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ABSTRACT

The study has evaluated the dielectric and mechanical strength of high voltage porcelain
insulators made from Tanzania local ceramic raw materials. The ceramic raw materials
involved were; Pugu Kaolin Same clay, vermiculite, and feldspar. The chemical,
mineralogical phases and microstructural characterization of the ceramic raw materials was
carried out using the X-ray fluorescence (XRF), X-ray diffraction (XRD), and Scanning
electron microscopy (SEM) techniques respectively. The XRF characterization revealed that
vermiculite deposit has a higher content of hematite (Fe-O3) compared to other three deposits.
Its use for porcelain insulators production can be ruled out unless it is beneficiated as it may
affect the composition of the glassy phase at high firing temperature.

The X-ray diffraction (XRD) patterns of the raw materials showed that Pugu kaolin and Same
clay contain mineral clay kaolinite, quartz and tridymite. Kaolinite is a source of alumina
while quartz, and tridymite are sources of silicon dioxide (SiO2) whereas with fluxing oxides
(K20and Na»O) promote the formation of glassy and mullite phases during the sintering
process. Both phases promote densification and vitrification which improve the mechanical

and dielectric properties of porcelain insulators.

The porcelain samples were made by varying the composition of Pugu kaolin, Same clay,
vermiculite, and feldspar. Sixteen porcelain samples with dimensions 160 mm x 40 mm x 10
mm were fabricated by using the dry pressing method. The dried rectangular samples were
sintered at 1200 to 1250 °C for 1.5 hrs at the ramp rate of 10°C/min. The SEM micrographs
showed the progressive change in densification of the porcelain samples during sintering
process confirming that densification took place at 1250°C. The mechanical and dielectric
strength of each porcelain sample was investigated. The porcelain sample with composition,
20 wt% Pugu kaolin, 20 wt% Same clay, and 20 wt% vermiculite and 40 wt% feldspars
sintered at 1250°C gave the highest dielectric strength of 61.3 kV/mm, bending strength of
30.54 MPa and low water absorption value of 0.36% which satisfied the main requisite
properties for high voltage porcelain insulators production. The study showed that, a high-
quality high voltage porcelain insulator can be achieved from locally sourced ceramic raw

materials from Tanzania.
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

Insulators are devices which inhibit the flow of current in the electrical circuits when inserted
as an electrical barrier between transmission conductors (Islam et al., 2004). Porcelain is a
ceramic body achieved by firing clay raw materials in the furnace to high temperatures
ranging from 1200 to 1400°C (Oladiji et al., 2010). Porcelain insulators are widely used
electrical devices in electrical power transmission system due to their high stability in terms
of electrical, mechanical and thermal properties in the presence of harsh environments (Anih,
2005). These are the reasons for their continued use over the centuries despite the emergence
of new materials like plastics and composites. Porcelain insulators present a huge base of
frequently used insulators for both low and high-stress insulation application (Anih, 2005).
Porcelain insulators play an important role in withstanding electrical stress which may result
from the working voltage and lightning that may cause flashover on insulators under harsh
environmental conditions (Gorur and Burnham, 1999). For the electrical insulation
application, the most required properties are the dielectric and mechanical strength
(Islam et al., 2004). Dielectric strength measures the ability of an insulator to withstand large
electric field strength without electrical breakdown. For high-tension electrical insulation, the
dielectric strength has to be greater than 30 kV/mm (Haertling and Buchanan, 1991).

Pugu kaolin, Same clay, vermiculite, and feldspar are locally available ceramic raw materials
which are in plentiful supply in Tanzania. The clay deposits have been reported in places like
Singino-Lindi, Pugu-Dar Es Salaam, Malangali-Iringa, and Matamba-Mbeya, Same-
Kilimanjaro, Arusha and Mwanza (Lobitzer, 1982; Schwaighofer and Muller, 1987). The
location, physical and chemical properties have been reported in the literature (Ekosse, 2010;
Hamisi et al., 2014; Njau and Park, 2015; Schwaighofer and Muller, 1987; Wiik and
Akwilapo, 2003) as well as their suitability as raw materials for the production of useful
ceramic tiles (Akwilapo and Wiik, 2003; Hamisi et al., 2014; Kimambo, 2014; Lugwisha,
2006) on the other hand, less is reported for their use for the production of electrical
insulators (Moyo and Park, 2014). Despite the availability of local ceramic materials which
are in plentiful supply in the country. Tanzania is only manufacturing low voltage insulators
at Kilimanjaro Industrial Development Trust (KIDT). Therefore, the work intended to come

up and establish high voltage porcelain insulators data so as to enable their immediate
1



production in Tanzania. However, the aim of this study is to evaluate the effect of
composition and firing temperature on the dielectric and mechanical strength of the porcelain

samples.

1.2 Statement of the Research Problem

Regardless of the availability of potential ceramic raw materials in Tanzania for production
of high voltage porcelain insulator, the country still manufactures only low voltage ceramic
insulators at Kilimanjaro Industrial Development Trust (KIDT) which are restricted to the
low voltage power transmission. As a result, the growing demand for high voltage porcelain
insulators in Tanzania is potentially enormous for power transmission and distribution.
Consequently, to meet the demand, the country expends much in foreign exchange in
importing high voltage porcelain insulators from abroad. While there is plentiful supply of
local ceramic raw materials, which can be developed to meet our local needs and reduce cost

and overdependence on porcelain insulators imported from abroad.

Since the need for high voltage porcelain insulator is huge in Tanzania. The most desirable
electrical properties for high voltage ceramic insulators are the dielectric and mechanical
strength (Islam et al., 2004). Ohya et al. (1999) reported that a high voltage porcelain
insulator should have excellent dielectric and mechanical strength such as tensile strength. To
achieve the desired porcelain insulator properties proper sintering of the porcelain body and
suitable selection of raw materials composition is required. Since Tanzania local ceramics
materials can be employed for electrical insulation application. Therefore, there was a need to
evaluate our own clay resources and establish their potential for production of high voltage
porcelain insulators. Therefore, the work intended to establish high voltage porcelain
insulators data made from locally sourced-ceramic raw materials so as to enable their
immediate production in Tanzania. On the other hand, the effect of composition and firing
temperature on the dielectric and mechanical strength of the porcelain samples fabricated was

also the focus of this study.

1.3 Rationale

The study intended to evaluate the potential of the available ceramic raw materials for
production of high voltage porcelain insulators. This is due to the fact that, regardless of the
availability of the essential ceramic raw materials for production of high voltage porcelain

insulator. Tanzania is still manufacturing only low voltage ceramic insulators at Kilimanjaro
2



Industrial Development Trust (KIDT) which are restricted to the low voltage power

transmission. As a result, the growing demand for high voltage porcelain insulators for power

transmission and distribution in Tanzania is potentially enormous. Consequently, Tanzania

expends a lot of foreign exchange in importing porcelains insulators while a lot of clay

deposits are available in the country which can be developed to meet our local needs.

1.4 Objectives

1.4.1 General Objective

The general objective of the study was to evaluate the dielectric and mechanical strength of

high voltage porcelain insulator made from Tanzania local ceramic raw materials.

1.4.2 Specific Objectives

(i)

(i)

(iii)

To determine the chemical composition of Pugu kaolin, Same clay, feldspar, and
vermiculite.

To design formulation and fabricating the porcelain green samples by semi-dry
pressing method.

To investigate the effect composition and firing parameters (firing temperature,
ramp rate and soaking time) on the dielectric and mechanical strength of the

prepared porcelain samples.

1.5 Research Questions

(i)

(i)

(iii)

What are the chemical compositions of Pugu Kaolin, Same clay, vermiculite, and
feldspar?

What porcelain green body formulation gave the best requisite properties for high
voltage porcelain insulators?

What is the effect of composition and firing parameters (temperature, ramp rate
and soaking time) on the dielectric and mechanical strength of the prepared

porcelain samples?



1.6 Significance of the Study

The study provided high voltage porcelain insulators data made from locally sourced-ceramic
raw materials which are available in Tanzania. The data will facilitate the immediate
production of high voltage ceramic insulators in the country for adequate provision at an
affordable price and reduce overdependence on porcelain insulators imported from abroad
which are more expensive. The work will promote the creation of jobs due to immediate
commercial interest in the porcelain insulators industry development in Tanzania as well as
shedding light on the suitability of using Tanzanian Pugu kaolin, Same clay, feldspar, and

vermiculite as raw materials for the production of high voltage porcelain insulators.



CHAPTER TWO

LITERATURE REVIEW

2.1 Porcelain Insulators

Porcelains are vitrified ceramic white wares which are used widely in household, laboratory
and industrial applications (Olupot, 2006). Porcelain body is achieved by heating clay raw
materials in the furnace between firing temperature range 1200 to 1400°C (Oladiji et al.,
2010). The porcelain toughness, strength, and translucence are due to the development of
glass and the mullite phase within the fired porcelain body. However, the sintering behavior
of porcelain body tends to exhibit densification between firing temperature range 1200-
1250°C and development of pores above 1250°C (Olupot, 2006). Therefore, porcelain
products are designated as electrical, chemical, mechanical, structural and thermal wares
application (Olupot, 2006).

Insulators are devices which inhibit the flow of current in the electrical circuits when inserted
as an electrical barrier between transmission conductors (Islam et al., 2004). Porcelain
insulators maintain the reliability of power transmission system due to their high stability in
terms of electrical, mechanical and thermal properties (Okolo et al., 2014). These are the
reasons for their continued use over the centuries despite the emergence of new materials like
plastics and composites. During high voltage transmission porcelain insulators withstand
electrical stress due to working voltage and lightning which may cause flashover of insulators
under harsh environmental conditions (Moulson and Herbert, 2003). Porcelain insulators
form a large base of the commonly used insulators for both low and high tension insulation
application (Anih, 2005).

For the electrical insulation application, the most required properties of the porcelain
insulator are the dielectric and mechanical strength (Islam et al., 2004). Dielectric strength
measures the ability of an insulator to withstand large electric field strength without failure
which has to be greater than 30 kV/mm for high-tension electrical insulation (Buchanan,
2004). According to Ohya et al. (1999) a high voltage porcelain insulator should have
excellent properties such as dielectric breakdown strength and mechanical strength such as
tensile strength. It should have the following chemical composition by weight 35 to 75%
SiOz and 15 to 55% Al.Oz. It should have approximately 1.5% of Na2O, 7% of K>0, 7% of
BaO and less than 3% of MgO and 3% of CaO. The total amount of the last five components

5



should be in the range of 4 to 11 % by weight, however, the amount of Na,O and KO should
not be more than 7% by weight (Ohya et al., 1999).

2.2 Ceramic Raw Materials

Clay, feldspar, and quartz are the potential raw materials for the production of porcelain
insulators. The properties of porcelain insulators are influenced by variations in the
composition of the raw materials, the method of production, and the firing temperature
adopted (Olupot, 2006). The raw materials play specific roles in influencing the properties
and performance of the final products. Clay provides plasticity and is a source of alumina
which together with quartz and alkaline fluxing elements forms mullite and glassy phase
during the firing process. Both phases contribute to the improvement of the mechanical and
dielectric strength of a porcelain insulator. Feldspar promotes vitrification and densification
of the porcelain sample at the end of the firing process. Quartz tends to maintain a porcelain
structure as well as regulating the ratio between SiO2 and Al;Os3 to form mullite
(3Al203:2Si02). Therefore the composition of the raw materials and the firing temperature
influence the physical-chemical properties of the resulting ceramics due to series of

transformation which occur within the sintered body (Braganca and Bergmann, 2003).

Vermiculite refers to a group of hydromicas species in which the process of hydration or
weathering is completed. Vermiculite is readily available and is found in Kalalani village in
Korogwe Tanga and Nyang’wambe village in Mikese Morogoro in Tanzania. Vermiculite
melts at 1350°C and has an optimum sintering temperature of 1260°C which make it an ideal
insulating material. Vermiculite’s low density, good thermal and insulation properties as well
as chemically inert and fire resistance makes it attractive for use as lightweight aggregate and
filler for heat insulation applications (Sutcu, 2015). However, there is a very limited
information on the usage of vermiculite on ceramic production (Kornmann, 2007; Valaskova
and Studentova, 2009).

Pugu kaolin, Same clay, vermiculite, and feldspar are locally available ceramic materials
which are in plentiful supply in Tanzania. Information about their location has been reported
in the literature in places like Singino-Lindi, Pugu-Dar Es Salaam, Malangali-Iringa, and
Matamba-Mbeya, Same-Kilimanjaro, Arusha and Mwanza (Lobitzer, 1982; Schwaighofer
and Muller, 1987). The physical and chemical properties of Pugu kaolin, Same clay, and

feldspar which are locally available in Tanzania have been reported in the literature (Ekosse,
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2010; Hamisi et al., 2014; Lobitzer, 1982; Moyo and Park, 2014; Schwaighofer and Muller,
1987; Wiik and Akwilapo, 2003). Their suitability as raw materials for the production of
useful ceramic tiles has been reported (Akwilapo and Wiik, 2003; Hamisi et al., 2014;
Kimambo, 2014; Lugwisha, 2006) however, less is reported for their use in electrical
insulation application (Moyo and Park, 2014). Therefore, the work intended to evaluate these
locally available ceramic materials for high voltage porcelain insulators production.
Nevertheless, the effect of their composition and firing temperature on the dielectric and

mechanical strength of the porcelain samples was also the focus of study.

2.3 Strength Consideration

Higher strength porcelain insulator is a need for power industry as far as transmission lines
and power distribution industry is concerned (Morita and Nozaki, 1997; Sedghi and Noori,
2012). However, it becomes challenging when the porcelain insulator fails to withstand high
voltage stress (Jawale and Majhi, 2016). Hence porcelain insulator’s strength interest for
power transmission and distribution and the wide research on the porcelain materials have
resulted in three major hypotheses describing the strength of porcelains materials. These
hypotheses were described by Carty and Senapati (1998) as the mullite hypothesis, the matrix

reinforcement hypothesis, and the dispersion strengthening hypothesis.

The mullite hypothesis suggests that porcelain strength depends on the 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 (Palatzky and Werner, 1958; Zoellner, 1908).
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 (Carty and Senapati, 1998).

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. This phenomenon is known as the pre-

stressing effect (Hamano and Hasegawa, 1991; Tomizaki and Sugiyama, 1995).

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 (Hasselman and Fulrath, 1966).
7



The above hypotheses are supported by the works of Maity and Sarkar (1996), Stathis et al.
(2004), Islam et al. (2004) and Carty and Senapati (1998) who reported that the typical
strength controlling factors in multiphase polycrystalline ceramics are thermal 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) reported that high mullite and quartz content with low glassy phase and
absence of microcracks may give the best mechanical properties. However, high amount of
SiO2 may result to a high amount of glassy phase which is detrimental to the development of
high mechanical strength. Both dielectric and mechanical properties of ceramic wares are
affected by mullite and glassy phases which develop during the sintering process.
Nevertheless, high amount of glassy phase may influence the free movement of ions which
may result in poor insulation properties of an insulator (Islam et al., 2004).

Stathis et al. (2004) reported that bending strength is affected by quartz grain size due to the
development of vitreous phase and favorable microstructure. The author reported that both
phases are strongly dependent on the particle distribution of quartz. However, the optimum
quartz grain size between 5 to 20 um gave the maximum bending strength. The author
observed that the use of coarser grain sizes resulted in the reduction of bending strength due

to the development of a detrimental microstructure which affects the mechanical properties.

Olupot (2006) assessed the ceramic raw materials in Uganda for electrical porcelain
production. However, the effect of composition on porcelain bodies and the sintering
temperature between 1175 °C and 1375°C was evaluated. The author reported that electrical
porcelain body with composition 30% of Mutaka kaolin, 15% of Mukono ball clay, 30% of
Mutaka feldspar and 25% of Lido beach flint yields a body with the highest mechanical
strength of 72 MPa and dielectric strength of 19 kV/mm when fired at 1250°C. The porcelain
insulator’s mechanical and dielectric strength were found to decrease with the increase of the
firing temperature. The author observed the decrease of undissolved quartz and the increase
of glass content and development of pores at the high sintering temperature. However,
mullite content did not change at temperatures above 1200°C though significant changes in
mullite crystals morphologies in the sample were observed. Maximum vitrification and small
closely packed mullite needles microstructure gave the best mechanical and dielectric

strength of porcelain insulators.



Islam et al. (2004) studied the structure-property relationship in high-tension ceramic
insulator fired at high temperature. The bending and the dielectric strength were measured on
various samples fired at 1350°C. The authors reported that the bending strength and the
dielectric strength of ceramic insulator at 1350°C were found to be 757 kg/cm? and
28.36 kV/mm which are not good for high tension ceramic insulator. The author gave reasons
for low dielectric and mechanical strengths. The author reported that the bending and the
dielectric strength of the ceramic insulator were affected by the mullite phase and the quartz
particle. The undissolved quartz maintains ceramic structure and disconnects the conductivity
within the insulator whereas the mullite needles strengthen the insulator. However, the glassy
phase was observed to reduce the bending and dielectric strength of ceramic insulator when
its amount was quite high. The author reported that when the presence of glassy phase is high
in the structure facilitate free movement of Na*, K*, AI¥*, and Li* which increases the
conductivity. The presence of microcracks in the ceramic insulator affects the dielectric and

mechanical properties of ceramic insulator.

Oladiji et al. (2010) investigated the development and production of porcelain insulators
from locally sourced materials in Nigeria. By varying the composition of kaolin, ball clay,
feldspar, and quartz the physical-mechanical and electrical properties of the samples of
porcelain insulators were investigated to evaluate their suitability for mass production and
commercial viability. It was observed that the physical-mechanical and electrical properties
varied when there was the increase of kaolin content and reduction of feldspar. However, the
sample with composition of 33% Kaolin, 15% ball clay, 32% feldspar and 20% quartz was
found to possess the highest failing load of 8 kN, corresponding to water absorption (1.55%),
porosity (4.64%), bulk density (1.73 g/cm®), with appreciable insulation resistance of 6630
Mega ohms at injection of 5000 volts. The investigation had shown that high-quality
electrical porcelain insulators could be achieved from locally sourced materials. Nevertheless,
the author recommended that investigation of the internal structure of clay or porcelain
particles, before and after firing to determine their effect on the physical, thermal and

electrical properties of porcelain insulators should be done.

Moyo and Park (2014) characterized the ceramic raw materials from Tanzanian deposits in

order to investigate their potential as raw materials for the production of electrical insulators.

The increase of Pugu kaolin beyond 48% and reducing Kilimanjaro quartz content below 6%

led to the reduction of electrical insulation and bending strength. However, the composition
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of 48 % Pugu kaolin, 46% feldspar and 6% quartz gave the highest strength of 53.525 MPa
and the insulation resistance of 34 812 Mega ohms at injection of 1000 volts. The study
showed that high-quality electrical insulator may be achieved from Tanzania originated

ceramic materials.

Olupot (2006) reported that there are several modifications which have been done on the
triaxial porcelain system, which have proven to be successful such as the replacement of clay
with aluminous cement (Tai and Jinnai, 2002), substitution of feldspar with nepheline syenite
(Esposito et al., 2005), use of recycled glass powder to replace feldspar to reduce firing
temperature (Braganga and Bergmann, 2003) and use of fluxes such barium carbonate and

magnesium dioxide to increase electrical porcelain strength (Sedghi et al., 2012).

Sedghi et al. (2012) studied four fluxes, nepheline syenite, talc, manganese dioxide, and
barium carbonate used to produce porcelain insulators with 30% alumina and then their
electrical and mechanical properties were investigated. The author reported that adding 1%
barium carbonate, gave the maximum bulk density, bending strength and electrical strength
up to 2.7 g/cm?®, 1608 kg/cm? and 34 kV/mm. The increase of electrical porcelain strength
may be due to melting phase in the body during sintering process which promoted better
sintering, porosity removal and formation of suitable phases in the body such as including

mullite.

Jawale et al. (2016) studied the use of zirconium oxide as a doping agent to analyze bending
strength and electrical strength of the three samples at 1200°C. The author reported that
adding 10% of ZrO: in the composition of electrical porcelain gave the bending strength of
70 MPa and the dielectric strength of 35 kVV/cm. So bending and dielectric strength increased
by increasing zirconium oxide content due to tetragonal phase form of zirconium oxide which

is the best phase of having good strength.

On the basis of the above previous literature studies, the current study focused on the
evaluation of Pugu kaolin, Same clay, vermiculite and feldspar as the ceramic raw materials
for the production of high voltage porcelain insulators. However, the evaluation of the effect
of composition and firing temperature on the dielectric and mechanical strength of the

porcelain samples made from Tanzania ceramic raw materials was also the focus of the study.
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CHAPTER THREE
MATERIALS AND METHODOLOGY
3.1 Materials Collection

The study involved ceramic raw materials from Tanzanian deposits called Pugu kaolin from
Pugu Dar es Salaam, Same Clay from Same Kilimanjaro, and Vermiculite from Kalalani
Korogwe Tanga and Mikese at Nyang’wambe village in Morogoro region. Pugu Kaolin
sample was collected from the Pugu Hills, 35 km west of Dar es Salaam, Same Clay and
feldspar from Same, Kilimanjaro region in the northern zone of Tanzania, and Vermiculite

samples were collected from kalalani village south-east of Korogwe Tanga and in Mikese at

Nyang’wambe village in Morogoro region.

Vermiculite, Mikese Morogoro Same clay, Same-Kilimanjaro

Vermiculite, Kalalani Tanga Pugu kaolin, Pugu Dar- es Salaam

Figure 1: Pictures of raw materials collected
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Figure 2: Map of Tanzania showing location of ceramic raw materials studied.
3.2 Materials Preparation

Pugu kaolin (PK), Same clay (SC), Kalalani vermiculite (VK) and feldspar (F) were crushed
by using a WEDAG JAW GRANULATOR to reduce their sizes; afterward, they were milled by
using stainless steel ball mills for the duration of 3 hrs for each sample. The powder size of
the raw materials with less than 106 pum was achieved by using sieve shaker (Model RX-29-
10 digit) manufactured by W, styler Inc. in the United States of America and a sieve shaker
(Model AS200 digit) manufactured by Retsch Inc. Germany.

3.3 Determination of the Chemical Composition of Ceramic Raw Materials

The chemical composition of Pugu kaolin, Same clay, and vermiculite were done by using X-

Ray Fluorescence (XRF) PANalytical, Model: Minipal4 (PW4030)-Rh X-Ray Tube, 30 kV,
0.002 mA. The XRF results are presented in Table 4.
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3.4 Formulations of Ceramic Raw Materials

A formulation was achieved by varying the compositions of Pugu kaolin (PK), Same clay
(SC) and Kalalani vermiculite (VK) and feldspar (F) in order to achieve a good alumina-silica
ratio to influence mullite phase formation during sintering. During formulation, both samples
were measured by using electric beam balance at the Nelson Mandela African Institution of
Science and Technology Laboratory. Mullite is a very important phase in promoting the
mechanical and dielectric properties. The increase in mechanical strength seems to be
correlated with mullite content (Akwilapo and Wiik, 2003). The mullite hypothesis suggests
that porcelain strength depends on the interlocking of fine mullite needles. 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 (Usman, 2015).

Table 1: Samples of Interest

Sample Components of Concentration in Percentages

Interest (%)

PK SiO2 60.0
Al,O3 30.3

SC SiO2 60.4
Al,O3 13.9

VK SiO2 26.3
Al,03 13.0

F SiO2 57.1
Al>;03 14.0
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Table 2: Determination of Alumina Silica Ratio

Sample Al2O3 SiO; Al203:Si02

P1 19.1 47.8 1:2.5

P2 13.6 47.9 1:3.5

P3 17.8 50.95 1:2.7

P4 19.4 59.2 1:3.1

Table 3: Porcelain Bodies Formulations in Percentages Weight (%0)

Sample Pugu kaolin Same Clay vermiculite Feldspar
P1 30 0 30 40
P2 0 30 30 40
P3 20 20 20 40
P4 50 35 0 15

3.5 Fabrication and Drying of Porcelain Green Samples

Four (4) porcelain compositions were formulated by following the procedures in Fig. 3 and
varying the compositions of raw materials as shown in Table 4. The powder mixtures were
wetly homogenized in a laboratory milling jar for 30 mins to obtain the normal size
distribution. Afterwards, the powder mixtures were uniaxially compacted into the rectangular
shape, at 10 MPa. The molded rectangular specimens with dimensions 160 mm x 40 mm x 10
mm were seasoned at a room temperature for 5 days. This was done to remove water at a
slow rate enough to prevent shrinkage and cracks that could occur due to rapid drying. The
specimens were turned once per day while they dry to prevent warping. The four fabricated
rectangular ceramic green bodies were oven dried at the temperature of 110°C for 24 hrs with
the oven model: 10 AF-1 manufactured by Humboldt Inc, in the USA.
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Figure 3: Flow diagram for the production of porcelain samples.

3.6 Sintering of the Dried Porcelain Green Samples

Sintering was done by Carbolite box furnace Model: RHF 14/8 manufactured by Keison
products Inc, UK. The dried rectangular ceramic samples were sintered at 1200 to 1300°C for
1.5 hrs at the ramp rate of 10°C/min in each firing. After firing the sintered porcelain samples
were left to cool at room temperature. Each of the porcelain samples was subjected to
physical-mechanical properties and dielectric strength analysis. Sintering is a process of
consolidation of particles under the temperatures below the melting point (Kitouni and
Harabi, 2011). It involves the removal of the pores between starting particles accompanied by
shrinkage of the ceramic material and compaction of powder at elevated temperature
(Callister and Rethwisch, 2012; Reed, 1995). When processing ceramic products, sintering
of the ceramic material is considered to be an important stage to adjust several desired

properties of the final product and occurs in general through the liquid-phase formation, thus
15



the presence of components such as low-melting clays is very important (Alcantara et al.,
2008). During sintering, changes occur in the microstructure because of decomposition or
phase transformations. Three major changes commonly occur during sintering. The sintering
behavior of the fired samples was evaluated by using the vitrification curves, which present
the variation in properties of a ceramic as a function of firing temperature for otherwise
identical firing schedules in terms of heating rates, cooling rates and holding times at peak
temperatures (Kitouni and Harabi, 2011). Vitrification curves allow establishing the optimum
firing temperature and the firing range at which the open porosity reaches a minimum, which

usually corresponds to higher values of mechanical strength (Kasrani et al., 2016).

(a) Porcelain sample sintered at (b) Porcelain sample sintered at  (c) Porcelain sample sintered
1200°C. 1250°C. at 1300°C.

Figure 4: Showing porcelain samples sintered at the different temperature.

Porcelain sample in (a) shows minimum vitrification, densification and considerable amounts
of cracks while in (b) shows maximum vitrification and densification at 1250°C as a result of
consolidation of particles and melting of feldspar (c) shows bloating effect caused by

development and expansion of closed pores in the porcelain sample at 1300°C.

3.7 Testing of Physical Properties of Porcelain Samples

Water absorption, porosity and bulk density was performed on ceramic samples fired at 1200
to 1250°C using Archimedes method in accordance with (ASTM, 1999).

3.7.1 Water Absorption

The dry weight (Wq) of the sintered porcelain samples was taken before the samples were
boiled in distilled water for 5 hrs. The samples were then removed and the new weight after
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boiling (Ws) was recorded. The water Absorption (A) was calculated by the expression given
below (ASTM, 1999).

4 =W b0 (1)
— Wd 0 eow snn son wew wew wew mer san sew wew wemwow wew

3.7.2 Apparent Porosity

The dry weights (Wq) of the sintered porcelain samples were taken before the samples were
boiled in distilled water for 5 hrs. The porcelain samples weight after boiling (Ws) was
measured. The porcelain samples were then suspended in water using beaker placed on a
balance. The suspended weights (Wsp) were then measured. The expression for apparent
porosity is given by the equation (ASTM, 1999).

Ws — Wd

Apparent Porosity = WXHIIJ% S )
s — Wsp

3.7.3 Bulk Density

The dry weights (Wq) of the sintered porcelain samples were taken before been boiled in
distilled water for 5 hrs. The porcelain samples weight after been boiled (Ws) were recorded.
The porcelain samples were then suspended in water using a thin thread in a beaker placed in
a balance. The suspended weight (Wsp) for each porcelain sample was measured. The bulk

density, B (g/cm?), of the specimen, was calculated from the equation (ASTM, 1999).

wd
B= —— X Density of Water ...... .......(3)
Ws — Wsp

3.8 Mechanical Properties Testing

3.8.1 Linear Shrinkage

The length before firing at this stage was taken as dry length (Lg). The samples were then

fired to 1200 to 1250°C for 1.5 hours. The samples were cooled to room temperature and the
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fired length (Lf) was recorded. Then the linear shrinkage was calculated from the equation

below and expressed as a percent according (ASTM, 1988).

Ld —Lf
Linear Shrinkage = Td X1009% cecer ver er e e e ()

3.8.2 Bending and Compressive Strength Measurement

Bending and compressive strengths were measured at Twiga Cement Company Limited in
Dar es Salaam, Tanzania by compressive strength tester (Model MEGA 10-200-10 DS)
manufactured by Prufsyteme Inc. in Germany, 2001. The bending and compressive strength
testers were calibrated by Tanzania Bureau of Standards (TBS). Bending strength results
were obtained by a three-point testing. The load was applied uniaxially on porcelain
rectangular samples until failure occurred. Then the rectangular porcelain samples were
placed on a compressive tester and load was applied uniaxially by turning the hand wheel
until failure occurred. The manometer readings for bending and compressive strength were

recorded in MPa.

3.9 Dielectric Strength Measurement

The dielectric strength test was done at Tanzania Electric Supply company limited
(TANESCO), head office in Dar es Salaam. The dielectric strength test was done by DC high
voltage tester (Model Megger 220163-47) manufactured by Biddle Instruments Incorporation
in the USA having a maximum output voltage of 160 kV. The dielectric tester is calibrated
by Mark L from Biddle Instruments Incorporation in the USA. During dielectric strength
measurement, the voltage was applied to the sintered porcelain sample using two electrodes
at the rate of rising of 1 kilovolt per second until a cracking sound was heard from the
porcelain sample. The reading for each test porcelain sample was recorded in k\V/mm.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Characterization of the Ceramic Raw Materials

The XRF results revealed that all raw materials have the higher content of silica than alumina
in their composition as it appears in Table 4. Same clay and feldspar have considerable higher
content of alkaline oxide, K>O than other deposits. The alkaline oxide (K20 and Na2O) from
Same clay and feldspar promote liquid phase formation during firing process. The alkaline
oxides (K20 and Na2O) contribute to vitrification and densification at higher temperatures
due to the formation of a liquid phase. The alkaline oxides (K20 and Na;O) play a significant
role towards vitrification, phase transformation and mullite grain growth in the porcelain
body as reported in the works of the authors (Chaudhuri, 1974; Das and Dana, 2003), where
the presence of feldspar and alumina-silica mixture was observed to enhance porcelain
properties. Vermiculite has the higher content of hematite by 38.24% compared to feldspar
with 8.08% and Pugu kaolin with 3.95%. The amount of TiO, was found to be 3.79% in
feldspar and 3.04% in vermiculite. The literature reports that small amount of coloring oxides
such as Fe>Oz less than 0.9% may be accepted for porcelain wares production (Acchar and
Dultra, 2015) . However, a considerable high amount of TiO2 and Fe;Os in vermiculite and
feldspar may not be accepted as they impart yellowish and reddish color in porcelain wares.
A high percentage of Fe2Os in vermiculite may rule out its application in the production of
porcelain wares due to decrease and change in the composition of glassy phase caused by the
formation of FeOa4 unless the clay is beneficiated.

The results of the chemical composition analysis from the current study are close to those of
previous studies as reported in the literature of Akwilapo and Wiik (2003), Kimambo (2014),
Hamisi et al. (2014) and Moyo and Park (2014) that high fraction of silica and alumina were
observed . However, there is slight variation in the chemical composition of the materials
presented in the current and previous studies. This might be due to geological net-transfer
reactions, chemical weathering, and transportation history of the ceramic materials under

study which make the chemical composition of the deposits to vary from time to time.
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Table 4: Chemical Composition of the Raw Materials in percentage (%o)

Sample SiO. AlLO3; TiO; Cr:03 Fe:03 MnO MgO CaO Na,0O K0 LOI Total

VK 26.3 130 3.04 0.20 3824 019 290 485 006 585 537 100
F 57.1 140 3.79 0922 8.08 032 001 10 020 12.09 2488 100
PK 60.0 30.3 0.14 0.097 3.95 0.021 000 039 000 214 2962 100
SC 60.4 139 1.22 0.00 1.40 0.00 000 0.00 004 226 044 100

4.2 Mineralogical Composition and Phase Analysis of the Raw Materials

The mineralogical composition and phase analysis for each ceramic raw material was done
using X-ray diffractometer Model: Bruker D2 PHASER-40 kV/44 mA. The X-ray diffraction
patterns of the raw materials sintered at 1200°C are presented in Fig. 5. Pugu kaolin sample
was found to contain clay mineral kaolinite (Al2Si2Os (OH)4) and non- clay mineral quartz
(SiO2). Same clay was found to contain kaolinite and quartz whereas feldspar was found to
contain and tridymite whereas expanded vermiculite contained pure crystalline vermiculite
which does not contain a hydrated phase. The XRD results show that phase compositions of
Pugu kaolin and Same clay have kaolinite which was a source of alumina (Al2O3) during

sintering of the porcelain samples.

Alumina supplied by the kaolinite forms alumina-silicate compound at the end of the
sintering process as mullite phase (3Al203:2Si02) which increases the mechanical strength
(Acchar and Dultra, 2015) . The raw materials were found to have quartz and tridymite, the
source of silica (SiO2) which maintains a porcelain structure during sintering. It is evident
that alumina (Al2Oz), silica (SiO2) and fluxing agents (K:O and Na2O) supplied by raw
materials form glassy and mullite phase at the firing temperature of 1200 to 1250°C.The
glassy and mullite phase [(K, Na) 20-Al>03-SiO2)] promote maximum vitrification and
densification which improve the mechanical and dielectric properties of porcelain samples

under study as it shown in Fig. 6.
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Figure 5: X-ray diffractograms of (a) Pugu kaolin (b) Same clay (c) feldspar and (d)
vermiculite.
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Figure 6: X-ray diffractogram of Porcelain sample fired at 1250°C

4.3 Surface Morphology Analysis of the Porcelain Samples

The examination of the surface morphology was done by Scanning Electron Microscope
(SEM) Model: JEOL JSM-6335F having a resolution of 10 um at 2 kV. Figure 7, evidences
the progressive change in the densification on the surface of porcelain samples after the
sintering process was completed. The SEM micrographs 7a) and 7b) show densification of
the porcelain sample P-1 and P-2 sintered at 1200°C. The SEM micrographs 7¢) and 7d)
show the progressive change in densification on the surface of porcelain sample P-3 at the
sintering temperature range 1200°C to 1250°C. The sintering process reduced the pores and

promoted high dielectric and mechanical properties of the porcelain samples.
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©

Figure 7: SEM micrographs showing densification of a porcelain samples

4.4 Characterization of the Porcelain Samples
4.4.1 Physical Properties Analysis

The results for physical properties of porcelain samples are shown in Fig. 8. Water absorption
and apparent porosity values were observed to decrease and bulk density to increase in
porcelain samples P-1 and P-3 compared to their counterparts P-2 and P-4. This might be due
to an increase of the firing temperature and high concentration of feldspar which promoted
the formation of the liquid phase. The liquid phase formed during sintering fills the pores thus
blocking the open porosity, decreases water absorption and increase the bulk density due to
maximum vitrification range and densification of porcelain samples at 1250°C. The trend was
reported in the works Akwilapo and Wiik (2003), Kimambo (2014) and Matthew and Fatile
(2014). Both authors reported that increase of firing temperature and high percentages of
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feldspar results to enough liquid phase or maximum vitrification which fills the open
porosity, decrease water absorption and increases bulk density. However, lower feldspar
content influences low liquid phase which results in high porosity increases water absorption
and lowers bulk density due to low glassy phase. The porcelain samples P-1 and P-3 possess
the lowest absorption values of about 0.31% to 0.38%, which are within Standard
requirements for electrical porcelain insulators as International Standard Organization
recommends water absorption to be less than 0.5%. However the bulk densities result for
porcelain samples P-1, P-2 and P-4 are within established standards for porcelain body (1.71
to 2.1 g/lcm® (Lugwisha, 2011). Yet the bulk density of porcelain sample P-2 is low
regardless of having high percentages of feldspar. This might be caused by bloating effect
which influences the development of pores within a porcelain sample structure which
influenced low densification of the sample. The variation of water absorption, apparent
porosity and bulk densities from the current study might have been caused by the method of

production, chemical and mineralogical properties of the raw materials involved.

® Water absorption(%) at
) 1200°C

8 B Water absorption(%o) at
1250°C

= Apparent porosity(%) at
1200°C

® Apparent porosity(%o) at
1250°C

B Bulk density (g/cny’) at
1200°C

P1 P2 P3 P4 ® Bulk density (g/cny’) at
1250°C

-2

0 -

Porcelain Samples

Figure 8: Effect of composition and firing temperature on water absorption, apparent porosity
and bulk density of porcelain samples.
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4.5 Mechanical Properties Analysis of Porcelain Samples
4.5.1 Linear Shrinkage Analysis

Figure 9, shows the changes in linear shrinkage when the electrical porcelain samples were
fired at the temperature of 1200 to 1250°C. Linear shrinkage was observed to be increasing
during firing temperature at 1250°C for porcelain samples P-3 and P-4. The trend might have
been attributed to the high concentration of feldspar and firing temperature which promoted
maximum vitrification and densification which trampled the porcelain samples to influence
maximum linear shrinkage. Matthew and Fatile (2014) reported that feldspar plays the role of
a fluxing agent in porcelain body thereby help to increase vitrification and shrinkage.
Optimum vitrification is achieved in porcelain when there is maximum linear shrinkage
(Mérquez and Romero, 2008). The low linear shrinkage indicates the low vitrification range
and densification achieved in porcelain structure. The samples with low shrinkage values are
established to be accompanied by high strength comparing to those with high values of
shrinkage. Higher shrinkage values may result in cracking of the porcelain structure which
may cause the decrease in strength of the porcelain body.
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Figure 9: Effect of firing temperature on linear shrinkage on porcelain samples.
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4.5.2 Bending and Compressive Strength Analysis

The results for bending and compressive strength are shown in Fig. 10. The porcelain
samples P-1 and P-3 exhibited higher values than their counterparts P-2 and P-4. The trend
may be due to high firing temperature and concentration of feldspar which promoted
maximum vitrification and densification which trampled the porcelain samples to increase
their strengths in absence of microcracks. Feldspar melts at a relatively low temperature
which forms a molten phase which fills the pores and decreases the porosity. The increase of
densification improves the bending and compressive strength of porcelain samples. However,
porcelain samples P-2 and P-4 have low values for bending and compressive strength due to
low feldspar content which inhibited maximum vitrification and densification of porcelain
samples. The trend was reported in the works of Norris and Thorpe (1979), Akwilapo and
Wiik (2003), Kimambo (2014) and Matthew and Fatile (2014). The authors reported that
mechanical strength increased with the increase of firing temperature and high feldspar
content in porcelain samples. High feldspar content influences formation of the liquid phase
which fills the pores and eventually decreases porosity and increases mechanical strength.
Theoretically, a maximum mechanical strength may be obtained when the apparent porosity
decreased to zero (Kitouni and Harabi, 2011). The porcelain samples P-1 and P-3 possess the
highest mechanical strength which is close to the Standard requirements for electrical

porcelain of 35 N/mm? as recommended by International Standards of Organization (I1SO).
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Figure 10: Effect of composition and firing temperature on the mechanical strength of
porcelain samples.

4.6 Dielectric Strength Analysis

Figure 11, presents the results for dielectric strengths of porcelain samples at different firing
temperature. The study shows that the best value for dielectric strength is exhibited by P-3.
However, porcelain samples P-1, P-2 and P-3 have exceeded the dielectric strength value of
30 kV/mm for high tension electrical insulation. This might have been caused by maximum
vitrification and densification achieved by the porcelain samples at the end of firing process.
The liquid phase formed during sintering promoted proper filling of the pores and increased
densification which has influenced the high dielectric strength of porcelain sample P-1, P-2,
and P-3. However, their counterpart sample P-4 has low dielectric strength due to low
vitrification exhibited by it. Low vitrification failed to suppress and reduce closed porosity
after firing which caused low densification and later low dielectric strength due to low
percentages of feldspar content. This was reported in the work of Okolo et al. (2014) that a
porcelain insulators with 30% amount of feldspar gave the optimal dielectric strength while
that with 15% of the amount of feldspar gave low dielectric strength. Low concentration of
feldspar results in poor vitrification leading to cracking and disintegration of the porcelain

product after firing. Olupot (2006) studied the effect of composition on porcelain bodies and
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the sintering temperature between 1175 °C and 1375 °C. The composition was very similar to
the basic porcelain composition. The author found that a mixture consisting of 30% Mutaka
kaolin, 15% Mukono ball clay, 30% Mutaka feldspar and 25% Lido beach flint yields a body
with the highest dielectric strength of 19 kV/mm at 1250°C. Firing beyond 1250°C resulted
in progressive deterioration of the properties of the samples due to less content of glassy
phase. However, the current study has given the highest dielectric strength compared to

previous studies.
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Figure 11: Effect of composition and firing temperature on the dielectric strength of porcelain
samples.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Results from characterization studies show that the ceramic raw materials, Pugu kaolin and
Same clay have the higher content of silica and alumina in their composition. Same clay and
feldspar have considerable higher content of alkaline oxide K>O than other deposits which
promotes vitrification of a porcelain sample. However, vermiculite has a higher content of
hematite (Fe2Os) compared to other deposits under study. Its use for the production of
porcelain insulators may be ruled out unless the mineral clay is beneficiated. This is due to
the reason that high concentration of hematite reduces glassy phase content at high firing

temperature which may affect the dielectric properties of the porcelain body.

The X-ray diffraction patterns of Pugu kaolin and Same clay showed strong kaolinite which
is a source of alumina (Al2O3). The raw materials except vermiculite were found to contain
quartz and tridymite which are the source of silicon dioxide (SiO2). Both alumina and silica
form alumina-silicate compound known as mullite and glassy phase (3Al.03-2Si02) during
sintering process which contributes to the increase of the mechanical and dielectric strength

of the porcelain samples.

The results from the characterization of the porcelain samples presented in this work show
that Tanzania ceramic raw materials are potential for production of high voltage porcelain
insulators. It has been found that the porcelain sample (P-3) with composition 20 wt% of
Pugu kaolin, 20 wt% of Same clay, 20 wt% of vermiculite and 40 wt% of feldspar gave the
dielectric strength of 61.3 kV/mm, bending strength of 30.54 MPa and water absorption of
0.36% at 1250°C. The examination of the surface morphology was done by Scanning
Electron Microscope (SEM) evidenced the progressive change in densification on the surface

of porcelain samples after the sintering process was completed at 1250°C.

It is therefore, concluded that porcelain sample P-3 has the main requisite properties for the
production of high voltage porcelain insulators provided the above-discussed composition
specifications and recommendations are followed. The porcelain sample P-3 sintered at
1250°C is highly recommended than its counterparts due to low water absorption and high

dielectric strength which are within standards requirements for high voltage porcelain
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insulators. If a porcelain insulator is manufactured with high degree of porosity and water
absorption rate. It will certainly absorb moisture and its insulation will decrease and leakage
current will start to flow through the insulator which may result in catastrophic failure of an
insulator in use. The dielectric strength of 61.3 kV/mm may be used for the manufacture of
11 kV and 33 kV power transmission and distribution porcelain bushings. This is to ensure
that the working high voltage porcelain insulator withstands electrical stress which may result
due to working voltage, lightning and temporary over-voltages that may result to flashover of

insulators under abnormal environmental conditions.

5.2 Recommendations

There are factors to be taken into consideration in order to achieve the best high voltage
porcelain insulators with low water absorption and high dielectric and mechanical strength.
This includes proper selection of the raw materials, the firing temperature, and ramp rate, and
the method of fabrication of porcelain samples. However, this dissertation focused on the
evaluation of the dielectric and mechanical strength of the high voltage porcelain insulators
made from Tanzania ceramic raw materials by varying the composition of the raw materials

and the firing temperature.

From this study, the following are the recommendations;

(i)  Fabrication method and the mechanism of strengthening of porcelains by glazing.

(i)  Determination of the optimum conditions of glazing in terms of the thickness of
glaze, and firing temperature schedule for optimum mechanical properties.

(ili)  Effects of fluxes on the dielectric and mechanical strength of the alumina silicate
porcelain insulators

(iv) Investigation of the internal structure of the porcelain samples before and after
firing to determine its effect on the physical, thermal and electrical properties of

porcelain insulators.
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Abstract

The study has investigated the effect of firing temperature during the production of technical
triaxial electrical porcelain, for electrical insulation applications using Tanzania locally sourced
ceramic raw materials. The green triaxial porcelain samples containing 50 wt% of Pugu kaolin,
35 wt% of Same clay and 15 wt% of feldspar were produced and fired at 1200°C-1300°C with
a heating rate of 10°C/min (dwell time of 1.5h) and cooled at 10°C/min to a room temperature.
X-ray diffraction technique was used to investigate phases developed in the triaxial electrical
porcelain after firing process. The main crystalline phases revealed were mullite and quartz. The
technological properties of the triaxial electrical porcelain such as water absorption, apparent
porosity, bulk density, bending and dielectric strength were determined for each porcelain sample
fired at high temperature. The optimum physical-mechanical and electrical properties were found
at 1250°C. However, the triaxial electrical porcelain properties were found to decrease with the
increase in firing temperature.

Keywords: Firing temperature, triaxial electrical porcelain, physical-mechanical and dielectric
properties

Kulcsszavak: Egetési homérséklet, triaxialis szigeteld porcelan, fiziko-kémiai és dielektromos

jellemzok

1. Introduction

Triaxial electrical porcelain is composed of clay, feldspar which
arelocally sourced ceramic raw materials and other filler materials
such as quartz and alumina. The raw materials play specific
roles in influencing the properties and performance of the final
products. Clay [ALSi,O, (OH),] provides plasticity, quartz (SiO,)
maintains the shape of the porcelain structure during firing, and
feldspar [KxNal-x (AlSi,) O,] promotes vitrification. The three
ceramic raw materials place electrical porcelain in the phase
system [(K, Na),0-Al,0,-5i0,)] in terms of oxide hence referred
as triaxial porcelain [1, 2]. Traditional ceramic raw materials are
the potential candidate materials for the production of triaxial
electrical porcelains. The use of traditional ceramics as raw
materials instead of industrial chemicals is highly preferred due
to the lower price of the raw materials [3].

The properties of triaxial electrical porcelain are contributed
to the variations in the composition of the raw materials, the
method of production, and the firing temperature adopted
[1]. The sintered triaxial porcelain product contains mullite
(AlSi,0 ) and undissolved quartz (SiO,) crystals embedded
in glassy phase which result from the liquid phase formed by
the melting of feldspar in the raw materials [4].

Therefore the desired properties of triaxial electrical
porcelains are achieved particularly during the firing process
since the technological properties of clay-based ceramics
products depend on firing conditions such as temperature
[5, 6]. However, other technological properties which are
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evaluated to determine the performance of the ceramic product
after firing are water absorption, firing shrinkage and bending
strength [6]. During the firing process, the triaxial porcelain
body undergoes several phase transitions, during which both
composition and structure change significantly which influence
triaxial porcelain properties at the end of the firing process
[5]. Hence, the properties of the triaxial porcelain are mainly
influenced by sufficient development of mullite during firing
process since the development of mullite in the porcelain is
highly associated with firing temperature of the porcelain which
should not be below 1150 to 1200 °C for the mullite forming
processes to be completed [5, 7]. Therefore, the development of
the physical-mechanical and dielectric properties of porcelain
are contributed by each phase developed during firing which
depends on the concentration and microstructural attributes
which are influenced by temperature and the chemical
composition of the raw materials which is an important factor
because of its effects on porcelain properties [8-11]. Since the
effect of firing temperature on the electrical porcelain properties
made from Tanzania locally sourced ceramic raw materials
is not reported. Therefore, the work intends to evaluate the
effect of firing temperature on the triaxial electrical porcelains
made from Tanzania locally sourced ceramic raw materials.
However, the study focuses also on the phase changes, surface
morphology development as well as the physical-mechanical
and dielectric properties of the triaxial electrical porcelain
sample due to change in firing temperature.
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Fig. 1. X-ray diffraction patterns of Pugu kaolin, Same clay and feldspar [16]
1. dbra  Pugu kaolin, Same agyag és foldpat rontgendiffraktogramjai [16]

2. Experimental procedures

Pugu Kaolin was collected from the Pugu hills, 35 km west of
Dar es Salaam, Same clay and feldspar from Same, Kilimanjaro
region in the northern zone of Tanzania. The ceramic raw
materials were crushed and ball milled to reduce their size.
The particle size less than106 pm was achieved by using sieve
shaker Model RX-29-10 digit. The chemical composition of
the raw materials was analyzed by using X-Ray Fluorescence
(XRF) PANalytical, Model: Minipal4 (PW4030)-Rh X-Ray
Tube, 30kV, 0.002mA and the results are presented in Table 1.
The examination of the surface morphology of the porcelain
sample was carried out by Scanning Electron Microscope
(SEM) Model: JEOL JSM-6335F having a resolution of 10um
at 2kV. The crystalline phase analysis of the porcelain insulator
was analyzed by X-ray diffractometer Model: Bruker D2-
PHASER-40Kv/44mA. Six triaxial porcelain samples were
produced by varying the composition of the locally sourced
materials by 50%wt of Pugu kaolin, 35%wt of same clay and
15%wt of feldspar. The powder mixtures were uniaxially
compacted into rectangular shapes at 10 MPa. The porcelain
green body samples were seasoned at a room temperature for
5 days and they were oven dried at the temperature of 110 °C
for 24 hrs. The sintering of porcelain samples was done at 1200,
1250 and 1300 °C for 1.5 hrs at the ramp rate of 10 °C/min
in each firing process. The sintered porcelain bodies were left
to cool at 10 °C/min to room temperature and were subjected
to physical-mechanical properties and dielectric strength
analysis.

3. Results and discussion

3.1 Chemical composition of the raw materials

The chemical compositions of the raw materials in form of
their oxides are presented in Table 1. The study results reveal
that both clays have the higher content of silica and alumina.
However, feldspar and Pugu kaolin have a higher content
of Hematite (Fe,0,) compared to Same clay. The literature
reports that small amount of coloring oxides such as Fe,O,
and TiO, less than 0.9% may be accepted for porcelain wares
production [12]. However, a considerable high amount of
Fe,O, in Pugu kaolin and feldspar may not be accepted as
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they may impart yellowish and reddish color in porcelain
wares unless beneficiated. Feldspar has considerable higher
alkaline oxide K,O than Pugu kaolin and Same clay. During
the sintering process, the alkaline oxide K,O melts and
forms the liquid phase that contributes to densification at
higher temperatures due to the formation of the glassy phase.
Nevertheless, the quantities of the alkaline oxides depend on
the mineralogical nature of the clays and their reactivity during
melting of the clay minerals [13]. The alkaline oxides(K,0O
and Na,O) play a significant role towards vitrification,
phase transformation and mullite grain growth [14, 15].

sio, 60.0 60.4 571
ALO, 303 13.9 14.0
Fe,0, 3.95 1.40 3.08
MnO 0.021 0.00 0.32
ca0 0.39 0.00 1.0

Na,0 0.00 0.04 0.20
K,0 2.14 26 12.09

Table 1. Chemical composition of raw materials
1. tdbldzat Alapanyagok kémiai sszetétele

3.2 Mineralogical composition of the raw materials

The X-ray diffraction patterns of the ceramic raw materials
before and after firing are presented in Fig. I as reported by
[16]. The result shows phase compositions of both Pugu kaolin
and Same clay are kaolinite, however, Pugu kaolin showed the
development of crystalline phases of mullite and quartz at a
temperature of 1400 °C. In addition, Same clay was observed
to form cristobalite and sillimanite above 1200 °C. Feldspar
contains albite, and microcline, tridymite, and quartz. Since
the major components of interests are potassium feldspar
(K,0-ALO,06Si0,) sodium feldspar (Na,O- AL,O,/0:65i0,);
and lime feldspar (CaO-AlL,O,O-65i0,). However, the results
indicate that feldspar deposit contains a high content of potash
feldspar compared to soda feldspar which is also supported by
the chemical composition by XRF that is K,O is 12.09% while
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Na,O is only 0.20%.So feldspar deposit is, therefore, a potash
feldspar. Feldspar promotes vitrification of the porcelain
insulator at the end of the sintering process.

3.2 Characterization of fired triaxial porcelain samples

Fig. 2 presents the results of water absorption, apparent
porosity, and bulk density respectively for the porcelain
samples versus firing temperature. The figure shows that
the best values for physical properties for triaxial electrical
porcelain are achieved at the firing temperature of 1250 °C.
This might be due to the formation of the liquid phase and
densification at this firing range. However, the values of water
absorption, apparent porosity, and bulk density were observed
to decrease at higher firing temperature. This might be due to
the expansion of trapped water bubbles inside the porcelain
matrix and change in the composition of the glassy phase [1,
3]. The results of the study are in agreement with the works
of [1, 3, 13]. The authors reported that water absorption and
bulk density increased due to vitrification and densification of
the porcelain samples. However, the physical properties were
observed to vary due to the decrease of vitrification range
and an increase of firing temperature due to the expansion
of trapped water bubbles inside the porcelain sample at high
firing temperatures. Generally, the variation of the physical
properties of the triaxial electrical porcelain might have
been caused by the method of production, chemical and
mineralogical properties of the raw materials.

—®@— Water absorption(%)
~ Apparent porosity(%)

—®— Bulk density(wem')

1200°C 1250°C 1300°C

Firing temperature
Fig. 2. Physical properties of triaxial electrical porcelain sample versus firing
temperature

Triaxidlis szigeteld porceldn fizikai jellemzéi az égetési homérséklet
fiiggvényében

Fig. 2.

Fig. 3 shows changes in the mechanical strength of triaxial
electrical porcelain with firing temperature. The trend shows
that the increase of mechanical strength of porcelain sample may
be due to increased densification, vitrification and in absence of
microcracks. The best mechanical strengths (both bending and
compressive strengths) were obtained at 1250 °C. However, the
mechanical strengths began to decrease above 1250 °C due to
closed pores development and a considerable amount of cracks
on the surface of the porcelain samples. The results of the current
study are in agreement with the previous studies as reported
in the works of Kitouni et al.,[13] and Olupot et al, [1]. The
authors have reported that the mechanical strength increases
due to increased densification with temperature and tends to
decrease due to development of pores at high firing temperature.
However, the mechanical strength was found to decrease with

Vi = 2018/4 = Vol. 70, No. 4
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the increase of the firing temperature due expansion of closed
pores and microcracks [1]. Hence the mechanical strength of a
porcelain sample is strongly dependent on the defects such as
pores and cracks [13].
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Fig. 3. Variation of mechanical strength of triaxial electrical porcelain sample versus
firing temperature

Triaxidlis szigetelé porceldn mechanikai jellemzdi az égetési hdmérséklet
fiiggvényében

Fig. 3.

Fig. 4 shows the variation of the dielectric strength of
porcelain samples fired at 1200, 1250 and 1300 °C. The trend
shows that the dielectric strength increases with an increase
in firing temperature and began to decrease with further
temperature rise at 1300 °C. The increase of the dielectric
strength of electrical porcelains is due to increased vitrification
range of the electrical porcelains samples. The results of the
current study are also reported by Olupot et al, [1]. The authors
evaluated ceramic raw materials from Uganda for electrical
porcelain production. The authors obtained the highest
dielectric strength of 19kV/mm at 1250 °C. However, above
1250 °C, the samples became more porous due to change in
the composition of the glassy phase. The dielectric strength
was found to decrease with the increase of firing temperature
which affected vitrification range and the dielectric properties
of the triaxial electrical porcelain.
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Fig. 4. Variation of dielectric strength of triaxial electrical porcelain sample versus
the firing temperature

Triaxidlis szigetelé porceldn dielektromos jellemzoi az égetési homérséklet
fiiggvényében

Fig. 4.

In Fig. 5 the X-diffraction pattern of triaxial electrical
porcelain is presented. The diffractogram confirms that the
mullite and quartz phases are present in the porcelain insulator.
Both phases promote the mechanical and dielectric properties
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of the porcelain insulator. However, high peaks of quartz
may lead to high amount of glassy phase which may lower
the dielectric strength of the porcelain insulators but not the
mechanical strength of a porcelain insulator which is affected
by microcracks. The high amount glassy phase provides free
movement of mobile ions such as Na‘, K*, and AI** which
increases the conductivity [17].
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Fig. 5. X-ray diffraction pattern of a porcelain insulator fired at 1250 °C
Fig. 5. 1250 °C hémérsékleten égetett szigeteld porceldn rontgendiffraktogramja

Fig. 6 shows the examination of the surface morphology using
the Scanning Electron Microscope (SEM) Model: JEOL JSM-
6335F having a resolution of 10nm at 2kV. It was evidenced the
densification on the surface of the triaxial electrical porcelain
sample after the firing process was completed.

Fig. 6.

SEM micrographs showing densification of triaxial electrical porcelain sample
at 1250 °C

1250 °C hémérsékleten égetett triaxidlis szigeteld porceldn
elektronmikroszképos felvétele

Fig. 6.

4. Conclusions

In this research work, the effect of firing temperature on
triaxial porcelain samples properties was investigated. At the
optimum firing temperature of 1250 °C, the best physical-
mechanical and dielectric properties were achieved. However,
firing beyond 1250 °C resulted in progressive deterioration of
the physical-mechanical and the dielectric properties of the
electrical porcelain samples. This might have been caused by
the development of microcracks and high content of glassy
phase caused by high peaks of quartz. So it is imperative to
be aware that, the actual firing temperature and its influence
on the triaxial electrical porcelain properties depend on the
chemical composition of the materials under study. Therefore,
the locally sourced materials need to be evaluated from time to
time in order to avoid deviation of the desired triaxial electrical
porcelain properties during the firing process.
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Evaluation of Dielectric and Mechanical Strength of High

Voltage Porcelain Insulators Made From Tanzania Ceramic
Materials
Blasi Ngayak and E S Park
Nelson Mandela African Institution of Science and Technology, Arusha, Tanzania
Department of Materials, Energy Science and Engineering

Introductio Results and Discussion

Background Information The results showed significant change in physical-mechanical and dielectric
< Porcelain insulators prevent or regulate current flow in electrical power strength properties as firing temperature was increased.

transmission system (Islam et al.,2004).High voltage transmission, porcelain
insulators withstand electrical stress and should have dielectric strength greater than
30kV/mm( Moulson et al.,2003,Buchanan,1991).
< Despite the availability of potential local ceramic materials, Tanzania is only

= Water absorption(%) at
manufacturing low voltage ceramic insulators which are to the low voltag o .‘1:0' & oo at
power supply .Therefore, the study, intended to evaluate the dielectric and 84 12'; g_fgbswp (%) af
mechanical strength of high voltage porcelain insulators data made from Tanzania K = Apparent porosity(%) at
ceramic raw materials to address the problem. 1200°C

General Objective 4 -:ggoa_rgm porosity(%) at
<To evaluate the dielectric and mechanical strength of high voltage porcelain 2

samples made from Tanzania local materials. _- -L _- - ?;g‘o‘_’g"s"y (g/cn’) at
Specific Objective L o . s ”

<+ To determine the chemical composition of the ceramic materials.

++To design formulations and fabricate porcelain samples.

< To investigate the effect of firing par on the di ic and mechanical
strength of the prepared porcelain samples.

= Bulk density (g/cm?) at
Porcelain Samples 1250°C
Figure 3: Effect of firing temperature on physical properties of porcelain samples

= Bending Srength at 1200°C
= Bending Srength at 1250°C
P = Compressive Strength at
1200°C
= Compressive Strength at
1250°C
o
P1 P2 P3 Pa

Porcelain Samples
Figure 4: Effect of firing temperature on the mechanical strength of porcelain samples

Materials Collection

<+Pugu Kaolin was collected from Dar es Salaam, Same clay and feldspar from
Kilimanjaro and vermiculite from Tanga, and Mikese in Morogoro region.

" M
& &

Mechanical Strengthin MPa
8

»

=

Vermicutite. Mikese Morogoro Same clay. Same Killmanjaroe

E 60
E - Zs0
r——— rre—pE—— £,
Figure 1: Pictures of raw materials collected. § 30 = Dielectric Strength at 1200°C
Research Methodology 55 = Dielectric Strength at 1250°C
«»Four compositions were formulated as shown in Table 1 and 20 porcelain samples %
were produced as indicated in fig 2.
Sample Pugukaolin  Same clay Vermiculite Feldspar ° P P2 P3 Pa
P1 30 0 30 40 Pavceliia Sumples
P2 0 30 30 40 Figure 5: Effect of firing on the di strength of
P3 20 20 20 40
P4 50 35 0 15 The porcelain sample with composition, 20%wt Pugu kaolin, 20%wt Same clay,
and 20%wt vermiculite and 40%wt feldspars sintered at 1250°C gave the
Table 1: Porcelain formulations(wt%) highest dielectric strength of 61.3kV/mm, bending strength of 30.54MPa and low
water absorption value of 0.36% which satisfies the main requisite properties for
[ Pugu kaolin ] [ Sama clay ] [_\'eﬂmtuhte Feldspar high voltage porcelain insulators production.

Conclusions

Crushin The study shows that a high-quality high voltage porcelain insulator can be
¢ achieved from locally sourced ceramic raw materials from Tanzania.
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