermic reaction, 

indicating that a small amount of water may be present between the 

layers, when there is irregularity in the arrangement of the kaolinite 

units.   

Fig. 2.2: Idealized (a) dehydration curve and (b) differential  

thermal curve for kaolinite. Adapted from Grim, R.E 

(1968).  
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Rado (1969), reporting on the action of heat on clay minerals, 

noted that the lattice of kaolinite starts to break up at 4200C when 

the water of constitution begins to be expelled. Most of it is removed 

at 5500C, leaving a non-crystalline material known as meta-kaolin.  

This reaction is endothermic.  
According to Brindley and Nakahira (1959) as stated by Rado, 

(1969), a cubic spinel-type phase forms from meta-kaolin by a 

process of orderly recrystallization. This spinel, probably 

2Al2O3.3SiO2, decomposes and mullite is formed. Crystallization of 

mullite (3Al2O3.2SiO2) is complete at 14000C.  

On heating, cristobalite starts to form at 10500C. Silica is 

progressively discarded as the spinel-mullite reaction process 

progresses (Rado, 1969).  

Brindley sums up the thermal effects accompanying the  

reactions as follows:  

Table 2.3: Phase Changes on Heating of Kaolinite Clay.  

5000C  Endothermic 
reaction   

Dehydration of kaolinite and formation of 
meta-kaolin (2Al2O3.4SiO2)  
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9250C  Exothermic 
reaction   

Meta-kaolin layers condense to form 
spineltype phase of approximate composition. 
2Al2O3.3SiO2 with discard of silica (about 1 in 
4SiO2).  

1050- 

11000C  

Exothermic 
reaction   

Spinel-type structure transforms to a mullite 
phase, precise composition not certain, with 
further discard of silica, appearing as 
cristobalite.  

1200- 

14000C  

  Continued development of cristobalite and 
mullite, the layer with lattice parameters 
consistent with the composition 3Al2O3.2SiO2.  

  
 Figure 2.3 is the SiO2 – Al2O3 phase diagram illustrating the 

occurrence of these phases. The silica-alumina system is important 

commercially, since the principal constituents of many ceramic 

refractories are these two materials (Callister, 2003).  
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Barsoun (1997) and Callister, (2003)}.  
  

 Parmelee and Rodriquez (1942) showed that Zn, Li, Mg, Fe, Mn, Ce, 

and Mo markedly enhance the formation of mullite from  

kaolinite; B and Ca enhance it slightly; alkali metals (Na, K), Ti, and 

Sn retard its formation; and the relative influence of these elements 

varies with temperature. Also, the presence of K reduces markedly 

the formation of cristobalite from kaolinite; Na reduces it slightly; Ca, 

Mg and H have little effect. These data make it clear that the effect of 

small amounts of impurities is undoubtedly a significant factor in 

explaining the apparent variation in results obtained by different 

investigators on heating kaolinite, Grim (1968) concluded.   

  

  

  

  

  

  

  

  

  

  

  

Fig. 2.3:   The  Silica - A lumina  Phase  Diagram  { According  to  
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2.5 OCCURRENCE OF KAOLIN IN NIGERIA  

 The bulk of kaolinite clay deposits in the country are either of 

sedimentary or residual in origin and are usually associated with 

granitic rocks. Occurrences of kaolin are known to exist in different 

parts of the country and specific abundant deposits have been 

identified in parts of Enugu, Anambra, Abia, Imo, Katsina, Kaduna,  

Ondo, Ogun, Oyo, Bauchi and Borno States, etc. (Aliyu, 1996; 

Nwajagu, 2005).  

 Adekale (2001) put the quantity of reserves at 350 million tones 

while Aliyu (1996) put the figure at about 800 million tones 

proven/probable deposits. He added that further field studies are 

required for detailed exploration and drilling to determine total 

reserves. In 2005, the Federal Ministry of Solid Minerals 

Development put the figure in the following way, “An estimated 

reserve of 3 billion tones of good kaolinite clay has been identified in 

many locations in Nigeria” (msmdng.com, 2005).  

 Nwajagu (2005) stated that many of these kaolinite clay deposits 

have been studied and characterized, and some of them are already 

finding various industrial applications. He also reported the chemical 

compositions of three deposits (Table 2.3). The loss on ignition, LOI, 
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represents the percentage of constitutional water, and organic 

impurities burnt off.  

Table 2.4: Chemical Analysis of some Kaolinite Clays  

Location / 
description  

  Chemical composition, %  

 SiO2  Al2O3  Fe2O3  MgO  CaO  Na2O  K2O  SO3  LOI  

Nsu  Kaolinite  clay  

(Ehime Mbano, Imo)  

59.09  29.34  1.35  0.35  0.39  0.02  0.17  0.27  9.13  

Ukpor  Kaolinite 
 clay  

(Ozubulu, Anambra)  

62.04  24.99  0.51  0.12  0.53  0.71  0.11  1.32  8.62  

Major Porter Kaolin  

(Jos, Plateau)  

44.06  29.33  1.83  0.43  0.79  0.08  0.26  -  9.93  

  

2.6 INDUSTRIAL POTENTIAL OF KAOLIN IN NIGERIA   

 Kaolin is a versatile industrial mineral with wide application. It is 

used as a raw material in paper making, rubber, plastic, paints, 

pharmaceuticals, soap, refractories, cement, fertilizers, textile, 

insecticides, etc. medicinally, it is used as absorbent and in 

antidiarrhea formulations (Aliyu, 1996).   

 For the wide range of industrial applications, it is estimated (in 

Aliyu, 1996) that the annual national demand for kaolin would be 

over, 150,000 tonnes. Adekale (2001) reported that the demand is 
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over 100, 000 tonnes per annum, and that the production in the 

country is less than 20, 000 tonnes per annum, while consumer 

industries include: paper, ceramics, paints,, rubber, plastics, soap, 

fertilizer, pharmaceutical, insecticide, cosmetics, building (titles and 

bricks). Kaolinite clays are found very suitable as moulding clays in 

cast iron and steel foundries (Nwajagu, 2005).  

  

2.7 PROCESSING OF KAOLINITE  

Processing of minerals generally involves beneficiation, which 

implies increasing the percentage composition of the principal 

components and the removal of contaminants and impurities. These 

contaminants may be ordinary soil or other associated minerals. A 

large proportion of the kaolinite in Nigeria is mined manually with 

unsophisticated implements such as shovels and diggers while some 

are mind with excavators and bulldozers, etc. the mining at most 

sites is of surface or shallow type (Aliyu, 1996).   

 Raw kaolin (as mined) is crushed and mixed with water to form 

slurry. Some amounts of diatomite reagent may be added at this 

stage to de-colourize the clay, if necessary. The slurry is pumped into 

a vibro-screen to extract foreign particles and impurities. Thereafter, 
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it is pumped into a filter pres to remove the water. The resulting cake 

of kaolin is dried, pulverized, milled and classified (sieved). 

Depending on the specifications/requirements of the target industry, 

the kaolin may be processed further to improve properties, e.g. 

brightness, dispensability, electrical and water-resistant properties.  

The final product is packaged for industrial use (Reed, 1988; Aliyu, 

1996).   

 The equipment required for the industrial processing of kaolin 

include blungers, hydrocyclones, sieves, filter press, dryers, hammer 

mills, calciners, pumps, conditioners, floatation machines and 

weighing/bagging machines (Reed, 1988; Aliyu, 1996). Figure 2.4 is a 

flow diagram for kaolin processing.  
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Figure 2.4: Flow Diagram for Kaolin Processing  
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2.7.1  Mineral Processing  

 Mineral processing comes after mining and prepares the ore for 

extraction except in non-metallic minerals where it may produce a 

marketable end product.   

Mineral processing otherwise called ore dressing, mineral 

dressing, or beneficiation is therefore defined in two ways depending 

on the production target. As far as no-metallic or industrial minerals 

are concerned, it is defined as the treatment of raw materials from 

the earth‟s crust to yield marketable product by methods that in 

general do not destroy the physical or chemical identity of the 

mineral (Mckelvery, 1986).   

 In Nigeria, some of the most common unit operations which are 

traditionally applied in mineral processing are grinding, mixing 

(using mortar, as in cosmetics and clay-based pints production) and 

open-sun drying for moisture content reduction. The biggest kaolin 

processing plant in Nigeria claimed a plant capacity of 5000 

tonnes/annum (Aliyu, 996). This plant, owned by the Nigerian 

Mining Corporation (NMC) is located at Major Porter, near Jos. Since 

annual local demand is over 150, 000 tonnes, the Raw Materials  

Research and Development Council (RMRDC) and the Katsina State  
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Government jointly established a kaolin plant at Kankara. The plant 

is exported to have the capacity to produce 20, 000 tonnes per 

annum of high-grade Kaolin, primarily for the pharmaceutical 

industry (Aliyu, 1996). Hence, there is still a great investment 

opportunity in the kaolin processing industry.  

 Many benefits are to be derivable from local processing of minerals 

(Onyemaobi, 2002). The recognition of these benefits motivated the 

Nigerian Government to make a shift from the importsubstitution, 

industrialization policy to a resource-based industrialization strategy 

(Aliyu, 1996). This strategy places great emphasis on the 

development of indigenous technology requiring the utilization of 

available local raw materials.   

  

2.7.2  Sieving and Sieve Analysis   

The size range of ceramic materials extends from about the size 

of coarse gravel to the size of viruses. This is about 10,000µm to 

0.001µm or 1.0cm to 0.000 0001cm (Reed, 1988). All mineral 

processing operations involve effective siring of the particles. It is 

however difficult to define particle sizes because particles are 

irregular in shape. For a spherical particle, the size is defined by its 

diameter. For particles of any geometry or shape (usually common in 
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mineral powders), the sizes are in equivalent diameters, which is the 

diameter of a sphere that would behave the same way with the 

particle if both are subjected to the same condition (Mark, 2007).  

Sieving is the classification of particles in terms of their ability or 

inability to pass through an aperture of controlled size (Reed, 1988). 

During sieving, particles are separated mechanically, on the basis of 

size and their acceptance or rejection by a screening, surface. The 

particles are introduced onto a stack of sieves (or screening surfaces) 

with successively finer apertures below. When agitated, particles are 

rejected or blocked if larger than the opening, or accepted and passed 

through if smaller. Sieving can be done manually (hand sieving) or by 

using a mechanical agitator.   

 Sieve analysis involves the mathematical or statistical treatment and 

presentation of sieving results. The particles encountered in sieving 

may be granular, powdery, colloidal and a combination of these. 

According to Reed (1988), the powders lie between two extremes; 

particles larger than 44µm (opening in a 325-mesh sieve) generally 

considered to be granular and particles smaller than 1µm (sub-

micron) considered as colloidal. Sieve analysis gives us knowledge of 

the size distribution in a powder, the undersize (portion smaller than 

some specific size), and the oversize (portion larger than some 



 

51  
  

specific size). Generally, size distribution of fine particles is presented 

graphically. The three commonest methods are:   

(i) A cumulative-log plot; semi-log plot of either the cumulative 

mass % passing (undersize) against log sieve size, giving a 

curve;  

(ii) The Gates-Gandin-Schuhmann method: a log-log plot    giving 

a straight line;   

(iii) The Rosin-Rammler-Benneth method: also a log-log 

straightline plot.  

  

2.8 PORCELAIN – BACKGROUND INFORMATION   

 Porcelain is a dense body that is not only white but translucent. 

According to technical definition (Rado, 1969), in Britain, “porcelain” 

signifies hard porcelain whereas “china” is synonymous with bone 

china.  

 In United States, the terms “porcelain” and “china” are defined on 

the basis of use: porcelain is glazed or unglazed vitreous ceramic 

whiteware used for technical purposes e.g. electrical porcelain, 

chemical porcelain, etc.  
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 The British housewife regards porcelain as something vaguely 

superior to china. The word “china” means to her any pottery that is 

white, which, of course, includes earthenware, although she certainly 

appreciates the difference between ordinary china and bone china. 

The term “china” is derived from “chinaware”, which was a collective 

expression for pottery ware imported from China (or other oriental 

countries such as Persia); most of it was white and translucent. The 

suffix „ware‟ was dropped and anything which looked vaguely like 

the Chinese ware was called “china” (Rado, 1969).  

 Generally speaking, porcelains are vitrified and fine-grained ceramic 

whitewares, used either glazed or unglazed. They refer to a wide 

range of ceramic products that have been baked at high 

temperatures to achieve vitreous, or glassy, qualities such as low 

porosity and translucence. They are widely used in household, 

laboratory and industrial applications. For technical purposes, 

porcelain products are designated as electrical, chemical, mechanical 

and structural and thermal wares. Porcelains are primarily composed 

of clay, feldspar and filler material, usually quartz or alumina. The 

clay [Al2Si2O5(OH)4] gives plasticity to the ceramic mixture, quartz or 

flint, (SiO2), maintains the shape of the formed article during firing; 

and feldspar [K2OAl2O3.6SiO2], serves as flux (Olupot, 2006).  These 
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three constituents place electrical porcelain in the phase system 

[K,Na)2O-Al2O3-SiO2)] in terms of oxide constituents, hence the term 

„triaxial porcelains‟ (Buchanan, 1991).  

 The fired product contains mullite (Al6Si2O13) and undissolved quartz 

(SiO2) crystals embedded in a continuous glassy phase, originating 

from feldspar and other melting impurities in the raw materials 

(Olupot, 2006).  

 Although porcelain is frequently used as a synonym for china, the 

two are not identical. They resemble each other in that both are 

vitreous wares of extremely low porosity, and both can be glazed or 

unglazed. However, china, also known as soft paste or tender 

porcelain, is softer; it can be cut with a file, while porcelain cannot. 

This difference is due to the higher temperatures at which true 

porcelain is fired (1,4540C) as against (1,2040C) for china. Due to its 

greater hardness, porcelain has some medical and industrial 

applications which, china, limited to domestic and artistic uses, does 

not. Moreover, whereas porcelain is always translucent, china is 

opaque (www.wikipedia_porcelain).  

 Electrical porcelains are widely used as insulators in electrical power 

transmission systems due to the high stability of their electrical, 

mechanical and thermal properties in the presence of harsh 
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environments. These are the reasons for their continued use over the 

centuries despite the emergence of new materials like plastics and 

composites (Kingery, 1967).  

 Although, the composition of clay varies depending upon where it is 

extracted and how it is treated, all clays vitrify (develop glassy 

qualities), only at extremely high temperatures unless they are mixed 

with minerals, whose vitrification threshold is lower. Unlike glass, 

however, clay is refractory, meaning that it holds its shape when it is 

heated. In effect, porcelain combines glassy‟s low porosity with 

clay‟s ability to retain its shape when heated, making it both easy to 

form and ideal for domestic use (www.wikipedia_porcelain).  

  

2.8.1 The Origin of Porcelain  

The word “porcelain” has its origin in the Italian “porcella” 

literally “little pig”, a Mediterranean sea-snail whose shell is white 

and translucent. Marco Polo was the first to apply the name to 

porcelain (Rado, 1969).  

It has been shown that porcelain generally was not an invention 

but the outcome of an evolutionary process in the potter‟s striving 

for perfection. Porcelain was first made in China as early as the tenth 

or ninth century B.C. and it was most probably a type of soft 
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porcelain. Different types of porcelain, including hard porcelain, were 

made at different times and places in China. It was exported and the  

Europeans first came in contact with it during the crusades (Rado,  

1969).  
Hard-paste or “true” porcelain originated in China during the 

T‟ang Dynasty (618-907 A.D); however, high quality porcelain 

comparable to modern wares did not develop until the Yuan dynasty 

(1279-1368A.D). Early Chinese porcelain consisted of kaolin (China 

clay) and pegmatite, a coarse type of granite. The Europeans 

imported Chinese wares during the Middle Ages and later tried to 

duplicate it by combining clay and ground glass mixed with tin oxide.  

These became known as soft-paste, glassy or artificial porcelains. 

However, because they were softer than genuine porcelain, as well as 

expensive to produce, efforts to develop true porcelain continued. In  

1707, two Germans name Ehrenfried Walter von Tschimhaus and 

Johann Friedrich Böttger succeeded by combining clay with ground 

feldspar instead of the ground glass previously used (Reed, 1988).  

Later in the eighteenth century, the English further improved 

upon the recipe for porcelain when they invented bone china by 

adding ash from cattle bones to clay, feldspar and quartz. Because it 
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is easier to make, harder to chip, and stronger than hard porcelain, 

bone china has become the most popular type of porcelain in the 

United States and Britain. European consumers continue to favour 

hard porcelain (www.wikipedia_porcelains;Rado, 1969).  

2.8.2 Types of Porcelain   

There are two broad types of porcelain, viz soft porcelain 

(softpaste) and hard porcelain (hard-paste).  

(a) Soft Porcelain  

Soft porcelain or soft-paste porcelains are largely of historical 

interest only and are brought about by a number of different 

means, which, however, produce similar effects. A characteristic 

of most soft porcelains is their brittleness. However, the reason 

for being called “soft” is due to their lower firing temperature 

compared with hard porcelain. Lower “softer” firing temperature 

implies higher flux content in the body. This does not only 

mean greater brittleness but also less clay, which in turn 

reduces plasticity and therefore makes production difficult. 

Furthermore, clays free from impurities, e.g china clays, have to 

be used to guarantee whiteness and translucency. These are 

usually less plastic than more contaminated ones (Rado, 1969).  
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(b) Hard Porcelain  

Hard porcelain or hard-paste porcelain is sometimes referred to 

as the only true porcelain. It is the most important type of 

pottery manufactured on the continent of Europe. The first hard 

porcelain was not made with feldspar but tetrahedra fluxes, e.g. 

alabaster and chalk. Feldspar was introduced into Böttger‟s 

body in 1720 (Rado, 1969).The discovery of hard porcelain was 

independently repeated by Greiner in Thuringia and Vinogradoff 

in Russia. Around 1968, Cookworthy made the first hard 

porcelain in Britain following his discovery of china clay in 

Cornwall. Unlike most other pottery bodies, hard porcelain is 

first subjected to a low-temperature firing (900-10000C) merely 

a hardening, which makes it strong enough to withstand being 

dipped in glaze slip (Rado, 1969).  

 The maturing firing of hard porcelain was (and is still) done in a 

reducing atmosphere. The question arises; why should an oxidic 

material be subjected to reduction in its heat treatment? The answer 

is two-fold:  

(i) to avoid blister and   

(ii) to obtain a white product.  
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2.8.3 Porcelain Raw Materials   

 The raw materials for the production of porcelain are grouped into 

two: the plastic raw materials and the non-plastic raw materials.  

(a) Plastic Raw Materials: This group is essentially clay. Plasticity 

is defined as the property that enables a material to be 

changed in shape without rupturing by the application of  

an external force, and to retain that shape when the force is 

removed or reduced below a certain value (Moore, 1965). Clay 

has this property. It flows easily at high but no at low 

stresses. It deforms easily when “worked” but does not 

deformed once it has been made into a shape – its yield value 

is high. The plasticity of clay is mainly derived from its 

content of colloidal particles. This, in turn, largely depends 

on the type of clay mineral.  

(b)  Non-Plastic Materials   

The function of non-plastic materials is twofold:  

(i) they are added to clays which are too plastic (having too 

great a proportion of colloidal particles) to reduce plasticity 

and thus eliminate cracking or distortion during drying 
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and firing. However, the low plasticity and green strength 

of china clay are usually enhanced by the addition of 

nonplastic materials because a wider grain size 

distribution and, hence better packing is provided.  

(ii) non-plastic materials make it possible for the desired 

properties to be obtained at lower firing temperatures. The 

extent of addition depends on the purity of the clay i.e. the 

purer the clay the more additional materials are required 

(Rado, 1969).  

  

Examples of Non-Plastic Materials  

(a) Silica (SiO2): This is the most abundant oxide found on the 

earth‟s crust. It forms silicates with other oxides and the most 

important pottery raw materials, such as clay, feldspar, Cornish 

stone, talc, etc, are silicates. On the other hand, silica as such, 

in one phase or another, forms a very important ingredient in all 

types of pottery.  

 Silica in the free state usually exists as quartz in nature. The other 

two important phases are cristobalite and tridymite. Each silica 

(Si4+) ion is situated in the centre of four oxygen (O2-) ions.  



 

60  
  

   

   

  
Cut-away perspective view                           Expanded perspective view  
  

 Fig. 2.5: Orthosilicate unit (SiO4)
4+-  

  If we imagine the centres of the four oxygen ions to be joined by 

straight lines, the resulting geometrical figure is a tetrahedron. The 

tetrahedral are connected to each other in such a way that each O2- 

ion is effectively joined to two Si4+ so that their formula is not (SiO4) 

but SiO2.  

   
 Fig. 2.6: Silicon – oxygen tetrahedron.  
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In quartz, the Si –O-Si bonds joining neighboring tetrahedral 

are not straight but bent to form spiral chains in cristobatite and 

tridymite, the silica tetrahedral make up rings containing six silicon 

atoms and oxygen atoms. In both cases, one central, common oxygen 

atom forms the apex of a lower and an upper tetrahedron (Rado, 

1969).  

 The densest packing of atoms occurs in quartz and it has  

therefore, the highest specific gravity of the three forms of silica, viz,  

2.65 at 200C against 2.33 for cristobalite and 2.27 for tridymite.  
 Tridymite rarely occurs in pottery. Cristobalite is present as very 

small particles, too minute to be seen under optical microscopes.  

 On heating, quartz expands uniformly up to 5730C. Then, what is 

known as inversion occurs; the Si-O-Si bonds become straight and so 

the atoms become less closely packed and a marked expansion 

occurs (as much as 0.2%) the quartz changing from its “low” to its 

“high” form (“alpha” and “beta” forms respectively). The two phases 

are subjected to similar inversions but a lower temperature 

2202600C for low to high cristobalite, 1170C for low to high „1‟ 

tridymite and 1630C for high „1‟ to high „2‟ tridymite.  
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 These inversions are reversible and occur rapidly. However, 

conversion from one phase to another is not easy and takes a long 

time because this involves separating the tetrahedral and then 

joining them again differently. Conversions occur well above 6000C  

(when quartz has ceased to expand and actually slightly contracts) 

(Rado, 1969).  

 If quartz is heated to 14700C or above, cristobalite is formed. 

Tridymite can be obtained by heating quartz in the range of 

87014700C for several days. The tridymite so produced slowly 

changes to cristobalite if heated above 14700C. Heating above 17100C 

causes to glass described as vitreous silica, characterized by 

extremely low thermal expansion. This conversion can be speeded up 

so-called by „mineralizers‟, e.g. lime, which assists the conversion 

of quartz to cristobalite (Rado, 1969).  

 The function of silica depends to some extent on the type of pottery 

into which it is introduced. In porous pottery, e.g. earthenware, it 

acts as a filler; in dense pottery, it assists the formation of glass (and 

even improve mechanical strength) (Rado,  

1969).  
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(b) Feldsparthic Minerals   

 All feldsparthic materials act as „fluxes‟ in pottery. They form 

glasses if heated to sufficiently high temperatures, either in 

themselves or together with other substances, particularly silica, 

present in pottery. They are added to decrease the firing temperature 

and thus to reduce costs (Rado, 1969).  

 Feldsparthic materials do not have a defined melting point like 

metals or single oxides. Exposed to heat, they start to decompose and 

soften progressively until they become a viscous mass. This softening 

and melting is far more gradual in alkali silicates than in alkaline 

earth silicates. During cooling, the liquids (melts) formed are  

„frozen‟ and actual glass formation occurs. If more than one alkali or 
alkaline earth oxides are present, the reaction is greatly hastened 
and melting is completed at much lower temperatures.  

  The most common feldspars used in ceramics are:  

(i) Orthoclase (potash feldspar)     K2OAl2O3.6SiO2  

(ii) Albite (soda feldspar)       Na2OAl2O3.6SiO2  

 In these aluminosilicates, the arrangement of silica and oxygen ions 

is somewhat different from that of silica. The silica and oxygen atoms 

are linked so as to form four-membered rings, each containing four 
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oxygen atoms. The rings also contain three silica atoms and one 

aluminium atom. The     four-membered rings are linked with other 

rings to form chains which are cross-linked with similar chains via 

Si-O-Si groups, forming a three-dimensional framework.  

 Orthoclase (potash feldspar) when heated begins to decompose at 

about 11600C and melting is completed at about 12900C. Pure 

orthoclase melts incongruently breaking down into leucite 

(K2OAl2O3.4SiO2) and glass; at 15300C, the leucite crystals are 

redissolved.  

 Albite (soda feldspar) melts at 11600C and small amounts of albite in 

orthoclase appreciably lower the temperature at which melting is 

completed, a mixture of 65% orthoclase and 35% albite melting at 

10700C (Rado, 1969).  

Anorthite (Lime feldspar), CaOAl2O3.2SiO2, is similar in structure to 

orthoclase and albite. Its occurrence is rare in nature but it is readily 

formed as a reaction product in ceramics.  

  

2.8.4 Preparation of Body  

 The body refers to the prepared mixture of clay with other materials. 

It applies to the fired as well as the green states and thus covers both 
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the mixture to make the product and the main part of that product 

(Rado, 1969).  

  
  

2.8.5 The Body Composition   

 The composition of the body depends, of course, on the raw 

materials available and the type of ceramic one wishes to make. The 

composition of ceramic bodies is still largely a matter of trial and 

error. Raw materials used to vary a great deal and the potter was 

able to adjust his methods accordingly. If for instance, the clay 

became less plastic, he used to add a little more water and took extra 

care in preventing cracking or distortion of the pieces. Or, if the flux 

content of one of his materials decreased, he increased the firing time 

or temperature. However, the machine cannot, of course, make such 

adjustments and it is therefore essential for the raw materials to be 

consistent (Rado, 1969).  

 The commonest types of ceramics consist basically of kaolinite, 

quartz and feldspar or micaceous matter and it is these constituents 

in which the potter is mainly interested.  

 According to Rado (1969), classical composition of hard porcelain 

consists of 50% clay, 25%% feldspar and 25% quartz. Furthermore, 
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he said that wide variations in composition are possible, e.g. bodies 

for cooking ware are higher in clay substance and lower in quartz. 

Highly translucent hard porcelains are richer in feldspar and quartz. 

Olupot (2006) opined that the best mechanical and dielectric 

properties can be achieved by high mullite and quartz content with 

low amount of glassy phase and in absence of micro cracks. 

However, a high amount of SiO2 leads to a high amount of glassy 

phase which is detrimental to the development of high dielectric 

strength. Olupot (2006) also discovered that during extrusion, the 

samples with quartz content of 30% were difficult to work with, and 

that at 25% quartz, the plasticity of the bodies was good enough. 

Also, Mubeen and Mubeen (2004) gave the best porcelain 

composition as 50% clays, 25% feldspar and 25% quartz. 

Furthermore, Moulson and Hebert (1990) said that typical  

composition of porcelain lie in the ranges: 40-60% clays,      15-25% 

feldspar and 30-40% quartz.   

 Based on these previous reports, it could be concluded that varying 

the proportions of the various raw materials, a compromise could be 

struck for optimal properties of interest.  
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2.8.6 Properties of Porcelain   

 The significant properties of any refractory depend on its mineral 

make-up, the particle size distribution of the minerals and the way 

these minerals react to high temperatures and furnace environments. 

Particles varying in size from 6mm to <74μm constitute the unfired 

refractories. Upon firing, the fines form a ceramic bond between the 

larger particles. The fired refractory consists of bonded crystalline 

mineral particles and glass or smaller crystalline particles, depending 

largely on the composition of the refractories (Callister, 2003).  

 Chemical composition has a lot to do with the properties of a 

refractory. The presence of certain impurities or accessory oxides; 

such as soda (Na2O), potash (K2O), lime (CaO), and iron oxide (Fe2O3), 

which promotes the formation of            low-melting glasses tend to 

reduce the refractories. Soda and potash also retard mullite 

formation in particular. Chemical composition (which determines the 

acidic, basic or neutral nature of the dominant oxides) can also be 

used to predict the extent of corrosion – the destruction of the 

product surfaces by the chemical actions of external agencies (Idenyi 

and Nwajagu, 2003).  
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 When choosing a refractory for a particular application, a variety of 

properties must be considered, e.g. bulk density, apparent porosity 

and strength at room temperature. The density, strength and 

porosity of fired products are influenced by factors like quality of the 

materials, the size of the particles, moisture content at the time of 

moulding, pressure of moulding, temperature and duration of firing, 

kiln atmosphere and cooling rate (Idenyi and Nwajagu, 2003).  

  

Apparent Porosity  

 Bricks have pores formed as water and gases are given off during the 

burning or firing process (Adams, 1979). Pores or voids in refractories 

may be open, through or closed. Apparent porosity is the ratio of the 

volume of open pores to the total volume. Open voids are those that 

are open to the surface of the refractory, i.e. communicating with the 

atmosphere. Refractories with low apparent porosity have greater 

resistance to penetration by slags and fluxes, resistance to corrosion 

and erosion, and usually lower gas penetration than those with high 

porosity. Thermal conductivity is also influenced by porosity. In some 

applications, porosity is necessary; typically insulating refractories 

are very porous (Krivandin and Markov, 1980; Nwobodo and Davies, 

2000).  
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Bulk Density  

 This is mass per unit volume of the refractory ignoring the volume 

occupied by pores. Bulk density depends upon the true specific 

gravity and the porosity (Adams, 1979). Density of all refractories is 

an indirect measure of their capacity to store heat – a particular 

useful property in heat exchanger (refrigerator) installations (Idenyi 

and Nwajagu, 2003).  

Cold Crushing Strength  

 This is an important indicator of the ability of a refractory to 

withstand handling or shipping and impact or abrasion at low 

temperatures. It does not, however, give an indication of the 

product‟s strength at service temperature.   

  

Electrical Resistivity  

 This refers to the ability of the refractory to resist the flow of electric 

current. Electrical resistivity is said to depend on the nature and 

porosity of a material and on temperature. It increases with 

increasing porosity because air is an insulator. Also, it decreases 

with temperature because at rising temperature, insulating materials 

experience an increase in electrical conductivity (Callister, 2007).  
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Water Absorption   

 This refers to the capacity of the material to absorb moisture when 

exposed to the environment. It increases with increase in porosity.  

Refractoriness  

 This is the ability of the material to withstand high temperature with 

no load applied (Krivandin and Markov, 1980). Its degree in 

aluminosilcate refractories depends on the alumina content. Since 

refractoriness in service may be called upon to withstand loads due 

to the weight of the furnace parts and/or contents and other stresses 

induced by temperature change, what matters in practice is not their 

simple refractoriness, but the Refractoriness Under Load, RUL  

(Idenyi and Nwajagu, 2003).  

Thermal Shock (Spalling) Resistance   

 Thermal stability is the ability of a ceramic product to withstand 

sharp (sudden) temperature changes without fracture (spalling). The 

number of thermal cycles (i.e. heating and sharp quenching in water 

or air) a refractory can undergo characterizes spalling resistance  

(Krivandin and Markov, 1980).  
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Linear Shrinkage/Dimensional Stability   

 Shape and size stability of refractories is very important. As formed, 

green ware contains between 25-50% porosity depending on the 

particle size, particle-size distribution and forming method. During 

firing, pores are reduced to 35% volume shrinkage or 12-15% linear 

shrinkage. Addition of non-plastic materials e.g. grog, flint, etc also 

reduces shrinkage (Kingery, 1975). Clays have been observed from 

the time of the stone age or pre-stone age to undergo shrinkage, 

weight loss and density variation on firing and these account for 

dimensional instability (warping) in ceramic products (Ovri, 1997).  

  

2.8.7 Phase Identification by X-Ray Diffraction  

 X-rays are generated by striking a pure anode of a particular metal 

with high-energy electrons in a sealed vacuum tube. By the right 

choice of metal anode and energy of accelerated electrons, a known 

wavelength or group of wavelengths will dominate the x-rays 

generated. Copper is the most commonly used anode with the 

strongest radiation Cu (Kα 1.54Å) though other anodes e.g.            

Cr (Kα 2.29Å), Fe (Kα 1.94Å) and Mo (Kα 0.71Å) can be used         

(James, 2007).  

 The most widespread use of x-ray powder diffraction is for the 

identification of crystalline compounds by their diffraction patters. 

interaction of x-rays with the sample creates secondary diffracted 
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beams of x-rays related to interplanar spacings in the crystalline 

powder according to a mathematical relation called Bragg‟s Law 

stated thus:  

  λ  =  2dsin θ    ......................................................(2.4) where, λ  

=  wavelength of the x-rays      d  =   interplanar spacing 

generating the diffraction and       θ  =   the diffraction angle.  

The diffraction angles, interplanar spacings and intensities of 

diffraction are recorded electronically using a detector, electronics 

and specialized software resulting in a plot of 2θ (horinzontal axis) vs 

intensity (vertical axis) for the specimen (James, 2007).  

 Phase identification is accomplished by comparing the data (peaks 

and relative intensities) from the specimen with those from a large 

set of standard data provided by the International Centre for 

Diffraction Data (ICDD). With the help of suitable software programs, 

a single-phase sample could be search-matched with little or no 

effort on the part of the researcher. For two-phase materials, 

identification of the dominant phase will usually be successful, but 

the second may require more work. With three or more phases, some 

knowledge of the likely constituents of the material will be required 

for successful identification. Since more than one substance can 

have the same, or nearly the same interplanar spacing (d) value for 
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its strongest line (peak) and even its second strongest line, it 

becomes necessary to characterize each substance by the d-spacing 

(d) and intensity (I) values of its three strongest lines (Culity, 1956).  

Phase identification is therefore carried out by comparing the pairs 

(di, Ii) obtained from experimental patterns with a file that contains 

this list for every phase that has been documented. The three 

strongest peaks make it easier to do this (Rene, 2007).  

  

2.8.8 Porcelain as an Insulator  

 Electrical insulators are generally ceramic materials and they 

prevent the flow of electrical current through them. They are 

aggregates containing only covalent, ionic, and/or molecular bonds. 

They are required to be electrically inert and they isolate two 

conductors of different potentials (Khanna, 2001).   

 An insulator (or dielectric) has a specific resistivity in the range 106 

to 1020 ohms–cm. Insulator materials can breakdown under high 

electrical voltages and conduct, but usually the breakdown is a 

surface phenomenon (Khanna, 2001).  

Insulators have the following characteristics:  
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(i) Relative dielectric constants significantly above unity.  

(ii) A wide forbidden energy gap between valence band and the 

conduction band of several electron – volts.  

(iii) Much higher resistance  

(iv) Resistance less sensitive to impurities.  
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CHAPTER THREE  

  

2.0 MATERIALS AND METHODS   

3.1 INTRODUCTION   

 All experiments, except those involving winning of clays, chemical 

analysis, firing and x-ray diffraction, were carried out in department 

of Materials and Metallurgical Engineering, Federal University of 

Technology, Owerri. Sieving and sieve analyses were done at the 

Erosion Studies; moulding was performed at the  

Materials Laboratory while electrical resistivity test was carried out at 

Physics Laboratory. Chemical analysis was done at Central Research  

Laboratories, National Root Crop Research Institute (NRCRI)  

Umudike and X-ray diffraction was carried out at the Advanced  

Physics Laboratory of Sheda Science and Technology Complex  

(SHESTCO) Abuja.   
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Excavation / Winning of Clay   
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Preliminary Crushing   
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Fig. 3.1: Flow Diagram for Porcelain Production   

  

  
3.1 MATERIALS    

 Some of the materials and equipment used for this research include 

a hoe or spade, raw (as-mined) clay, an Atomic Absorption  

Spectrometer, pan mill, American Society for Testing and Materials 

(ASTM) sieves, hydraulic moulding press, electric furnace and oven, 

electric water heater, digital weighing balance, drying cloth, strong 

thread or fine cord, Fluke-27 multimeter, spring balance and x-ray 

diffractometer.  

 3.2 METHOD  

3.2.1 Winning of Clays  

 The clay samples used were sourced from the following 

sites/deposits:  

(1) From Umuejike deposit, Awo-Omama in Oru-East Local 

Government Area, Imo State, by means of a hoe.  

(2) From Umulu/Ngwugwo deposit, Ibere, Ikwuano Local 

Government Area, Abia State, by means of a hoe.  

(3) From Agbahara Nsu in Ehime Mbano Local Government 

Area, Imo State, where active mining was going on by local 

miners, and   

Moulding / Pressing   
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(4) Feldspar and quartz were sourced from a dealer at Umuahia, 

Abia State.  

For identification purposes, in this work, the raw materials are 

designated as „A‟ for Awo-Omama clay, „I‟ for Ibere clay, „N‟ for 

Nsu clay, „F‟ for feldspar and „Q‟ for quartz.  

3.2.2 Porcelain Production    

 The procedures include sample preparation or clay processing, 

moulding (pressing), drying and firing.  

Preliminary Crushing/Drying: The as-mined clay samples which 

were in lumps were crushed to smaller grain sizes using hammer in 

order to liberate the mineral constituents and to ease drying and 

grinding. The feldspar and quartz were obtained as already processed 

samples. The crushed clay samples were sun-dried before grinding. 

Drying was necessary, as damp clays are difficult to crush or grind.  

Grinding: The dried clay samples were ground into powder form 

using pan mill in PRODA Ceramic department.  

Sieving/Sizing: The ground-up clays were sieved to pass through a 

set of three sieves of aperture 425µm, 300µm and 125µm. Thus, 

three classes of aggregates were obtained for use: the coarse 

aggregates passing 425µm but retained on the 300µm sieve; the 
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medium passing 300µm but retained on the 125µm sieve; and the 

fines passing 125µm but retained on the pan. Aggregates retained on 

the 425µm sieve were rejected as too coarse.  

 Also, the quartz, though already milled, was sieved through  

300µm sieve to obtain finer particles. The weighing was done using 

the CONTEC Digital Precision Weighing Balance in Erosion Control 

Laboratory, Federal University of Technology, Owerri.  

Proportioning, Blending and Wetting of Moulding Materials: The 

porcelain body was formulated by varying the composition of the 

plastic (clay) and the non-plastic (feldspar and quartz) materials. Ten 

porcelain insulator bodies were formulated for each clay, in the order 

shown in Table 3.1.  

Table 3.1: Porcelain Body Formulations  
Sample  Clay (%)  Feldspar (%)  Quartz (%)  

0  100  0  0  

1  90  5  5  

2  80  15  5  

3  70  20  10  

4  60  25  15  

5  50  30  20  

6  50  25  25  

7  50  20  30  
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8  50  15  35  

9  50  35  15  
  

  
These recipes were prepared for each of the clays and labeled 

A0, A1, ... A9 for Awo-omama clay; I0, I1, ... I9 for Ibere clays and N0, 

N1, ... N9 for Nsu clay. The formulations were thoroughly mixed and 

blended, temper water was added and the mixture thoroughly worked 

into a plastic state.  

  

Moulding/Pressing: The pressing was carried out at the Materials 

Laboratory, FUTO, using Buehler Hydraulic Press. The mould used 

for the pressing measured 32mm internal diameter. A required 

quantity of plastic moulding mass was put into the mould and 

pressed under 2.5MPa pressure. After pressing, the green sample 

was extruded out and the procedure was followed for each body 

formulation.  

Drying and Firing: The pressed, green test samples were left to 

airdry slowly for three days. This was followed by firing. The samples 

were all fired in the same heating sequence for 8hrs 30mins as 

follows:   
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- At the rate of 1500C/hr to the temperature of 

12000C.  

- followed by soaking at 12000C for 15 minutes - 

subsequent cooling to ambient temperature.  

 3.2.3  Characterization   

Chemical Analysis  

Representative sample of each of the five raw materials was 

analyzed to determine the chemical composition and LOI (Loss On  

Ignition). This was done at the Central Research Laboratory, National  

Root Crop Research Institute (NRCRI) Umudike, Abia State.  

Testing   

 The fired samples were tested for linear shrinkage, apparent 

porosity, bulk density, water absorption, electrical resistivity and     

phase distribution.  

(a) Determination of Linear Shrinkage  

 To determine the linear shrinkage of the pressed samples, the green 

and fired dimensions were noted using a vernier caliper. Linear 

shrinkage for each sample was computed as a percentage of the 

original green dimensions, i.e. using the equation:  
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  L.S  = ……..…………………………………………….3.1  

where, ΔL is the change in length, L is the original length.   

  

 (b) Determination of Apparent Porosity, Bulk Density and Water  

Absorption   

 Apparent porosity, bulk density and water absorption were 

determined in one and the same test in accordance with American 

Society for Testing and Materials (ASTM) C 20-80a. The samples were 

dried over 12 hours at 1050C in preparation for the test. They were 

taken directly from the oven for the test. The dry weight in air (Wda) 

was measured using a spring balance, after which the samples were 

transferred into and suspended in a vessel of boiling water for 1hr. 

After boiling, the specimens were left to cool to room temperature 

while still immersed in the water. After a day, the weight in water 

(Wsw) was measured. Each specimen was removed from the water and 

the surface gently cleaned with a damp cloth, and it was weighed in 

air to determine the saturated weight (Wsa). The apparent porosity, 

Pa, of each sample was calculated using the following relation:  
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AP (%) =   

         =    x 100  …………………..……………………..3.2  
The bulk density, Db, of each sample was also calculated using the 
results of the apparent porosity test, thus:  

Db, (g/cm3)   = ………………………..3.3  
  
  

 The water absorption, Aw, of each specimen was calculated  

using the results of the apparent porosity test via the relation:  

  (%)  = ……………………….…3.4  
  
(c) Determination of Electrical Resistivity  

 The electrical resistivity, ℓ, was also determined. This was done 

using a multimeter (Fluke 27 Multimeter). The multimeter measures 

directly resistances ranging from 0Ω to 200MΩ and so could not give 

direct resistance readings for the samples because of the very high 

resistance values of insulators. Therefore, the multimeter was re-set 

in the conductance mode to get direct readings. The resistances and 

hence resistivities of the samples were thus calculated using the 

following relations:  

      = 

  



 

85  
  

G (S)  =   ………………………………………………………..3.5  
  
  

Thus, resistance, R, was calculated as the inverse of 

conductance (G), and resistivity was therefore calculated from the 

resistance values using the relation:  

  ℓ =   ……………………………………………………………….3.6  
  

Where   R  =  resistance (Ω)  

    G  =  conductance (S)  

 
ℓ  =  resistivity (Ω-m)  

    A  =  area (mm2)  

    L  =  length (mm).  
(d) Phase Identification  

The phase identification of the as-received clays, sintered 

samples and the standard (imported) porcelain was effected by using   

X-Ray Diffractomter (XRD) – XPERT-PRO PW 3050/60, and Cu Kα 

radiation (λ = 1.5306Å). Diffraction patterns were obtained together 

with the list of the interplanar distances and relative intensities of 

the diffraction lines. These interplanar distances and relative 

intensities were compared with those from standard diffraction 

patterns and were classified as Very Strong (VS) when greater than 
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standard, Strong (S) when equal to standard, Medium (M) when 

slightly less than standard, Medium Weak (MW) when half the 

standard and Weak (W) when less than half of standard. Relative 

proportion of the phases present in the samples was also calculated 

using the relationship:  

 

peaks for mullite phase and  are the intensities of  

the three strongest peaks for cristobalite phase (Ovri, 1986).  
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CHAPTER FOUR  

  

4.0 RESULTS AND DISCUSSION   

4.1 RESULTS  

 The results obtained for the various tests are presented in the 

following section in Tables and Figures (graphs).It is worthy of note 

that samples containing >25% quartz or >35% feldspar were difficult to 

mould and subsequently disintegrated when left for few days after 

firing. Therefore, results were only recorded for samples that did not 

experience disintegration.   

  

  

Fig. 4.1: Representative of Sintered Samples.  
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 4.1.1 Chemical Composition   

 The Atomic Absorption Spectrometer (AAS) chemical analysis results 

are shown in Table 4.1  

Table 4.1: Chemical Composition of Raw Materials (AAS)  

Composition 
(%)  

Awo-Omama  Ibere   Nsu  Feldspar   Quartz  

SiO2  53.54  43.94  59.09  63.40  97.42  

Al2O 3  27.75  26.54  29.34  17.32  0.15  

Fe2O 3  0.92  0.48  1.35  0.83  0.46  

MgO  0.93  1.61  0.35  0.24  -  

CaO  1.35  3.37  0.39  0.42  -  

Na2O  0.16  0.28  0.02  1.75  -  

K2O  0.57  0.77  0.17  14.86  -  

LOI (H2O)  11.20  16.00  9.13  0.51  0.42  
  

4.1.3 Linear Shrinkage   

  The linear shrinkage was calculated on wet basis and the values 

are presented in Table 4.2.  
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Table 4.2: Linear shrinkage results  

Description Awo-Omama Ibere Nsu  

  Lg 
(mm) 

Lf 
(mm) 

L.S 
(%) 

Lg 
(mm) 

Lf 
(mm) 

L.S 
(%) 

Lg 
(mm) 

Lf 
(mm) 

L.S (%) 

0  42.00  36.00  14.29  34.00  29.00  14.71  34.00  30.50  10.29  

1  39.45  34.30  13.05  35.70  31.00  13.17  34.15  30.90  9.52  

2  36.00  32.00  11.11  32.10  28.20  12.15  36.00  33.00  8.33  

3  37.46  34.00  9.24  31.00  28.00  9.68  33.80  31.00  8.28  

4  39.83  36.50  8.36  36.00  33.00  8.33  33.50  30.80  8.06  

5  39.80  36.90  7.29  35.00  33.20  5.14  33.60  31.00  7.74  

Note: Lg = green length ; Lf = fired length; L.S. = Linear Shrinkage = Lf - Lg  
                                                                                           Lg  

 

  
The linear shrinkage values recorded range from 14.29% to  

7.29% for Awo-Omama formulations, 14.71% to 5.14% for Ibere and 

10.29% to 7.74% for Nsu. It could be observed that linear shrinkage 

decreases as the content of non-plastic materials increases and 

increases as clay content increases.  
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4.1.3   Apparent Porosity, Bulk Density and Water Absorption   

The results of apparent porosity, bulk density and water 

absorption are presented in Table 4.3.   

Table 4.3: Apparent Porosity, Bulk Density and Water Absorption 

Results.  

  

  

Sample  Variable  Awo-Omama  Ibere  Nsu  

  

  

  

0  

Wda(g)  42.00  37.00  42.00  

Wsw(g)  22.40  20.50  23.00  

Wsa(g)  43.90  39.00  44.00  

AP(%)  8.84  10.81  9.52  

Db(g/cm3)  1.95  2.00  2.00  

Aw(%)  4.52  5.41  4.76  

  

  

  

1  

Wda(g)  39.70  41.00  42.50  

Wsw(g)  22.00  21.00  23.20  

Wsa(g)  42.00  43.60  44.70  

AP(%)  14.00  11.50  10.23  

Db(g/cm3)  1.96  1.81  1.98  

Aw(%)  7.14  6.34  5.18  

  

  

Wda(g)  43.70  40.20  42.50  

Wsw(g)  24.00  20.21  23.20  
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2  

Wsa(g)  47.00  43.00  45.00  

AP(%)  14.35  12.20  11.93  

Db(g/cm3)  1.90  1.75  1.94  

Aw(%)  7.55  7.00  5.88  

  

  

  

3  

Wda(g)  43.50  42.00  42.00  

Wsw(g)  24.20  20.50  23.50  

Wsa(g)  47.40  45.50  45.20  

AP(%)  16.81  14.00  14.75  

Db(g/cm3)  1.88  1.68  1.93  

Aw(%)  8.97  8.33  7.62  

  

  

  

4  

Wda(g)  43.00  41.70  42.60  

Wsw(g)  24.70  20.80  24.20  

Wsa(g)  47.80  45.80  46.20  

AP(%)  19.90  16.40  16.36  

Db(g/cm3)  1.78  1.66  1.93  

Aw(%)  11.16  9.83  8.45  

5  Wda(g)  42.80  41.50  42.50  

Wsw(g)  23.00  20.00  24.20  

Wsa(g)  48.00  46.00  46.20  

AP(%)  20.80  17.30  16.82  

Db(g/cm3)  1.71  1.60  1.93  

Aw(%)  12.15  10.84  8.71  
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Table 4.3b: Apparent Porosity, Bulk Density and Water Absorption 
Results for Standard Porcelain    

0  Wda(g)  42.60  

Wsw(g)  24.30  

Wsa(g)  46.20  

AP(%)  16.43  

Db(g/cm3)  1.95  

Aw(%)  8.43  

  
The results in Table 4.3 show that Awo-Omama formulation 

recorded porosity values ranging from 8.84% to 20.80%; bulk density 

of 1.71g/cm3 to 1.95g/cm3 and water absorption of 4.52% to 12.15%. 

Increase in non-plastic material resulted to increase in porosity and 

water absorption but decrease in bulk density while increase in clay 

lowered porosity and water absorption and increased bulk density.  

 Also, for Ibere formulation, porosity values range from 10.81% to 

17.30%; values of bulk density fall between 1.60g/cm3 and 

2.00g/cm3 while water absorption ranges from 5.41% to 10.84%. It is 

significant that variation of composition had similar effects on the 

above properties for all the clays.  

 Similarly,  Nsu formulations gave porosity values ranging from 

9.52% to 16.82%, bulk density of 1.93g/cm3 to 2.00g/cm3 and water 
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absorption of 4.76% to 8.71%. Also, for this clay, porosity varies 

directly with water absorption and inversely with bulk density.  
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4.1.5 Electrical Resistivity   

 Results of electrical resistivity test are presented in Table 4.4.   

Table 4.4: Electrical Resistivity Results  

Sample  Variable  Awo-Omama  Ibere  Nsu  

  
  
0  

Area (m2)  0.000491  0.000577  0.0006838  

Length (mm)  36.00  29.00  30.50  

Conductance, G (nS)  1.90  2.52  2.58  

Resistance, R (MΩ)  526.3157  396.8253  420.1680  

Resistivity, ℓ (Ω-m x 107)  0.613  0.790  0.942  

  
  
1  

Area (m2)  0.0005311  0.0005813  0.0006838  

Length (mm)  34.30  31.00  30.90  

Conductance, G (nS)  1.75  1.48  2.35  

Resistance, R (MΩ)  571.4285  675.6756  425.5319  

Resistivity, ℓ (Ω-m x 107)  0.885  1.267  0.942  

  
  
2  

Area (m2)  0.0006382  0.0006327  0.0006838  

Length (mm)  32.00  28.20  33.00  

Conductance, G (nS)  1.83  1.92  2.16  

Resistance, R (MΩ)  546.4480  520.8333  462.9629  

Resistivity, ℓ (Ω-m x 107)  1.090  1.187  0.960  

  
  
  
3  

Area (m2)  0.0006427  0.0006838  0.0006699  

Length (mm)  34.00  28.00  31.00  

Conductance, G (nS)  2.00  2.10  2.20  

Resistance, R (MΩ)  500.0000  476.1904  454.5454  

Resistivity, ℓ (Ω-m x 107)  0.945  1.203  0.982  

  
  
  
4  

Area (m2)  0.0007071  0.0007071  0.0007071  

Length (mm)  36.50  33.00  30.80  

Conductance, G (nS)  1.67  2.30  1.95  

Resistance, R (MΩ)  598.8023  434.7826  512.8205  

Resistivity, ℓ (Ω-m x 107)  1.160  0.932  1.177  
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5  Area (m2)  0.0007071  0.0007071  0.0007071  

Length (mm)  36.90  33.20  31.00  

Conductance, G (nS)  1.82  1.53  2.30  

Resistance, R (MΩ)  549.4505  653.5946  434.7826  

Resistivity, ℓ (Ω-m x 107)  1.053  1.392  0.918  
 

Table 4.4b: Electrical Resistivity Results for standard porcelain  

Sample  Variable    

  
  
Standard 
porcelain  

Area (m2)  0.0011  

Length (mm)  0.076  

Conductance, G (nS)  3.2  

Resistance, R (MΩ)  312.5  

Resistivity, ℓ (Ω-m x 107)  0.4523  
 The resistivities recorded range from 0.613 to 1.16 x 107Ω-m for 

Awo-Omama. The highest resistivity was obtained at 25% feldspar 

and 15% quartz while 100% clay gave the least resistivity of 0.613 x 

107Ω-m.  

Ibere clay recorded resistivities of 0.79 to 1.392 x 107Ω-m. The 

highest resistivity was obtained at 30% feldspar and 20% quartz 

while 100% clay gave the least resistivity of 0.79x 107Ω-m.  

Similarly, for Nsu clay, values of resistivity range from 0.918 to 1.177 

x 107Ω-m. The highest resistivity value of 1.177 x 107Ω-m was 

recorded for body with 25% feldspar and 15% quartz while the least 

value of 0.918 x 107Ω-mwas obtained for the body containing 100% 

clay.  
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  The electrical resistivity results are also presented graphically in  

Figures 4.4a – 4.4d.   
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4.1.6  Phase Distribution   

The results of the x-ray diffraction are presented in Tables 4.5a, 

4.5b and 4.5c for Awo-omama, Ibere and Nsu clay formulations 

respectively. Also result for standard porcelain is shown in Table 4.5.  

Table 4.5a: Phase Distribution for Awo-omama Formulations.  

  Observed values  Expected values  Phase 
identified  

% phase 
present  

Sample  d-spacing  

(Å)  

Rel. Int.  

(I/I0)  

d-spacing  

(Å)  

Rel. Int.  

(I/I0)  
    

  

  

  

2  

3.183  100 S  3.390  100  Mullite     

66.05  3.210  58 M  3.428  95  Mullite   

3.128  21 W  2.206  60  Mullite   

4.033  42 MW  4.05  100  Cristobalite   
33.95  3.251  26 VS  2.485  20  Cristobalite  

3.766  24 VS  2.841  13  Cristobalite  

  

  

  

3  

3.183  100 S  3.390   100  Mullite     

  
66.05  

3.210  58 M  3.428  95  Mullite   

3.128  21 W  2.206  60  Mullite   

4.033  42 MW  4.05  100  Cristobalite    

  
33.95  

3.251  26 VS  2.485  20  Cristobalite  

3.766  24 VS  2.841  13  Cristobalite  

  

  

4  

3.343  100 S  3.390  100  Mullite   72.89  

4.255  21.6 W  4.05  100  Cristobalite    

  
27.11  

1.818  9.6 W  2.485  20  Cristobalite  

2.456  6.0 M  2.841  13  Cristobalite  

  

5  

3.346  100 S  3.390  100  Mullite   75.59  

4.258  21.3 W  4.05  100  Cristobalite    

24.41  1.819  11.0 M  2.485  20  Cristobalite  
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Table 4.5b Ibere Formulations.  

  Observed values  Expected values  Phase 
identified  

% phase 
present  

Sample  d-spacing  

(Å)  

Rel. Int.  

(I/I0)  

d-spacing  

(Å)  

Rel. Int.  

(I/I0)  
    

  

  

  

2  

3.183  100 S  3.390  100  Mullite     

66.05  3.210  58 M  3.428  95  Mullite   

3.128  21 W  2.206  60  Mullite   

4.033  42 MW  4.05  100  Cristobalite   
33.95  3.251  26 VS  2.485  20  Cristobalite  

3.766  24 VS  2.841  13  Cristobalite  

  

  

  

3  

3.395  100 S  3.390   100  Mullite     

  
67.00  

3.425  85.5 M  3.428  95  Mullite   

3.206  54.4S  2.206  60  Mullite   

5.392  72.9M  4.05  100  Cristobalite    

  
33.04  

3.543  45.5VS  2.485  20  Cristobalite  

3.766  24 VS  2.841  13  Cristobalite  

  

  

4  

3.343  100 S  3.390  100  Mullite   71.79  

4.255  21.6 W  4.05  100  Cristobalite    

  
28.21  

1.818  10.6 M  2.485  20  Cristobalite  

1.541  7.2 M  2.841  13  Cristobalite  

  

  

5  

3.183  100 S  3.390  100  Mullite     

63.20  3.210  58 M  3.428  95  Mullite   

4.033  42 M  4.05  100  Cristobalite    

36.80  3.250  26 VS  2.485  20  Cristobalite  

3.766  24 VS  2.841  13  Cristobalite  
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Table 4.5c Nsu Formulations.  

  Observed values  Expected values  Phase 
identified  

% phase 
present  

Sample  d-spacing  

(Å)  

Rel. Int.  

(I/I0)  

d-spacing  

(Å)  

Rel. Int.  

(I/I0)  
    

  

  

  

2  

3.183  100 S  3.390  100  Mullite     

66.05  3.210  58 M  3.428  95  Mullite   

3.128  21 W  2.206  60  Mullite   

4.033  42 MW  4.05  100  Cristobalite   
33.95  3.251  26 VS  2.485  20  Cristobalite  

3.766  24 VS  2.841  13  Cristobalite  

  

  

  

3  

3.183  100 S  3.390   100  Mullite     

  
67.00  

3.425  85.5 M  3.428  95  Mullite   

3.206  54.4 S  2.206  60  Mullite   

5.392  72.9 M  4.05  100  Cristobalite    

  
33.04  

3.543  45.5VS  2.485  20  Cristobalite  

3.766  24 VS  2.841  13  Cristobalite  

  

  

4  

3.343  100 S  3.390  100  Mullite   72.89  

4.255  21.6 W  4.05  100  Cristobalite    

  
27.11  

1.818  9.6 M  2.485  20  Cristobalite  

2.456  6.0 M  2.841  13  Cristobalite  

  

  

5  

3.343  100 S  3.390  100  Mullite   72.89  

4.255  21.6W  4.05  100  Cristobalite    

27.11  1.818  9.6 M  2.485  20  Cristobalite  

2.456  6.0 M  2.841  13  Cristobalite  
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 Table 4.5d standard porcelain.  

Observed values  Expected values  Phase 
identified  

% phase 
present  

d-spacing  

(Å)  

Rel. Int.  

(I/I0)  

d-spacing  

(Å)  

Rel. Int.  

(I/I0)  
    

3.390  100 S  3.390  100  Mullite   66.05  

3.426  70 M  3.428  95  Mullite   

2.206  55.7S  2.206  60  Mullite   

5.388  53.5M  4.05  100  Cristobalite  37.57  

2.543  46.2VS  2.485  20  Cristobalite  

2.694  36.1VS  2.841  13  Cristobalite  

     

From the results, the as-received samples were detected to be 

kaolinites. This is in line with the results of previous researches on 

these clays (Nwajagu, 2005; Emofuriefa, et al, 1992; Mark, 2007).  

 Mullite and cristobalite phase were detected in the other samples. 

The percentage composition of each of the phases present was 

calculated and presented in Tables 4.5a, 4.5b and 4.5c for 

Awoomama, Ibere and Nsu clay formulations respectively and these 

values were compared with results obtained for standard porcelain  

(Table 4.5d).  
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As could be observed from Table 4.5a–4.5c, mullite phase 

dominated in all the samples and its composition increased with 

increase in the content of the non-plastic materials. This attests to 

the fact that the non-plastic materials contain more mullite formers 

and also the firing temperature lies within the temperature range for 

mullite formation.  

The graphical summary of the properties investigated are as 

presented in figures 4.5a, 4.5b and 4.5c for Awo-Omama, Ibere and 

Nsu clay formulations respectively. 
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4.2 DISCUSSION  

The summary of the results obtained in this research is 

presented in Table 4.6.  

Table 4.6: Summary and Comparison of Properties.  
  

Parameters  
Awo- 

Omama  
  

Ibere  
  

Nsu  
  

Chester1  
  

Grimshaw2  
  

Khanna3  
Market 

porcelain  

 

SiO2  53.54  43.94  59.09  46-62  40-60      

Al2O3  27.75  26.54  29.34  25-39  25-45      

Fe2O3  0.92  0.48  1.35  0.4-2.7  1-5      

MgO  0.93  1.61  0.35    

0.2-1.0  

2-5      

CaO  1.35  3.37  0.39  < 2.0      

Na2O  0.16  0.28  0.02    

0.3-3.0  

< 2.0      

K2O  0.57  0.77  0.17  < 2.0      

LOI  11.20  16.00  9.13  8-18  5-14      

L.S (%)  7.29-14.29  5.14-14.71  7.74-10.29  7-10        

Pa (%)  8.84-20.80  10.81-
17.30  

9.52-16.82  37-40        

Db (g/cm3)  1.71-1.95  1.60-2.00  1.93-2.00  2.3        

Aw (%)  4.52-12.15  5.41-10.84  4.76-8.71          

ℓ (Ω-m)x107  0.61-1.05  0.79-1.39  0.94-1.177      104-1018  0.45  

Sample   Awo-omama  Ibere  Nsu  Standard Porcelain  

  %  
mullite  

%   
Cristobalite  

%  
mullite  

%  
Cristobalite  

%  
mullite  

%  
Cristobalite  

%  
mullite  

%  
Cristobalite  

2  66.05  33.95  66.05  33.95  66.05  33.95      

                                  
1 Chester, J.H. (1973), 2Grimshaw, R.W. (1971),3Khanna,O.P.(2001)  

C
he
m
ic
al 
C
o
m
po
si
ti
o

 

  

(  
)  
%   
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3  66.05  33.95  67.00  33.04  67.00  33.04    
62.43  

  
37.57  4  72.89  27.11  71.79  28.21  72.89  27.11  

5  75.59  24.41  63.20  36.80  72.89  27.11  

  
4.2.1    Awo-Omama Clay  

 As could be seen in Table 4.6, the chemical quality (% Al2O3       = 

27.75 and %SiO2 = 53.54) of Awo-Omama clay is quite good for 

refractories and porcelains (Chester, 1973; Grimshaw, 1971).  

For this clay, the highest linear shrinkage (14.29%) was 

recorded for 100% clay. This is due to its high plasticity. When inert 

materials were progressively incorporated, the shrinkage decreased 

progressively to 7.29%. Addition of non-plastic materials results to 

decrease in plasticity and hence linear shrinkage.  

Apparent porosity increased from 9.84% to 20.80% as the 

contents of the non-plastic materials incorporated increased. This is 

because, the non-plastic materials (feldspar and quartz) increased 

the total silica and alumina contents of the clay leading to reduction 

in the plasticity which in turn results to increase in apparent 

porosity.   

Also, water absorption capacity increased progressively from  
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4.52% to 12.15% as more non-plastic materials were incorporated. 

This is because, increase in porosity results to the existence of more 

pore spaces, which in turn facilitates water absorption when the 

article is exposed to moisture.  

Decrease in linear shrinkage implies decrease in densification 

and hence decrease in bulk density as could be observed in the result 

obtained for bulk density.  

The electrical resistivity increased progressively from 0.61 x 

107Ωm to 1.05 x 107Ωm as the composition of the non-plastic 

materials increased. This is due to the highly porous nature of the 

porcelain products.  

4.2.2  Ibere Clay  

 From Table 4.6, it could be observed that the chemical quality (% 

Al2O3 = 26.54 and %SiO2 = 43.94) of Ibere clay is quite good for 

refractories and porcelains (Chester, 1973; Grimshaw, 1971). Ibere 

clay recorded the highest linear shrinkage values ranging from 

14.71% and 5.14%. The linear shrinkage decreased with increase in 

the composition of the non-plastic materials. This decrease in linear 

shrinkage resulted to increase in apparent porosity from 10.81% to 

17.30%; increase in water absorption capacity from 5.41% to 10.84% 
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and increase in the electrical resistivity from 0.79 x 107Ωm to 1.39 x 

107Ωm. The reasons for these behaviours are the same as in section  

4.2.1.  

  

 4.2.3  Nsu Clay  

 For Nsu clay, the chemical characteristics (%Al2O3 = 29.34 and 

%SiO2 = 59.09) is quite good for both heat resistance and dielectric 

applications (Chester, 1973; Grimshaw, 1971). It recorded shrinkage 

values ranging from 10.29% to 7.74%. Linear shrinkage decreased 

with increase in the composition of the non-plastic materials. 

Consequently, there was increase in apparent porosity (9.52% to 

16.82%), increase in water absorption (4.76% to 8.71%) and increase 

in electrical resistivity (0.94 x 107Ωm to 1.177 x 107Ωm). The same 

reasons as in section 4.2.1 apply.  

  

4.2.4 General Trend in Properties   

As shown in Table 4.6, the chemical compositions of the clays 

(Awo-Omama: 53.54%SiO2, 27.75%Al2O3; Ibere: 43.94%SiO2, 

26.54%Al2O3; Nsu: 59.09%SiO2, 23.34%Al2O3) compare well with 

values recommended by Chester (1973) and Grimshaw (1971),       
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(40-60%SiO2,  25-45%Al2O3)  for  the  production  of 

 ceramic  refractories.  

From Table 4.2, it could be generally observed that the linear 

shrinkage values obtained for Awo-Omama (7.27–9.24%), Ibere 

(8.339.68%) and Nsu (7.74-8.28%) compare well with values (7-10%) 

recommended by Chester, (1973) (Table 4.6).   

These values were recorded for samples 3,4 and 5 whose 

compositions range from 50-70% clay, 20-30% feldspar and 10-20% 

quartz. Recommended linear shrinkage is necessary to ensure 

dimensional stability of the product (Kingery, 1975; Ovri, 1997).  

Also, from Table 4.3, apparent porosity values recorded for the 

clays (Awo-omama: 16.81-20.80%; Ibere: 14.00-17.30%; Nsu: 

14.7516.82%) are in agreement with the values obtained for standard 

porcelain (16.82%) and these values were also recorded for samples 

3, 4 and 5. Porosity is necessary in insulating refractories (electrical 

porcelains) because it increases electrical resistivity due to presence 

of pores (air) which serves as an insulator (Krivandin and Markov,  

1980; Nwobodo and Davies, 2000).   

Again, water absorption values obtained for the clays           
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(Awo-omama: 8.97%-12.15%; Ibere: 8.33%-10.84%; Nsu: 

7.62%8.71%) are in conformity with values obtained for standard 

porcelain (8.20%) (Table 4.3). For electrical application, porcelains 

should have very low water absorption capacity because the presence 

of water reduces the electrical resistivity of the product. As stated 

earlier, porosity, which is necessary in electrical porcelains, increases 

water absorption capacity, which is not necessarily beneficial.   

In order to obtain the needed porosity for optimum electrical 

resistance with little or no water absorption capacity, electrical 

porcelains are glazed.  

Electrical resistivities recorded (Table 4.3) for the clays       

(Awo-Omama: 0.61-1.05 x 107Ω-m; Ibere: 0.79-1.39 x 107Ω-m;     

Nsu: 0.94-1.18 x 107Ω-m) are in agreement with the value obtained 

for standard porcelain (0.45 x 107Ω-m) and that recommended by 

Khanna (2001) (104-1018Ω-m). The higher the electrical resistivity, the 

better the porcelain. Hence, porcelain pin insulators made from these 

local clays yielded higher electrical resistivities and are better than 

the standard (imported) porcelain.  
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As could be seen in Figures 4.5a, 4.5b and 4.5c, porosity varies 

directly as water absorption and electrical resistivity and inversely 

with linear shrinkage and bulk density.  

Furthermore, the result of x-ray diffraction experiment is as 

expected. In triaxial clay products like electrical porcelain, it is 

obvious that, in the sintering temperature range of 1050-12000C, 

mullite and cristobalite phases appear with mullite dominating. 

Mullite composition increases with increasing content of the 

nonplastic materials because mullite formation is enhanced either by 

increasing the sintering temperature or by increasing the proportion 

of the non-plastic materials which contain mullite formers.  

  

In general, little variations are observable when results obtained 

for the locally made porcelains and standard porcelain (Table 4.6) are 

compared. These discrepancies could be as a result of the following 

reasons:  

  

(i) The actual chemical compositions of the raw materials used for 

the production of the standard porcelain are not certain.  



 

123  
  

(ii) The actual body composition (percentage clay, feldspar and 

quartz blended) of the standard porcelain is also not known.  

(iii) Again, the temperature to which the standard porcelain was 

fired was not stated, and   

(iv) The actual forming method was not specified.  

  

Some or all of these may have contributed to the slight 

variations in properties as recorded. However, these slight variations 

are negligible.   

  

In summary, it could be seen that locally made porcelain 

insulators composed of 50-70% clay, 20-30% feldspar and 10-20% 

quartz possess requisite properties that compare well with the 

imported porcelain. Therefore, it is possible to replace the imported 

porcelain with porcelain insulators made from these local clays 

provided the recommended compositional specifications are followed.   
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CHAPTER FIVE  

  

5.0 SUMMARY, CONCLUSION AND RECOMMENDATIONS  

5.1 SUMMARY  

 Nigeria needs and consumes a lot of electrical porcelains pin 

insulators for power distribution. Most of these are imported, yet raw 

materials abound in the country that could be harnessed and utilized 

for porcelain production to serve both the local needs and for export.  

 The possibility of replacing the imported porcelain pin insulators 

used by Power Holding Company of Nigeria with ones made with local 

clays was examined in this research.  

5.1.1 Contributions to Knowledge  

 The compositions for optimal electrical porcelain properties of 

Awo-Omama, Nsu and Ibere clays were determined in this work,  

[50-70% clay, 20-30% feldspar and 10-20% quartz]  

 Clays of higher plasticity require higher quantities of nonplastic 

materials for optimal performance.  



 

125  
  

 Highly porous porcelains are required for electrical insulation 

(dielectric) applications.  

  

  
5.2 CONCLUSION  

 Clays from Awo-Omama, Ibere and Nsu were investigated for 

electrical porcelain applications. The composition of clay, feldspar 

and quartz were varied and properties such as linear shrinkage, 

apparent porosity, bulk density, water absorption, and electrical 

resistivity were determined.   

The investigation has shown that results obtained for locally 

made porcelain insulators consisting 50-70% clay, 20-30% feldspar 

and 10-20% quartz compare well with results of both previous works 

and the standard porcelain. Therefore, it is possible to replace the 

imported porcelain used by Power Holding Company of Nigeria with 

porcelain insulators made from the local clays investigated provided 

the recommended compositional specifications are followed.   
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5.3 RECOMMENDATIONS   

  The following recommendations are hereby made:  

 Other forming methods such as slip casting should be 

investigated.  

 Firing temperatures higher than 12000C should be attempted to 

study the effect of high vitrification.  

 Industrialists, entrepreneurs an relevant agencies (e.g. Power 

Holding Company of Nigeria) should look inwards to produce 

electrical porcelain from these local raw materials, and save the 

nation the much-needed foreign exchange.   
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