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CHARACTERISATION OF CERAMIC RAW MINERALS IN UGANDA FOR 
PRODUCTION OF ELECTRICAL PORCELAIN INSULATORS 

Abstract 
In this work an extended literature survey on ceramics and porcelains in particular, has 
been documented. Samples from two Ugandan deposits of each feldspar and quartz were 
characterised by means of X-ray diffraction, thermal analysis, chemical analysis and 
scanning electron microscopy and found to possess requisite properties for making 
electro porcelain insulators. Five porcelain bodies were formulated and samples were 
fabricated from materials collected from selected deposits in Uganda using different 
mixing proportions of clay, feldspar and quartz. The properties of the formulated bodies 
were studied in relation to workability, firing temperature, dielectric and bending 
strengths. The strengths (both mechanical and dielectric) were found to decrease as the 
firing temperature was increased above 1250�C. Additionally, ten formulations with 
components in the range of 30-60% clay, 20-45% feldspar and 20-25% sand were 
prepared. Specimens for mechanical and physical characterisation were made using the 
plastic extrusion method. The samples were characterised in terms of constituent oxide 
composition, flexural strength, fracture toughness, dielectric strength along with 
microstructural and phase properties using ICP-AES analyses, 4-point load bending 
strength test, Vicker’s indentation method, SEM and XRD analyses respectively. XRD 
studies revealed that the crystalline phases formed were mullite and quartz and their 
intensity was almost identical for all samples fired at 1250°C but there was a decrease in 
quartz content as temperature was increased above 1250°C. Samples with 20% sand 
content resulted in higher density, MOR and fracture toughness compared to those 
containing 25% sand. Mullite content on the other hand did not change at temperatures 
above 1200°C but there were significant differences in the morphologies of the mullite 
crystals in the samples. Optimum mechanical and electrical properties were found at 
maximum vitrification and a microstructure showing small closely packed mullite 
needles. This occurred at a firing temperature of 1250�C.  
 
Three promising porcelain formulations from the above investigations were chosen and 
five glazes formulated to fit on biscuit fired specimens. The best-fitting glaze was 
adopted. The formulated specimens were investigated using dilatometry, Steger test, 
FEG-SEM, XRD, 4-point bending, dielectric strength and fracture toughness tests. A 
porcelain specimen consisting of 68% SiO2, 19% Al2O3, 4.7% K2O and a glaze of Seger 
formula RO:0.57Al2O3:4.86SiO2 exhibited MOR of 105MPa with Weibull modulus of 
5.6 and a dielectric strength of 18kV/mm upon firing at a heating rate of 6�C/min to 
1250�C, soaking for 2h at the top temperature and cooling down to 500�C at a rate of 
6�C/min, followed by furnace cooling. The microstructure of the high strength specimen 
exhibited round mullite needles, quartz and glass. Holding samples for 2h at peak 
temperature resulted in a 22% increase in MOR compared to 1h holding. Glazing further 
improved strength by 67% for the best sample. Compressive stresses in glaze contributed 
to the strengthening effect. The dielectric and mechanical strengths obtained make the 
formulated sample suitable for application in low voltage electrical insulation. 

Keywords: Electrical porcelain, glaze, characterisation, mullite, quartz, Uganda. 
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1.0 INTRODUCTION 

1.1 Background 
Uganda’s electricity connectivity is very low, with grid access of only 5% for the whole 
country and less than 2% in rural areas. This means that only 200,000 customers are 
connected to the grid with an annual growth rate estimated between 5.5 and 7.5%. 
Another 1% of the population provides itself with electricity using diesel and petrol 
generator sets, car batteries and solar photovoltaic systems. In terms of network 
infrastructure development, there is a total of 1,115 km of 132 kV high voltage 
transmission lines and 54 km of 66 kV in the country. The distribution facilities include 
3,258 km of 33 kV lines, 3,443 km of 11 kV lines and 6,496 km of low voltage lines 
(Ministry of Energy and Mineral Development, 2002). All the insulators used on these 
lines are imported into the country. Insulators play the roles of supporting conductors, 
supporting electrical equipment, isolating conductors from other objects and from each 
other. Porcelains are among the major materials used for insulation on power lines. They 
are polycrystalline ceramic bodies containing typically more than about 10 volume 
percent of a vitreous second phase (Cho and Yoon, 2001; Buchanan, 1991). The vitreous 
phase essentially controls densification, porosity and phase distribution within the 
porcelain and to a large extent its mechanical and dielectric properties. 
 
Porcelains are primarily composed of clay, feldspar and a filler material, usually quartz or 
alumina. The clay [Al2Si2O5(OH)4], gives plasticity to the ceramic mixture; flint or quartz 
(SiO2), maintains the shape of the formed article during firing; and feldspar           
[KxNa1-x(AlSi3)O8], serves as flux. The clay content is a combination of ball clay and 
kaolin contents. The three constituents (clay, feldspar and quartz) 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 low melting impurities in the raw materials. 
By varying the proportions of the three main ingredients, it is possible to emphasize 
thermal, dielectric or mechanical properties (Thurnauer, 1954). For electrical insulation 
applications, porcelains are expected to meet minimum specifications of the latter two. 
Typically lowest values of 16kV/mm and 69MPa have been suggested for dielectric 
strength and modulus of rupture, respectively (Richerson, 1992). 
 
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 environments (Kingery, 1967; Bribiesca et al, 1999). These are 
some of the reasons for their continued use over the decades despite the emergence of 
new materials like plastics and composites. They are considered to be one of the most 
complex ceramic materials and represent the most widely studied ceramic system (Dana 
et al, 2004). Although the production of porcelain insulators has been ongoing for over 50 
years, there still remain significant challenges in understanding porcelains in relation to 
raw materials, processing science, phase and microstructure evolution (Carty and 
Senapati, 1998). Interest in improving strength of the porcelain system has received the 
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most prominent attention as illustrated by the studies highlighted in section 1.2 to 1.4 
below. 
 
1.2 Strength Considerations for Porcelain 
The great interest in high strength of porcelain and the wide research on the porcelain 
system have resulted in three major hypotheses describing the mechanical strength 
properties of porcelain formulations. These were described by Carty and Senapati (1998) 
as the mullite hypothesis, the matrix reinforcement hypothesis and the dispersion 
strengthening hypothesis, respectively.  
 
The mullite hypothesis suggests that porcelain strength depends on the felt-like 
interlocking of fine mullite needles. Specifically, the higher the mullite content and the 
higher the interlocking of the mullite needles, the higher is the strength. Hence the 
strength of porcelain depends on the factors that affect the amount and size of mullite 
needles, like the firing temperature and composition of alumina and silica in the raw 
materials.  
 
The matrix reinforcement hypothesis concerns the development of compressive stresses 
in the vitreous phase as a result of the different thermal expansion coefficients of 
dispersed particles, or crystalline phases, and the surrounding vitreous phase. The larger 
these stresses are, the higher is the strength of the porcelain body. The phenomenon is 
known as the pre-stressing effect.  
 
The dispersion strengthening hypothesis, on the other hand, states that dispersed particles 
in the vitreous phase of a porcelain body, such as quartz and mullite crystals in the glassy 
phase, limit the size of Griffith flaws resulting in increased strength.  
 
There is evidence of studies supporting each of the above hypotheses (Maity and Sarkar 
1996, Stathis et al 2004, Islam et al, 2004). Carty and Senapati (1998) concluded that the 
typical strength controlling factors in multiphase polycrystalline ceramics are thermal 
expansion coefficients of the phases, elastic properties of the phases, volume fraction of 
different phases, particle size of the crystalline phases and phase transformations. Islam, 
et al (2004) conclude that the best mechanical and dielectric properties can be achieved 
by high mullite and quartz content with low amount of the glassy phase and in absence of 
micro cracks.  
 
Adherents of the matrix reinforcement theory suggest that the composition of porcelain 
should be such that the batch should contain as little clay as conformable with the 
workability of the body, as little feldspar as conformable with the impermeability of the 
fired porcelain, and as much quartz of uniform grain size as possible (Mattyasovszky-
zsolnay, 1957, Stathis et al, 2004). Indeed Mattyasovszky-zsolnay (1957) reported 
maximum strength for a body having quartz content of 39% while Stathis et al (2004) 
kept the filler content to 29%. These high amounts of quartz, however, reduce the 
plasticity of the formed body and hence cannot be applicable in some forming processes 
as evidenced by the results published in Paper 3 here appended.  
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1.3 The role of quartz in porcelain formulations 
Quartz is added to ceramic bodies as a filler. Its main purpose is to reduce the tendency of 
the body to warp, distort or shrink when it is fired to temperatures that result in 
substantial quantities of viscous glass. Silica phases cause detrimental or favourable 
effect on mechanical strength, depending on the quantity present in the final body. Thus, 
strength depends on the quantity of quartz in the batch and on its dissolution during firing 
which in turn depends on fineness, on the system under consideration and on the firing 
conditions (Schüller, 1997). Quartz grains embedded in the porcelain glassy matrix have 
a deleterious effect on the mechanical strength mainly because of the occurrence of micro 
cracks caused by the �- to �-quartz inversion during cooling (Schroeder, 1978). Because 
of this, several investigators have carried out studies and reported significant 
improvements in the mechanical properties of porcelain by reducing/eliminating the use 
of quartz. These include replacement of quartz with kyanite (Schroeder,1978), 
replacement of quartz with alumina (Kobayashi, et al, 1987; Das and Dana, 2003), 
replacement of quartz with rice husk ash (Prasad, et al, 2001), replacement of quartz and 
feldspar by sillimanite sand and alumina/ cordierite glass ceramic, respectively (Maity 
and Sarkar, 1996), replacement of quartz with fly ash (Dana, et al, 2004), partial 
replacement of feldspar and quartz by fly ash and blast furnace slag (Dana, et al, 2005), 
replacement of quartz with silica fume (Prasad, et al, 2002), substitution of quartz by a 
mixture of rice husk ash and silica fume (Prasad, et al, 2003). However, an effort to 
substitute part of quartz with fired porcelain by Stathis et al (2004) did not result in a 
positive effect on the bending strength. 
 
On the other hand, there is abundant evidence that under certain conditions, quartz has a 
beneficial effect on the strength of porcelain. Such evidence includes the use of fine-
particle quartz in the range of 5-30�m. Different views have also been expressed 
regarding optimum firing temperature, particle size range and quantity when working 
with quartz in improving strength (Ece and Nakagawa 2002, Bragança and Bergmann 
2003, Stathis et al 2004). These modifications and the low cost of quartz compared to the 
substitutes above, are responsible for the continued utilisation of quartz in electrical 
porcelains.  
 
1.4 Other Modifications on Porcelain Body 
Other modifications on the traditional porcelain body, which have proven successful 
include; replacement of clay with aluminous cement (Tai et al, 2002), substitution of 
feldspar with nepheline syenite (Esposito, et al, 2005), use of soda feldspar in preference 
to potash feldspar (Das and Dana, 2003), partial substitution of feldspar by blast furnace 
slag (Dana and Das, 2004), use of recycled glass powder to replace feldspar to reduce 
firing temperature (Bragança and Bergmann, 2004).  
 
Strength aside, the other limiting factors are the forming/shaping process adopted and the 
particle size of the starting powders. For an extrusion process, quartz content is limited by 
the need to have a more plastic body.  
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1.5 Research issues and presentation of thesis 
The thesis deals with evaluation of properties of raw materials for production of electrical 
porcelains from naturally occurring minerals. The materials investigated are kaolin, ball 
clay, feldspar and quartz/sand.  These materials are available in Uganda, but there is no 
evidence of their successful utilisation in production of porcelain insulators. With 
considerations to the studies highlighted in sections 1.2 to 1.7, the study was undertaken, 
first by characterising the materials from identified deposits. Selected deposits were then 
identified to supply raw materials for making porcelain specimens. To achieve high 
strength, the materials were milled to 25�m for sand, 53�m for feldspar and 45�m for 
kaolin and ball clay, in accordance with the studies highlighted above. The effects of the 
various material formulations and firing conditions on the dielectric and mechanical 
properties of sample porcelains have been studied. Glazes were formulated and the 
effects of glazing on the porcelain bodies have also been investigated. The thesis is based 
on the following papers: 
 
1. P. W. Olupot, S. Jonsson, J. K. Byaruhanga. “State of the art paper on development 

of electric porcelain insulators from Ugandan raw materials” ISRN KTH/MSE- -
06/34--SE+MEK/TR. 

2. P. W. Olupot, S. Jonsson and J. K. Byaruhanga. “Characterization of Feldspar and 
Quartz Raw Materials in Uganda for Manufacture of Electrical Porcelains” J. Aust. 
Ceram. Soc. 42[1] (2006) 29-35. 

3. P.W. Olupot, S. Jonsson and J.K. Byaruhanga. “Effects of mixing proportions and 
firing temperature on properties of electric porcelain from Ugandan minerals” 
Industrial Ceramics 28[1] (2008) 1-10. 

 
4. P. W. Olupot, S. Jonsson and J. K. Byaruhanga “Development and characterisation 

of triaxial electrical porcelains from Ugandan ceramic minerals”. Published online: 
Ceram. Int. (2010), doi:10.1016/j.ceramint.2010.02.006. 

 
5. P. W. Olupot, S. Jonsson and J. K. Byaruhanga “Study of Glazes and their Effects on 

Properties of Triaxial Electrical Porcelains from Ugandan Minerals” Published 
online: Journal of Materials Engineering and Performance, doi: 10.1007/s11665-
010-9597-1. 

 
Paper 1 is a “state of the art paper” and covers the classifications of ceramics and 
porcelains, the major properties of porcelains for insulation requirements and the 
manufacturing processes for electric porcelains. The recent studies on triaxial porcelains, 
especially those emphasising improvements in various aspects of manufacturing and 
mechanical properties, are covered. The different methods for characterisation of raw 
materials are discussed. Raw material deposits in Uganda are mentioned and the benefits 
of exploiting them for the manufacture of electric porcelains are highlighted. 
 
Paper 2 contains results on the characterisation of selected quartz and feldspar deposits.   
Samples from two deposits of each feldspar and silica were investigated to assess their 
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potential as raw materials in the manufacture of electric porcelains. Raw samples ground 
to powder form were investigated by means of X-ray diffraction, thermal analysis, and 
scanning electron microscopy. In addition, the chemical composition, particle size 
distribution and density of the powders were determined.  
 
Paper 3 contains the results of characterisation of five sample porcelain formulations 
from selected raw materials sourced from deposits in Uganda. The mechanical, dielectric 
strength and water absorption properties of the samples were investigated in relation to 
composition and firing temperatures. This study was carried out so as to identify a 
composition that yields the best properties and to determine the appropriate firing 
temperatures for optimum dielectric and mechanical strength. The forming qualities of 
the samples in the vacuum pugmill extrusion process were also observed in relation to 
sample compositions. The measured properties were dielectric strength, bending strength 
under 3-point load fixture, bulk density, water absorption and shrinkage. XRD and FEG-
SEM studies on the microstructures were also done. 
 
Paper 4 is an extension of paper 3, in which 10 porcelain mixtures were formulated, but 
with sand content limited to 20 and 25%. All the specimens were fired at a heating rate of 
6�C/min to 1250�C, and soaked for 1h. The resulting specimens were evaluated for 
dielectric strength, bending strength under 4-point load fixture and fracture toughness. 
XRD and FEG-SEM studies on the microstructures were also done. This study was used 
to identify the porcelain body that results in better properties, but from a narrower 
composition range. 
 
In Paper 5, five glazes were formulated from ceramic raw materials in Uganda. The best 
firing glaze was applied on the three most promising samples from Paper 4. For the 
glazed bodies, the dielectric strength, bending strength and fracture toughness were 
evaluated and compared to the unglazed samples. The microstructures were also studied. 
The resultant properties obtained were compared with the recommended values for 
industrial application and found satisfactory. 
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2.0 METHODOLOGY 

2.1 Conceptual framework 
On the basis of the considerations highlighted in the background section of the thesis, the 
materials of focus were sand, kaolin, ball clay and feldspar, all sourced from deposits in 
Uganda as described in paper 2. The entire research was based on the conceptual 
framework indicated in Figure 1. To the left, the raw materials and their characterisation 
is found. In the next column the mixing, preparation, forming, firing and glazing are 
considered. Any changes of the adopted process will cause an effect which is considered 
in the third column. Finally, column four lists the major properties of interest when 
selecting an optimum electrical porcelain process route. 
 
 

Figure 1: Conceptual framework 

 
2.2 Experimental/Research Layout 

The experimental layout of the research is as indicated in Figure 2 and Figure 3. The full 
details are given in the appended papers. 
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Figure 2: Experimental procedures for Papers 2-4 
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Figure 3: Experimental schedule for paper 5 
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2.3 Experimental Methods 

2.3.1 Characterisation of feldspars and quartz raw materials 
A number of techniques were employed in characterising the raw materials. The details 
of each of these methods are given in paper 2 appended. Table 1 is an outline of the 
methods used.  
 
Table 1: Methods for characterisation of raw material sample powders 
Property Method 
Chemical composition Inductively coupled plasma-Atomic Emissions 

Spectroscopy (ICP-AES) 
Phase constitution X-ray diffraction (XRD) analysis 
Texture and morphology Field Emission Gun-Scanning electron microscopy 

(FEG-SEM) 
Density Pycnometer 
Weight change and phase transformation on heating TG-DTA 
Particle size  BI-90 particle sizer. 

2.3.2 Sample porcelain formulations and characterisation 
In papers 3 to 5, porcelain insulator bodies indicated in Tables 2 and 3 were formulated 
from Mutaka feldspar, Mutaka kaolin, Mukono ball clay and Lido beach sand. Batch 
compositions were formulated on the basis of the triaxial plot presented by Norton 
(1970), but with slightly higher clay content in accordance to more recent literature. 
Norton(1970) recommended a clay content of 40-45% whereas Ece and Nakagawa 
(2002), Bragança and Bergmann (2003) and Moulson and Herbert (2003) used or 
recommended 50, 50 and 40-60% respectively. In samples S-1 to S-3, clay content was 
maintained at 50% while systematically varying feldspar and sand contents. In addition, 
the ratio of ball clay to kaolin content in the constitution of clay was varied. In S-4 and S-
5, the clay content was reduced to 45% with a fixed clay constitution to evaluate the 
effects of sand and feldspar on properties.  In samples A-J, the composition range was 
changed to 30-60% clay, 20-45% feldspar and 20-25% sand. This was due to difficulties 
in extruding samples containing 30% sand. The ball clay content was maintained at 50% 
of kaolin, to reduce the deleterious effect of ball clay and yet obtain a plastic body. The 
dry composition of the major oxides was calculated according to equation 1, and the 
resulting bodies are given in a triaxial plot in Figure 4. 
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where dryw  and wetw  represent the dry and wet mass percentage of the major 
components, respectively and LOI represents loss on ignition. 
 
The raw materials were wet milled separately; ball clay and kaolin sieved through 45�m, 
sand through 25�m and feldspar through 53�m, respectively. The resultant materials 
were dried with the exception of ball clay which was kept in slip form after wet sieving. 
The amount of dry ball clay in the slip was estimated from Brogniart’s formula given in 
equation 2 (Norsker and Danisch, 1993). The mixture was wet milled for 3h to form a 
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uniform mix, which was later made into a paste that was extruded through a vacuum pug 
mill into cylindrical specimens of 15mm diameter and 70 or 80mm length for 3-point and 
4-point bending load tests respectively. Some of the remaining materials in the pug mill 
after extrusion of each formula, or off-cuts were pulverised and used to make discs of 
25mm (or 50mm) diameter and about 3mm thickness by pressing at a pressure of 
100MPa. The resulting fired samples were characterised by the methods given in Table 4.  
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Table 2: Calculated chemical composition of the samples in paper 3 (wt %) 
Sample S-1 S-2 S-3 S-4 S-5 
SiO2 67.53 65.96 69.24 67.99 69.66 
Al2O3 20.67 21.04 19.32 20.08 19.06 
CaO <0.24 <0.25 <0.27 <0.24 <0.25 
Fe2O3 0.83 1.21 1.03 0.83 0.83 
K2O 3.77 4.15 3.13 4.21 3.66 
MgO 0.30 0.31 0.33 0.30 0.31 
MnO <0.01 <0.01 <0.01 <0.01 <0.01 
Na2O <0.17 <0.20 <0.16 <0.19 <0.17 
P2O5 0.07 0.08 0.06 0.07 0.07 
TiO2 0.27 0.43 0.35 0.27 0.27 
LOI 6.26 6.41 6.17 5.88 5.77 
Total  <100.12 <100.05 <100.07 <100.07 <100.06 

LOI is loss on ignition at 1000�C 
 
Table 3: Calculated chemical composition of the samples in paper 4 and 5 (wt %) 
Sample A B C D E F G H I J 
SiO2 68.31 68.00 67.79 67.57 67.26 67.04 69.36 69.14 68.92 68.61 
Al2O3 18.71 19.16 19.46 19.77 20.22 20.53 18.32 18.63 18.94 19.39 
CaO <0.81 <0.83 <0.84 <0.86 <0.88 <0.89 <0.93 <0.94 <0.96 <0.98 
Fe2O3 0.93 0.98 1.04 1.10 1.15 1.21 1.05 1.11 1.18 1.22 
K2O 5.16 4.74 4.30 3.87 3.44 3.01 4.26 3.82 3.39 2.96 
MgO 0.27 0.28 0.30 0.31 0.32 0.34 0.32 0.33 0.35 0.36 
MnO <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 
Na2O <0.63 <0.60 <0.56 <0.53 <0.49 <0.46 <0.58 <0.54 <0.51 <0.47 
P2O5 0.07 0.07 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 
TiO2 0.33 0.35 0.39 0.43 0.45 0.48 0.36 0.40 0.44 0.46 
LOI 4.95 5.31 5.64 5.97 6.33 6.66 5.25 5.59 5.92 6.27 
Total <100.19 <100.32 <100.41 <100.49 <100.63 <100.71 <100.52 <100.60 <100.68 <100.82 
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Table 4: Methods of characterisation of porcelain bodies 
Property Method 
Shrinkage Measurement of dimensions  
Phase constitution X-ray diffraction (XRD) analysis on pulverised samples 
Texture and morphology Field Emission Gun-Scanning electron microscopy (FEG-SEM) 
Bulk density Measurement of dimensions and mass 
Water absorption Measurement of weights of samples before and after boiling and soaking 

in water 
Bending strength Measurement of dimensions and breaking load in a 3 point  and 4 point 

bending load fixtures 
Dielectric strength Measurement of voltage required to break insulation of a given specimen 

thickness 

Figure 4 : Formulated porcelains on the triaxial plot 

 
2.3.3 Glaze formulation 
Five glazes, denoted G1 to G5, given in Table 5, were prepared by mixing kaolin, 
feldspar, sand, and a low-melting oxide component, CaO, in the form of whiting (CaCO3) 
supplied by Mineral Enterprises (Kenya). Approximately 1kg of each glaze was prepared 
by crushing the mixture of powders in a mortar using a pestle. Slips were prepared by 
adding water. Each slip was thoroughly stirred manually to ensure a homogeneous 
mixture. Within the series of glazes, the SiO2:Al2O3 ratio was deliberately chosen to 
increase monotonically from 7.52 for G1 to 9.53 for G5 in approximately even intervals 
of 0.5. Using the Seger formalism and a recommendation by Eppler and Obstler, (2005), 
the compositions were formulated to have Al2O3 and SiO2 contents of 0.4-0.7 and 3-5, 
respectively. The formulated glazes were evaluated for application on the porcelains by 
means of visual observations of fired glazed specimens, both under 1h soaking and 2h 
soaking at the peak temperature of 1250�C. Glaze G3 emerged the best after 2h soaking, 
and was subsequently applied on all specimens. The glazed specimens were characterised 
by XRD, FEG-SEM, bending and dielectric strength measurements. The behaviour of the 
glazes and porcelain samples upon firing were also separately studied by dilatometry.  
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Table 5: Calculated glaze composition according to the Seger formalism 
 G1 G2 G3 G4 G5
Na2O 0.040 0.041 0.039 0.037 0.034 
K2O 0.268 0.279 0.260 0.249 0.228 
CaO 0.692 0.680 0.702 0.714 0.737 
Al2O3 0.650 0.617 0.573 0.558 0.519 
SiO2 4.890 4.943 4.862 5.063 4.945 
SiO2:Al2O3 7.5 8.0 8.5 9.1 9.5 

2.3.4 Preparation of industrial size low-voltage electric insulator specimens 
Low voltage test samples were prepared from the formulated porcelain body exhibiting 
the best properties using the identified manufacturing procedure described in Paper 5 
(Sample B in Figure 4). The outer shape of the chosen specimen is given in Figure 5 
Tests were performed on the produced samples shown in white in Figure 6 and the results 
compared with those for similar specimens, currently in use in the power distribution 
lines, shown in brown colour in Figure 6. The brown-coloured samples were supplied by 
the supplier of insulators to the power utility companies in Uganda.  

 
Figure 5: Shape of insulator of fabricated specimen (Not to the exact dimension given above).  

 
 

Figure 6: Industrial-size specimens. 
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2.3.5 Characterisation of industrial- size porcelain samples 
Several tests performed under specified conditions are required to qualify an insulator for 
typical applications as detailed in ANSI C29.5-1984 and ANSI C29.1-1988(R2002) 
standards for wet-processed porcelain insulators. These test procedures vary depending 
on insulator material, shape and intended application. For the specimens shown in Figure 
6, two basic tests on mechanical failing load and dry frequency voltage flashover tests 
were carried out on industrial-size specimens. The tests were carried out concurrently on 
the fabricated specimen and on those procured from the utility supplier so as to compare 
these properties. The procedures of this test are highlighted below.   

2.3.5.1 Mechanical Failing Load 
A mechanical load was applied in line with the side groove of the specimen and normal 
to the axis of the pinhole. The load at the tie-wire groove was applied by means of a loop 
of flexible stranded rope 12mm in diameter. The mounting pin, 16mm in diameter, 
connecting hardware and linkages between the test specimen and the Instron testing 
machine were such that no appreciable deflection took place at values up to the failure 
point of the test specimens. The load was applied at a uniform cross speed of 2cm/min. 
The experimental set-up is shown in Figure 7. In order to avoid load stress increases due 
to point contact, a 0.6mm thick lead sheet was placed around the mounting pin. 
 

 
Figure 7: Experimental set-up for mechanical failing load test 

2.3.5.2 Dry Frequency Flashover Voltage Test 
In this test, an alternating current voltage of 50Hz frequency was applied to the test 
specimen, with conductors placed in positions similar to the service conditions of the test 
samples. The test was carried out with the specimens in air. The voltage was initially 
quickly raised to approximately 75% of the expected flashover voltage value, and then 
raised slowly until a flashover occurred. The recorded flashover voltage value was the 
arithmetic mean of five individual flashovers taken consecutively. The period between 
consecutive flashovers was between 30seconds and 3minutes. The temperature in the test 
room was 21�C, with a pressure of 760mmHg. This test was done similarly for the 
formulated porcelains and the similar specimens supplied by the utility company supplier.
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3.0 SUMMARY OF RESULTS  

3.1 Characterisation of raw materials 
3.1.1 Chemical composition of the deposits 
Table 6 shows the chemical composition of the powders of the feldspar and quartz 
deposit samples. The results reveal Mutaka quartz and Lido beach sand as almost pure 
SiO2. The Mutaka quartz sample however, had a higher Fe2O3 content than the Lido 
beach sand. Consequently, the Lido beach sand was preferred in order to reduce gas 
formation during firing as a result of the Fe2O3 to Fe3O4 transformation. The feldspar 
samples reveal that the Lunya and Mutaka deposits have constituents in the ranges 
comparable to many deposits cited elsewhere (Norton, 1970). In comparison of the two 
deposits, although Lunya feldspar has a relatively higher flux content, its Fe2O3 is higher 
than that of Mutaka feldspar. As with quartz deposits, the deposit with lowest Fe2O3 
content was preferred. Previous characterisation studies by Kirabira et al (2005) revealed 
the properties of Ugandan clay deposits of relevance for porcelains. The chemical 
compositions of the deposits relevant for this study are given in the last two columns of 
Table 6.  

Table 6: Chemical Composition (Weight %) 

Compound 
Lunya 

Feldspar 
Mutaka 

Feldspar 
Mutaka 
Quartz 

Lido beach 
Sand 

Mutaka 
Kaolin 

Mukono 
Ball clay 

SiO2 65.7 62.9 101.0 100.0 48.8 67.2 
Al2O3 18.3 22.5 0.193 0.127 36 18.2 
CaO <0.1 <0.09 <0.09 <0.09 <0.09 0.306 
Fe2O3 1.65 0.065 2.57 0.201 0.238 2.83 
K2O 12.3 11.8 <0.06 <0.06 1.140 0.975 
MgO 0.0436 <0.02 0.0251 <0.02 0.038 0.363 
MnO 0.0219 <0.003 0.0199 0.0092 0.0277 0.0262 
Na2O 1.84 0.409 <0.04 <0.05 0.0481 0.185 
P2O5 0.0366 0.0874 0.0177 0.0171 0.0094 0.049 
TiO2 0.0053 0.0036 0.0051 0.1720 0.0041 1.38 
LOI* 0.1 3.1 -0.4 0.4 12.6 8.1 
Total <100.10 <100.98 <103.62 <100.75 <99.00 <99.61 

3.1.2 Microstructure of the minerals 
The microstructures in Figure 8 show Lunya feldspar as densely-packed layered sheets of 
aggregate, while Mutaka feldspar consists of rather loosely held sheets of aggregate, 
suggesting that the two deposits are at different levels of geological transformation with 
the Mutaka feldspar in the more advanced stages of transformation to kaolinite. The SEM 
image of the Mutaka feldspar closely resembles the morphology of Mutaka kaolin 
presented by Kirabira et al (2005) reproduced here in Figure 8e, clearly different from 
that of ball clay presented in Figure 8f. The microstructure of Mutaka quartz reveals a 
non homogeneous structure consisting of dense and porous regions while that of the Lido 
beach sand sample reveals a more homogeneous, porous structure. Features of the 

                                                 
* LOI is loss on ignition at 1000ºC 
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microstructure of Mutaka quartz are similar to those reported by Wright (2004) of freshly 
fractured quartz fragments. The difference in these two microstructures thus reflects the 
level of abrasion as a result of the weathering and transportation history of the beach 
sand.  
 

a) b) 

c) d) 

e) f) 
Figure 8: SEM of (a) Lunya feldspar, (b) Mutaka feldspar, (c) Mutaka quartz, (d) Lido beach sand, 
(e) Mutaka kaolin, (f) Mukono ball clay. The scale bars represent 300�m in a) and e) and 200�m in 
the rest of the micrographs 
 
3.1.3 Thermal analysis 
Results of thermal analysis of the samples revealed distinctively different DTA signals 
for the two feldspar samples. While Lunya feldspar did not show any distinct peaks on 
heating, Mutaka feldspar had a strong endothermic peak at 528°C and an exothermic 
peak at 1000°C. This difference can be attributed to the significantly differing ratios of 
Al2O3: SiO2 in the two samples. The high ratio accompanied with the high loss on 
ignition suggests the presence of a considerable amount of crystalline water in Mutaka 
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feldspar, which upon heating led to the formation of metakaolin at about 530°C followed 
by a spinel phase formation at 1000°C due to the decomposition of metakaolin. These 
particular peak temperatures are typical of kaolinite thermal characteristics (Carty and 
Senapati, 1998; Kirabira et al, 2005). This feature further re-affirmed the kaolinitic 
tendency of Mutaka feldspar shown in the SEM analysis.  
 
The endothermic peaks observed in the silica samples at 576°C in Figure 9 (curves 1 and 
2) are typical for the �-� quartz inversion. Other investigators have reported this 
transformation to occur at 573°C (Iqbal and Lee, 2000; Carty and Senapati, 1998; Hand 
et al, 1998). 
 

Figure 9: DTA signals of heat flow during heating of the samples. For clarity the curves have been 
displaced as follows: Lunya feldspar +10, Mutaka quartz +20, and Lido beach sand +30�V. 

3.1.4 Gravimetry 
Mutaka feldspar, in contrast with Lunya feldspar revealed a unique weight change profile 
upon heating (Figure 10) with a steep weight drop in the temperature range of 450°C to 
600°C. The weight drop profile exhibited by Mutaka feldspar in the temperature range of 
450°C to 600°C is identical to that exhibited during the dehydration of the hydroxyl 
groups in kaolinite reported by Carty and Senapati (1998), leading to formation of 
metakaolin (Al2O3·2SiO2). The resultant weight loss agrees well with the results 
reported for the loss on ignition in Table 6. The TGA, DTA, and SEM analyses all point 
to kaolinitic character in Mutaka feldspar.  
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Figure 10: Mass change on heating of samples. For clarity the curves have been displaced as follows: 
Lunya feldspar +0.3, Mutaka quartz +0.5, and Lido beach sand +1.5.
 
3.1.5 Mineralogy  
XRD studies (Figure 11 and Figure 12) show that Lunya feldspar contains mostly 
microcline, some albite and minor quartz whereas the Mutaka feldspar is predominantly 
composed of ordered microcline. Mutaka quartz and the Lido beach sand are both 
predominantly composed of quartz mineral. 
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Figure 11: XRD of Lunya feldspar and Mutaka feldspar. Lunya feldspar was offset by 15000 counts 
on the vertical axis 
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Figure 12: XRD of Mutaka quartz and Lido beach sand. Lido beach sand was offset by 7500 counts 
on the vertical axis. 

3.2 Formulated Porcelains 
3.2.1 Properties after Firing  
Upon drying and firing, the formulated samples listed in Table 2 showed the trends in 
Figure 13-17. The trends suggest that a dense body results at 1250°C. Firing beyond this 
temperature results in progressive deterioration of the properties of the samples. Quite 
favourable samples exhibited highest bulk density at the firing temperatures where they 
achieved the highest bending strength, dielectric strength and least water absorption. 
Thus, optima for the different properties coincide at a firing temperature of 1250°C.  
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Figure 13: Shrinkage of samples 
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Figure 14: Bulk density of samples 
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Figure 15: Water absorption 
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Figure 16: Modulus of rupture (MOR) under 3-point load fixture 
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Figure 17: Dielectric strength of samples 
 
3.2.2 Formability   
It was also found during extrusion that samples with quartz content of 30% were difficult 
to work with. However, at 25% of quartz, the plasticity of the bodies was good enough. A 
focussed study in which the sand content was maintained at 20 and 25% while varying 
the clay content revealed that samples with 20% sand content result in improved 
properties, as shown in Figure 18-21. 
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Figure 18: Shrinkage 
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Figure 19: Bulk density 
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Figure 20: Modulus of Rupture under 4-point load fixture 
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3.2.3 Microstructure and phase analyses of fired samples 
Microscopic studies revealed that at temperatures above 1250°C, the samples became 
more porous (Figure 22) due to bloating. This assertion is complemented by the decrease 
in shrinkage, bulk density, and strength (Figure 13-14, 16) and increase in water 
absorption (Figure 15). Detailed SEM images indicate that samples exhibit different 
shapes of mullite needles upon firing (Figure 23). The different shapes of mullite needles 
influence the strength. Samples with acicular needles showed low strength values 
compared to rounded needles. It was also noted that at higher temperatures of firing, the 
glass content increased at the expense of quartz in the body as shown by XRD plots in 
Figure 24. An optimum temperature and composition at which considerable amounts of 
quartz and mullite crystals existed in the glass phase was the best to maximise both the 
mechanical and dielectric properties. XRD of the samples fired at 1250°C in Figure 25, 
shows that the samples are practically identical with respect to constituent phases and 
amounts. Thus, the major differences are found in the morphology of the microstructure 
as indicated in Figure 23.  
 

1200°C 1250°C 
Figure 22: S-4 fired at 1200 and 1350°C respectively. Polished and Etched in 40% HF acid for 25s 
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 S-1  1200°C 

S-2 1250°C 

S-3 1300°C 

S-5 
(a) Samples fired at 1250°C 

1350°C 
(b) S-4 fired at different temperatures 

Figure 23: Microstructures of selected samples fired at different temperatures, polished and etched 
in 40% HF acid for 25s. 
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Figure 24: Powder diffractograms of S-4 fired at different temperatures. For clarity, the three upper 
curves are shifted vertically by equal proportions from each other. 
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Figure 25: Powder diffractograms of  samples S-1 to S-5 fired at 1250°C. For clarity, the four upper 
curves are shifted vertically by equal proportions from each other. 
 
3.3 Characterisation of glazed samples 
 
Based on the results presented in Figures 18-21, porcelains B, D and E were selected for 
a detailed study of property improvements by glazing. Dilatometry on bulk porcelains 
and fired “bulk” glazes were carried out as well as dilatometry of “bulk” biscuit fired 
samples. The bending strength, dielectric strength and fracture toughness were evaluated 
on glazed and fired porcelain bodies. 
 
3.3.1 Dilatometry 
The cooling curves for the porcelains are all very similar, and as a result, only data for 
porcelain E are reproduced. The cooling curves were of interest since they exhibited a 
straight section in the temperature range of 900 to 600°C. This section of the curve was 
used in evaluating the coefficients of expansion for the specimens. See Figure 26, 
showing the cooling curves of porcelain E fired to 850 and 1150-1350°C, respectively. 
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The poorly consolidated biscuit fired sample continues sintering in the very beginning of 
the cooling cycle, which can be seen as an initial shrinkage during cooling. Naturally, this 
behaviour cannot be seen for the high temperature sintered specimens. When sintering 
has stopped for the biscuit fired sample, all specimens show an expansion with reduced 
temperature down to the �-to-� quartz inversion leading to a sudden contraction. Clearly 
from Figure 26, this contraction gradually reduces with sintering temperature. Below the 
inversion temperature all specimens, except for the one sintered at 1250°C, unexpectedly 
show an expansion with reduced temperature. 
 
The heating and cooling curves for the glazes are all very similar and as a result, only the 
data for glaze G3 is reproduced in Figure 27. First, a contraction occurs up to about 
120°C. Then, a thermal expansion follows which is suddenly interrupted by a contraction 
between about 300-440°C. These two contractions are caused by the added CaCO3 being 
confirmed by separate experiments on pure CaCO3, shown in Figure 28. Naturally, these 
contractions cannot be seen for the porcelains, having no CaCO3 added, as demonstrated 
by the heating curve in Figure 29 for porcelain E. The rest of the heating curve for the 
glazes is similar to the biscuit fired E-porcelain of Figure 29, i.e. a thermal expansion up 
to the �-to-� quartz inversion followed by thermal contraction and finally sintering.  
 
The cooling curves for the glazes are very similar to each other and to the cooling curves 
of the porcelains. Compare Figure 26 and Figure 27. The �-to-� quartz inversion is quite 
clear in the glaze, probably because of the low sintering temperature and short soaking 
time used, quartz is not fully converted to glass. Indeed for the glazes fired to 1250°C, 
there is no distinct quartz inversion point as shown in Figure 30. 
 

100 200 300 400 500 600 700 800 900 1000 1100

-10
-8
-6
-4
-2
0
2
4
6
8

10

1150

850

1300
1250

1200

1350

(d
L/

L)
.1

0-3

Temperature (0C)  
Figure 26: Cooling curves of porcelain E after firing at different temperatures. 
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Figure 27: Heating and cooling curves of glaze G3 after biscuit firing at 850°C. 
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Figure 28: Heating and cooling curves of whiting (CaCO3)
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Figure 29: Heating curves of porcelain E after firing at 850°C and 1250°C, respectively. 
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Figure 30: Heating and cooling curves of glaze G3 after firing at 1250°C. 

 
The computed results of coefficients of thermal expansion are presented in Table 7 for the 
biscuit fired glazes and the bulk specimens B, D and E. In all porcelains, B has the 
highest magnitude of thermal coefficient of expansion. The magnitudes of the 
coefficients of thermal expansion of all the glazes were lower than those of the porcelain 
specimens. This is expected to result in a strengthening effect when these glazes are 
applied on the porcelain bodies. 
 
The coefficients of thermal expansion for porcelain E, evaluated on the cooling curves for 
specimens fired and held at the different temperatures for two hours are given in Figure 
31. The figure shows a trend of decreasing magnitude of coefficient of thermal expansion 
as temperature increases for the temperature range of 1150 to 1300°C. This is attributed 
to the reducing amount of quartz in the body at higher temperatures of firing as earlier 
demonstrated in Figure 24. The evaluated values of coefficient of expansion are negative 
because they were evaluated on the cooling curves in the temperature range of 900 to 
600�C of the samples, where the dominant quartz is the �-type. The �-quartz phase, which 
exists at temperatures above 573�C, has a negative thermal coefficient of expansion 
(Gualtieri, 2007, Sternitzke and Müller, 1991, Barron et al, 1982). 
 
Table 7: Thermal expansion coefficients of glaze and porcelain samples fired to 850�C

Glazes Porcelain samples 
Glaze �x10-6(�C-1) Sample �x10-6(�C-1) 
G1 -4.1 B -6.1 
G2 -4.3 D -5.4 
G3 -4.8 E -5.9 
G4 -5.0   
G5 -4.7   
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Figure 31: Thermal expansion coefficient of porcelain E after 2h firing at different temperatures. 
The point at 850°C refers to biscuit firing. 
 
3.3.2 Glaze-bulk interface characterisation 
The fired glaze thickness varies between 120 and 170μm, followed by a transition zone 
between the glaze and the bulk substrate, represented by a bright contrast in Figure 32. 
The clarity of this zone diminishes in the order of samples B, D and E respectively. Light 
optical microscopy (LOM) reveals the presence of smooth round pores in the glaze at, or 
near, the interface between the glaze and the substrates in all samples, as indicated in 
Figure 32. The scanning electron microscope (SEM) image in Figure 32, for sample B 
shows the bottom of some sectioned pores. As seen, the interiors of the bubbles are 
smooth. After etching, on the other hand, a shell-like structure is seen inside the pores of 
sample E, Figure 33, together with some shallow dimples on the etched surface. The 
smooth shallow dimples can be explained as the bottoms of etched pores. The shell-like 
structures, on the other hand, are more difficult to explain. EDS analysis reveals them to 
have a high concentration (about 68%) of F, probably introduced into the material during 
etching. It is thus tempting to suggest that they were formed during etching by some 
solution/recrystallization process. This is consistent with the fact that all LOM 
investigations could only show smooth, empty pores before etching. Interestingly, the 
shell-like structures could only be found in sample E after etching, which is further 
demonstrated in Figure 34, for the low magnifications. 
 
The high magnification SEM micrographs in Figure 34 reveal that the shape of mullite 
crystals in the interior of the three porcelain samples is quite similar. All samples exhibit 
long cylindrical mullite crystals. This is expected since the chemical compositions of 
their formulae are quite close. 
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B D 

E B 
Figure 32: Light optical microscopy of glazed samples B, D and E and SEM image of sample B. Fired 
to 1250°C and held at top temperature for 2h. Not etched. For LOM images, the scale bar indicates 
100�m and for the SEM, it indicates 20�m

 

Figure 33: SEM of sample E Fired to 1250°C and held at top temperature for 2h, polished and 
Etched in 40%HF for 25s. 
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B

D  

E
Figure 34: Microstructure of glazed samples of B, D and E, fired to 1250°C and held at top 
temperature for 2h, etched with 40% Hydrofluoric acid for 25s. The higher magnification images are 
from the interior of the porcelain substrates. The scale of E at low magnification is similar to those  
of B and D at low magnification.  

 
3.3.3 Bending, dielectric strength and fracture toughness of glazed specimens  
The bending strengths of the three porcelain samples before and after glazing are given in 
Figure 35. The unglazed samples were split into two batches; one batch was soaked at the 
top temperature of 1250�C for 1h while the other was soaked for 2h. In all samples, 
holding at top temperature for 2h resulted in increased modulus of rupture. There was a 
further increase upon glazing. For porcelain E, the increase in MOR upon glazing was 
much smaller than for samples B and D. Sample B exhibited an increase in MOR of 22% 
upon increasing the soaking time from 1h to 2h at the firing temperature. A further 
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increase in strength of 67% was achieved upon glazing. The Weibull moduli, indicated 
by the slope of the regression lines of the samples, were almost identical for the glazed 
samples.  
 
The effects of glazing and soaking at the peak temperature for 2h on MOR, Weibull 
modulus, KIC and dielectric strength are summarized in Figure 36. Raising soaking time 
from 1h to 2h is shown to increase the modulus of rupture in all the samples (Figure 36a). 
The Weibull modulus however decreases (Figure 36b). Upon glazing and soaking the 
samples for 2h at the peak temperature, there is an improvement in both the modulus of 
rupture and Weibull modulus. Figure 36c also reveals a wide variation in KIC for the 
samples upon glazing, i.e. prolonged soaking as KIC is tested in the interior of the 
specimen cross sections, unaffected by glazing. Sample B shows a significant 
improvement whereas samples E and D show minor improvement and reduction, 
respectively. The values for KIC for sample D vary significantly as noted by the high 
standard deviation represented by the error bar. Samples soaked for 1h at peak 
temperature exhibit quite close magnitudes of KIC whereas there is a scatter for the 2h 
soaked specimens. This difference suggests a change in the structure of the sintered 
specimens as soaking time increases. 
 
All the samples show an improvement in dielectric strength upon glazing (Figure 36d). 
Samples B and D have significantly lower magnitudes of dielectric strength before 
glazing compared to sample E, the glazed samples however exhibited quite close values 
of dielectric strengths. This suggests that glazing plays a significant role in creating a 
uniform distribution of flaws in the samples and hence uniform dielectric properties.  
 
3.4 Characterisation of Industrial-size Samples 
The results of the mechanical failing load and dry frequency tests carried out on 
industrial-size specimens are presented in Table 8 and Table 9. The Mechanical failing 
load of the formulated specimens was less than that of the specimens currently being 
supplied to the utility companies. These values are however way above the minimum 
required load of 13.5kN specified for these specimens by Uganda Electricity 
Transmission Company and elsewhere.† The dry frequency flashover voltage of the two 
batches was almost identical and above the specified value of 25kV (rms).  
 
Table 8: Mechanical Failing Load 
Formulated Specimens Specimens from Utility 

supplier 
Specimen Load 

(kN) 
Specimen Load (kN) 

1 22.7 1 27.6 
2 18.0 2 28.9 
3 18.3 - - 
4 19.5   
Average 19.6 Average 28.3 

                                                 
† www. Utilex.com/Low_Ten_Insulators.htm 
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Table 9: Dry frequency flashover voltage 
Formulated Specimens Specimens from Utility 

supplier 
Specimen Rms 

(kV) 
Specimen Rms (kV) 

1 25.5 1 24.7 
2 24.7 2 26.9 
3 26.2 3 25.5 
4 25.5 - - 
Average 25.5 Average 25.7 
 

30 40 50 60 70 80 90 100 110 120130

0.1 

0.2 

0.3 

0.4 
0.5 
0.6 
0.7 
0.8 

0.9 

0.99

Fr
ac

tu
re

 p
ro

ba
bi

lit
y,

 P

MOR, [MPa]

B Unglazed, 1h holding
B Unglazed, 2h holding
B Glazed, 2h holding

2h1h

2h
Glazed

B

30 40 50 60 70 80 90 100 110 120130

0.1 

0.2 

0.3 

0.4 
0.5 
0.6 
0.7 
0.8 

0.9 

0.99

Fr
ac

tu
re

 p
ro

ba
bi

lit
y,

 P

MOR, [MPa]

D Unglazed, 1h holding
D Unglazed, 2h holding
D Glazed, 2h holding

1h 2h
Glazed

2h

D

30 40 50 60 70 80 90 100 110 120130

0.1 

0.2 

0.3 

0.4 
0.5 
0.6 
0.7 
0.8 

0.9 

0.99

Fr
ac

tu
re

 p
ro

ba
bi

lit
y,

 P

MOR, [MPa]

E Unglazed, 1h holding
E Unglazed, 2h holding
E Glazed, 2h holding

2h1h 2h
Glazed

E

 

Figure 35: Weibull plot of samples B, D and E evaluated for 4-point bending load test. MOR at 
probability of 0.632 is indicated by “*” 
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Figure 36: a) MOR, b) Weibull modulus, c) KIC and d) dielectric strength of samples before and after 
glazing using glaze G3. Legends as in Figure 35. For clarity, only positive error bars are shown for 
glazed samples in Fig.7c) while only negative error bars are shown for unglazed samples in the same 
figure.
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4.0 DISCUSSIONS 
 
As a first demand in any ceramic product, the characteristics of the starting materials are 
very important. From characterisation studies of the feldspar and silica deposits, the 
foregoing results indicate Lunya feldspar to consist of microcline and albite minerals. 
However, this deposit also has a relatively high amount of Fe2O3, which must be removed 
before it can be used in the production of porcelain insulators. The Mutaka feldspar is 
purely microcline and is suitable for use with very minimal beneficiation. The analyses 
have revealed Mutaka feldspar to show strong kaolinitic characteristics. The silica 
deposits on the other hand have the qualities desirable for the production of various 
whiteware products in their raw form. The deposits studied together with the clay 
deposits earlier investigated by Kirabira et al (2005) offered good prospects for their 
exploitation in the production of electric porcelains. Based on the above knowledge, 
further experimental investigations in the study were based on materials sourced from the 
deposits of Mutaka, for kaolin and feldspar, Lido beach for silica and Mukono for ball 
clay.  
 
In relation to the formulated porcelain bodies shown in Table 2 and Table 3, although the 
chemical composition and phase assembly after firing differ very little for the 
investigated sample batches, they show remarkable, and technically important differences 
during shaping, firing and in final properties. The major components, SiO2, Al2O3, K2O, 
Fe2O3 and loss on ignition constitute >98.8% of the total and the variation in their 
amounts is small across the batches. As seen in Table 2 and Table 3, the amounts vary 
between 66.0 and 69.7% for SiO2, between 18.3 and 21.0% for Al2O3, between 3.0 and 
5.2% for K2O and between 0.8 and 1.2% for Fe2O3. Thus, from a chemical point of view, 
the expected differences should be small. This is also true for the phase constitution after 
firing (Figure 25). The XRD patterns are practically identical. However, the 
microstructure varies between the sample batches and so do properties important for 
electrical insulators. The reason for this originates from the difference in mixing 
proportions of the raw materials. For specification of body composition, use of chemical 
composition as opposed to batch weights produces bodies with reproducible properties as 
evidenced by the characteristics of samples S-4 and B in Table 2 and Table 3. 
 
The second demand to fulfill for a ceramic batch mix is the demand of formability. As 
seen from paper 2, S-3 and S-5, both with the highest content of quartz show low 
formability. Comparing S-4 and S-5, having the same amount of non plastic constituents 
(feldspar and sand), clearly demonstrates the inferior forming properties of sand-rich 
batches compared with feldspar. This therefore limits the amount of sand that can be put 
in a batch. In this work, samples in which sand content was maintained at 20 and 25% 
respectively have shown good forming characteristics. For a plastic forming process, use 
of quartz content of 30% or above cannot be carried out effectively without 
compromising the plasticity of the bodies. This is another limiting factor on quartz 
content despite its positive strengthening effect. 
 
The third demand to fulfil is vitrification. Good vitrification gives high firing shrinkage, 
high bulk density and low water absorption resulting from the formation of a dense body. 
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Density and porosity changes are reportedly a net result of two counteracting actions 
(Papargyris and Cooke, 1996) viz, i) gas generation, which decreases density and 
increases porosity and ii) liquid phase formation, which fills the pores and cavities of the 
body and increases density. In addition, good vitrification reduces flaw size and number 
of flaws thereby increasing the two most important properties of the final product, 
modulus of rupture and dielectric strength. The results of the study show the shrinkage, 
bulk density and strength to be directly related as depicted in Figure 18-20. Again, 
samples having sand content of 20% show superior values of the above properties, 
compared to those containing 25% sand.  
 
Diffractograms in Figure 24 suggest that firing the porcelain body results in quartz and 
mullite as the only crystalline phases. Firing at temperatures above 1200°C leads to 
dissolution of quartz into the glass phase without further increase in the mullite content. 
The dissolution of quartz reduces the crystalline content in the matrix, hence reducing the 
benefit of matrix reinforcement in the body thus reducing strength of porcelain. This 
behaviour together with increased porosity of samples at high temperatures is responsible 
for the drop in strength of samples at temperatures above 1250°C. This finding is in 
agreement with the matrix reinforcement hypothesis. 
 
The results in Figure 13-14 demonstrate that optimum properties are found at a firing 
temperature of 1250°C. Variation of holding time at the sintering temperature is shown to 
result in improvement of MOR (Figure 35). As seen in the figure, sintering for 2h 
compared to sintering for 1h results in a smaller slope, i.e. a lower Weibull’s modulus. 
This can be explained as a reduction of flaws for the longer sintering time rendering more 
statistical uncertainty during mechanical testing. Upon glazing, on the other hand, the 
Weibull’s modulus is increased and the lines are shifted towards higher stress. This 
means that the failure initiating flaws require higher stresses but have volume densities 
comparable to those existing after 1h sintering. 
 
All specimens showed an improvement in MOR upon glazing. This is a result of the 
contributory effects of phases formed and the interaction of the glaze with the bulk body. 
In relation to the thickness of the glaze layer, Kobayashi et al (1990) presented results 
suggesting that within the range of glaze thickness of 70-220�m, strength of glazed 
specimens does not change considerably. Additionally, the bending strength is improved 
if the difference in thermal expansion between body and glaze is over 1.5x10-6�C-1. In 
this work, the glaze layer thickness is 120-170�m suggesting that the same strengthening 
effect is expected. Indeed, the bending strength in all the glazed samples was improved 
but with varying levels of magnitude. It was high for sample B but small for sample E. 
The improvement is also partly due to the presence of a vitreous surface layer on the 
glazed samples, which covers any open surface cracks, thus sealing off fracture initiating 
flaws.  
 
Differences in the coefficient of thermal expansion between body and glaze induces 
residual stress in glaze and body after cooling, and affects the mechanical strength of 
porcelain. Computed compressive stresses of 71, 32, and 41MPa were developed in the 
glaze layer on porcelains B, D, and E respectively. The combination of glaze G3 with 
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sample B results in high compressive stresses within the glaze to cause the resultant 
increase in MOR registered in Figure 35, compared to other samples. Steger test results 
on samples B (2.81mm) and E (2.04mm) support the positive effects of glaze G3 on 
sample B as compared to E. 
 
Investigation of the mullite morphology indicates that high mechanical strength is related 
to small, closely packed needles (See Figure 23). The densest packing of mullite needles 
are found in S-4 and for this batch, firing at 1250°C appears to produce the smallest 
needles and closest packing. This characteristic supports the mullite hypothesis.  
 
The high KIC exhibited by sample B also suggests that it has a high crystalline content 
and reduced porosity compared to the other samples. High crystallinity and reduced 
porosity in a ceramic body enhance mechanisms of crack tip shielding in which the load 
for fracture is transferred from the crack tip to other parts of the microstructure 
(Wiederhorn and Fuller, 2002). This results in high MOR.  
 
The attained dielectric strength value of 18kV/mm is above the minimum of 16kV/mm 
cited by Richerson (1992) for electrical porcelain,  although falls short of the value of 
25kV/mm recommended by Moulson and Herbert (2003), for high voltage insulation. 
The MOR value of 105MPa obtained with glazed sample B compares well with values of 
69 and 100MPa cited by Richerson (1992) and Moulson and Herbert (2003) respectively. 
These results suggest that formulated porcelains and the chosen production schedule can 
produce satisfactory electric porcelain insulators from raw minerals in Uganda for low 
voltage applications. Indeed the results in Table 8 and Table 9 for the industrial-size low 
voltage specimens formulated in this study confirm this assertion.  
 
5.0 CONCLUSION 
 
Characterisation results suggest that Lunya feldspar consists of microcline and albite 
minerals. This deposit also has a relatively high amount of Fe2O3 compared to Mutaka 
feldspar. Its use in the production of porcelain insulators requires the removal of Fe2O3. 
Mutaka feldspar is purely microcline and is suitable for use with very minimal 
beneficiation. The analyses have revealed Mutaka feldspar to show strong kaolinitic 
characteristics. Both Mutaka and Lido beach quartz deposits have the qualities desirable 
for the production of various whiteware products in their raw form.  
 
Firing porcelain samples at a heating rate of 6�C/mm to 1250�C and soaking at the peak 
temperature for 2h as opposed to 1h, improves both the mechanical and dielectric 
properties. High porosity developed in samples at firing temperatures above 1250°C is 
responsible for deterioration of both bending and dielectric strengths. Firing above the 
sintering temperature also reduces the strength due to a reduction in quartz and increase 
in glass phase. The shape of mullite needles formed in the microstructure influences the 
strength of porcelains. Acicular needles are associated with a low-viscosity body at high 
temperatures resulting from high flux content and leading to low strength. An optimised 
strength of porcelain can be achieved from a composition which gives needle-like mullite 
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crystals as opposed to acicular crystals  and with sufficiently high amounts of quartz and 
as little glass as is necessary to hold the crystalline phases together.  
 
A glaze with a Seger formula RO:0.57Al2O3:4.86SiO2 formulated from local materials 
was found to enhance the properties of a porcelain bulk body of 68% SiO2, 19% Al2O3, 
4.7% K2O. Application of the glaze on the porcelain bulk body improves the properties 
due to formation of a vitreous layer on the sample surfaces which reduces crack-initiating 
flaws. The contributory effect of glazing on porcelain strength is achieved when the 
difference in coefficients of thermal expansion between the bulk body and glaze results in 
greater compressive stresses in the glaze layer. This is in agreement with published 
literature. The sample, which showed the highest improvement in mechanical properties 
exhibited smooth rounded mullite needles in its microstructure. The dielectric strength 
(18kV/mm) and MOR value of 105MPa obtained for the best firing sample make it 
suitable for application in electrical insulation. A low voltage industrial-sized specimen 
formulated and produced using the experimental procedures adopted in the study 
confirms appropriateness of adopted methods and compositions in the production of low 
voltage porcelain insulators.  
 
In relation to the three hypotheses describing the strength of porcelain, the information 
obtained clearly supports the mullite and matrix reinforcement hypotheses, and to a lesser 
extent the dispersion strengthening hypothesis. It is apparent that none of these 
hypotheses taken individually can exhaustively explain porcelain strength, but rather a 
combination of the three. 
 
6.0 PROPOSALS FOR FURTHER INVESTIGATIONS 
 
From the foregoing, the following work is suggested for further investigation; 
 
� An investigation into the firing kinetics of these porcelains to establish the right 

parameters for the formation of the various microstructural attributes responsible for 
the different strengthening effects of porcelains. This should be done with a view of 
enhancing the properties for high voltage insulation applications. 

� Application of appropriate computer supported models to the data generated from the 
experiments so as to simulate the various parameters and the possible properties that 
can result. This shall aid in the investigation of the suitability of the materials for 
exploitation in the production of other related products like construction/sanitary 
products. 

� The properties of a full-size sample made and subjected to the entire range of typical 
product specification tests.  
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