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Abstract  Clays are extremely variable materials with 
different mineral compositions, and they are the main 
ingredients in ceramics applications. Their properties 
play specific roles in influencing the technological prop-
erties and performance of ceramics products. Evaluat-
ing the various properties can help to determine the best 
way to utilize clay materials, such as the locally available 
Bombawuha (BC) and Denkaka (DC) clays mined from 
Ethiopia’s Bombawuha and Denkaka areas, respectively. 
The objective of this study was to examine these materials 
for the purpose of using them to produce quality electri-
cal porcelain insulators. The clay samples were character-
ized for their chemical composition, mineralogy, thermal 
properties, plasticity, and particle-size distribution, using 

atomic absorption spectrometry (AAS), X-ray diffrac-
tometry (XRD), differential thermal analysis coupled with 
thermogravimetric analysis (DTA-TGA), the Atterberg 
plasticity test, and sieve hydrometer analysis. Based on the 
characteristics, suitable clay materials were selected and 
mixed with feldspar and quartz to formulate various porce-
lain body compositions which were fired at three different 
temperatures (1200, 1250, and 1300°C) and dwell times 
(1.5, 2.0, and 2.5 h). The mineralogy, water adsorption, 
apparent porosity, bulk density, dielectric strength, flex-
ural strength, and microstructure of the fired bodies were 
measured. The results revealed that, compared to DC, BC 
contains kaolinite as the major mineral with appreciable 
amounts of silica (46.72 wt.%), alumina (35.32 wt.%), and 
fluxing oxides but smaller amounts of CaO. BC contains 
greater clay fractions (20.58 wt.%); and has a middle-range 
plasticity index (PI = 11.2 wt.%), thus making BC suitable 
for producing porcelain insulators. A test-body composi-
tion of 40 wt.% BC, 40 wt.% feldspar, and 20 wt.% quartz, 
fired at 1250°C for 2 h, exhibited water adsorption of 0.17 
wt.%, apparent porosity of 0.42 wt.%, bulk density of 2.45 
g/cm3, a dielectric strength of 8.22 kV/mm, and flexural 
strength of 43.63 MPa and, thus, satisfied the required 
properties for quality porcelain insulators.

Keywords  Clay · Firing time · Plasticity · Porcelain 
insulator · Sintering temperature

Introduction

Porcelain electrical insulators are the most complex 
multi-phase ceramic materials produced from natu-
rally available plastic materials (clay), fluxing agents 
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(feldspar), and filler materials (quartz) under various 
thermal conditions (Iqbal & Lee, 2000; Mehta et  al., 
2018; Nwachukwu & Lawal, 2018). It is a critical mate-
rial in electric power-transmission  and distribution 
systems primarily for two major functions: fastening 
mechanically and insulating the electrical network’s 
component (Fadaeeasrami et  al., 2022; Liebermann 
& Schulle, 2002). Raw materials play specific roles in 
influencing the technological properties and perfor-
mance of the final products as well as decreasing pro-
cessing costs by saving energy (Bragança & Bergmann, 
2004; Locks et al., 2021; Olupot et al., 2010). The prod-
uct is less sensitive to minor differences in the com-
position of raw materials, enabling the use of a wide 
range of clays. High mechanical and dielectric strength 
are essential properties of porcelain electrical insula-
tors for outdoor applications (Ologunwa et  al., 2021). 
Other crucial properties include low porosity and water 
adsorption. These depend on the properties of raw 
materials that may vary due to the geological condition 
of the original deposit, particle size, composition of the 
selected raw materials, and firing conditions (Bauluz 
et al., 2003; Velde & Meunier, 2008; Yaya et al., 2017).

The clay materials are mostly crystalline and dis-
tinguished by layered structures composed of poly-
meric sheets of SiO4 tetrahedra linked to sheets of 
(Al, Mg, Fe)(O, OH)6 octahedra (Al-Ani & Sarapää, 
2008; Guggenheim et  al., 1995). Clays are materi-
als with various mineral compositions and are the 
main ingredients in ceramic processing; as a result, 
extensive studies have been made on clays and their 
applications (Gliozzo et  al., 2014; Lahcen et  al., 
2014; Manni et  al., 2017; Trindade et  al., 2010). 
Ceramic applications of clay materials include 
bricks, fire-clay refractories, stoneware, porcelain 
insulators, sanitaryware, and tableware (Imagwuike 
et al., 2020). The utility of a clay mineral in ceramic 
applications is due to its physicochemical properties, 
mainly dependent on the arrangement and composi-
tion of the tetrahedral and octahedral sheets (Al-Ani 
& Sarapää, 2008; Baccour et al., 2009; Tsozué et al., 
2017). Additional factors include particle-size distri-
bution, plasticity, the non-clay mineral composition, 
organic-material content, the type and amount of 
exchangeable ions, soluble salts, and the clay texture 
(Gliozzo et  al., 2014; Lahcen et  al., 2014; Moraes 
et  al., 2017; Trindade et  al., 2010; Tsozué et  al., 
2017). Examining these properties can help to deter-
mine the best way to utilize clay materials.

In porcelain electrical insulators, clay provides 
plasticity for body forming, which binds the coarse 
particles of quartz and feldspar to maintain shape at 
the green stage (Kaviraj et al., 2021), and forms mul-
lite during the firing process (Lee & Iqbal, 2001; 
Kitouni  & Harabi, 2011). Clay minerals with weak 
interlayer forces and very fine particle sizes, e.g. 
montmorillonite and ball clays, adsorb a lot of water 
in the interlayer and belong in the upper range of 
plasticity. This kind of clay mineral has the potential 
to crack during fabrication (Akwilapo & Wiik, 2003). 
On the other hand, kaolinite and illite minerals have 
strong intermolecular attractive forces between the 
layers and exhibit moderate to low plasticity and can 
dry quickly, resulting in only slight shrinkage. As a 
result, kaolinite and illite are considered suitable for 
porcelain insulator fabrications (Valásková, 2015).

Mullite (3Al2O3.2SiO2), which is formed when 
clay is fired at an elevated temperature, is the primary 
objective in the production of porcelain insulators, 
and it is a characteristic constituent of all ceramic 
microstructures (Islam et al., 2004; Meng et al., 2012; 
Merga et al., 2019). Porcelain microstructure consists 
of coarse quartz particles and mullite crystals embed-
ded in a glassy phase (Ngayakamo & Park, 2018a). 
The formation of crystalline mullite, the particle 
size of the quartz, the viscosity of the glassy phase, 
and their homogeneity throughout the body of the 
microstructure have the potential to tune the ultimate 
properties of the porcelain insulator. Mullites, which 
have either a cuboid structure (primary mullites) or 
a needle-like, highly interlocked structure (second-
ary mullites), have various useful properties, such 
as low thermal expansion, a high melting point, high 
thermal stability, low dielectric constant, high ther-
mal shock resistance, and chemical stability (Hossain 
et al., 2018; Sánchez-Soto et al., 2018). As a result, 
its formation improves a porcelain insulator’s flexural 
strength and dielectric strength (Akwilapo & Wiik, 
2003; Belhouchet et al., 2019; Ngayakamo & Eugene 
Park, 2019). Such properties of mullite can be con-
trolled by adequate selection of clay minerals (Yaya 
et  al., 2017). A significant alumina content or low 
SiO2:Al2O3 ratio in kaolinite or illite favor mullite 
formation. Due to the small alumina content in mont-
morillonite, mullite formation is less favored (Merga 
et  al., 2019). Clay also contains small amounts of 
oxides, such as Na2O, CaO, MgO, TiO2, and Fe2O3 
(Salihu & Suleiman, 2018), which may influence the 
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body’s crystallization behavior, vitrification temper-
ature, and glass viscosity (Iqbal & Lee, 2000). The 
presence of such oxides may reduce the compactness 
of the ceramic, inhibit mullite formation, maintain 
overall porosity at as much as 15 wt.% (Manfredini 
& Hanuskova, 2012), lead to a significant reduction 
in material strength, and deterioration of its dielec-
tric property (Gao et al., 2015; Kyasager & Prasanna, 
2016), and impart color (Manfredini & Hanuskova, 
2012). Therefore, clay minerals having particular and 
appropriate characteristics are essential in order to 
obtain porcelain insulators with the required physi-
cal, electrical, and mechanical properties when fired 
with feldspar and quartz at high temperatures.

Despite the widespread availability of natural 
clay materials such as clay deposits in the Bom-
bowha, Denkaka, and Kombolch areas of the Oro-
mia region, as well as the clay found in the Belesa 
(Hosanna) and Ansho areas in the southern part of 
Ethiopia; their characteristics have been determined 
at a superficial level only (Ayele et al., 2016; Fentaw 
& Mengistu, 1998; Merga et  al., 2019). Moreover, 
local ceramic production, which relies mainly on 
imported ball clay and locally available BC and DC, 
does not consider the chemical, mineralogical, and 
thermal characteristics of clay materials, thus con-
tributing to the production of poor quality porcelain 
insulators and ceramic tiles in the country (Merga 
et al., 2019). A detailed study of the physicochemi-
cal properties, mineralogical composition, grain-size 
distributions of the local clay materials, firing time, 
temperature, and the fired bodies’ characteristics is 
required. Therefore, the purpose of the present study 
was to investigate the aspects of locally available 
clay materials (specifically BC and DC) for use in 
producing quality porcelain electrical insulators.

Materials and Methods

Collection and Preparation of Raw Materials

The raw material samples collected and investigated as 
a potential clay source for porcelain electrical insulator 
production were Denkaka clay (DC) and Bombawuha 
clay (BC). They were mined initially from a deposit 
located at Bombawuha (6° 05′ 20″ N and 38° 46′ 30″ 
E) and Denkaka (8° 33’ 36" N, 39° 10’ 29" E) in Ethi-
opia. Chancho sand (CS), and a mixture of Wolkite 

feldspar (WF) and Arerti feldspar (AF), of known 
composition and mineralogy, were used as a source of 
quartz and feldspar, respectively. Di Yuan Ceramics 
(Ethiopia) Plc, located in the Eastern Industrial Park, 
Dukem, Ethiopia, processed and supplied the samples. 
Clay samples were ground using a planetary ball mill 
(P100, FRETSCH,  Oberstein, Germany). Clays and 
feldspar were passed through a 63 μm sieve, while 
quartz was passed through a 45 μm sieve to homoge-
nize and make them ready for further use (Mehta et al., 
2018; Yaya et al., 2017).

Characterization of Clay Samples

The clay samples were characterized for their chemi-
cal compositions, mineralogy, thermal properties, 
particle-size distributions, and plasticity. Their chemi-
cal compositions (oxide forms) were determined using 
Atomic Absorption Spectrometry (AAS model, spec-
tra AA-20 plus, Varian Mulgrave, Victoria, Australia). 
Loss on ignition (LOI) was measured by the mass dif-
ference of samples heated at 105°C and 1000°C for 2 
h (Jara et al., 2020; Regassa et al., 2014) at a labora-
tory of the geological survey of Ethiopia. The phase 
analysis of clay samples before and after calcination 
at 600°C for 2 h was carried out using a MAXima_X 
XRD-7000 (Shimadzu,  Tokyo, Japan) using CuKα 
radiation (λ = 1.5418 Å), the accelerating voltage and 
filament current were maintained at 40 kV and 30 
mA, respectively (Morkel & Vermaak, 2006). Sam-
ples were scanned over a Bragg angle range of 10 to 
80°2θ. The diffraction pattern was analyzed by search 
match against the International Center for Diffraction 
Database (ICDD) using the software X’Pert High‑
Score Plus (Iqbal, 2008). Thermal properties of clay 
samples were analyzed using a thermogravimetric 
analyzer (TGA) coupled with a differential thermal 
analyzer (DTA) (Shimadzu DTG-60H, Japan). The 
sample was heated in a platinum cup from ambient 
temperature to 1200°C at a rate of 10°C/min, while an 
empty platinum cup served as a control (Mahmoudi 
et  al., 2016). Plasticity parameters, i.e. the Atterberg 
limits [liquid limit (LL), plastic limit (PL), and plas-
tic index (PI)] of clay samples were measured by the 
Casagrande method according to ASTM D4318-10 
(2005). The hydrometer test determined the particle-
size distribution of clays finer than 75 μm and those 
coarser than 75 μm by wet sieve analysis according to 
ASTM D422-63 (2007).
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Porcelain Electrical Insulator Bodies; Formulations, 
and Design of Experiments

An experiment was designed to determine the effect 
of selected clay material on porcelain insulator body 
properties (physical, electrical, and mechanical) at 
various firing temperatures and for various dwell 
times. Accordingly, three formulations of porce-
lain electrical insulator bodies based on the work of 
Merga et  al. (2019), denoted Batch-1, Batch-2, and 
Batch-3 (Table 1) were prepared in triplicate using 
BC, which possessed better chemical, mineralogi-
cal, plasticity, and particle-size properties than DC. 
In the formulations, feldspars (WF+AF) were used 
mainly as a source of alkaline oxides to produce a 
low-viscosity liquid phase. Quartz (CS) as a filler, 
upon dissolution to a glass phase, increased the 
strength of the porcelain body. The formulations 
were ball milled for 6 h with 7 wt.% water to make 
them suitable for dry pressing. A cylindrical shape, 
80 mm in diameter and 5 mm thick, was prepared 
from each batch by dry pressing to determine water 
adsorption and dielectric strength. A rectangular 
porcelain electrical insulator body of dimension 75 
mm×38 mm×7 mm was prepared using a selected 
batch (with good electrical properties) to determine 
flexural strength. Samples of the electrical insula-
tor bodies were allowed to dry at room temperature 
and then fired at three temperatures, 1200, 1250, and 
1300°C, for 1.5 h, 2 h, and 2.5 h at a heating rate 
and cooling rate of 10°C/min (Gaied et  al., 2011; 
Merga et al., 2019).

Characterization of Porcelain Electrical Insulators

Physical properties (water adsorption, apparent 
porosity, and bulk density) of porcelain electrical 

insulator fired bodies were determined using 
the boiling method according to ASTM C373-88 
(1999). Dielectric strength was measured using a 
high-voltage testing machine (model TERCO HV 
11039103, STOCKHOLM, SWEDEN) by evaluat-
ing their breakdown voltage. They are calculated 
as follows:

where: Ws = soaked weight, Wd = dry weight, Wsp = 
suspended weight.

The flexural strength was determined according 
to the three-point loading method (ASTM D790-17, 
2002) using a flexural breaking load machine (model 
MOR 5-TS/185, SASSUOLO, ITALY) at the Ethio-
pian Conformity Assessment Enterprise Laboratory. 
The flexural strength by the three-point test was cal-
culated as follows:

where: F is the maximum force applied, L is the 
length of the sample, W is the width of the sample, 
and D is the depth of the sample.

Scanning electron microscopy coupled with 
energy dispersive X-ray spectroscopy (SEM-EDS) 
was carried out using a field emission scanning 
electron microscope (COXEM Co.,Ltd, Daejeon, 
South Korea equipped with Quantax 70 software 
for elemental analysis (EDS) (Bruker Nano GmbH, 
Berlin, Germany) to determine the microstruc-
ture and elemental composition of fired samples. 
The results were supplemented by the quantitative 
chemical analysis of the surfaces of the solid sam-
ples using an X-ray photoelectron Spectrometry 
(XPS) (Thermo Scientific, Seoul, South Korea) 
with micro-focused monochromatic AlKα X-ray 
radiation (hν = 1350 eV).

(1)Water adsorption (wt.%) =
Ws −Wd

Wd
x 100

(2)Apparent Porosity (wt.%) =
Ws −Wd

Ws −Wsp
x 100

(3)Bulk density (g∕mL) =
Wd

Ws −Wsp

(4)

Dielectric strength (kV∕mm) =
breakdown voltage (kV)

thickness of the sample (mm)

(5)Flexural strength (MPa) = 3FL∕2WD2

Table 1   Formulation of porcelain electrical insulator samples 
(wt.%)

BC: Bombawuha Clay

Formulation

Batch-1 Batch-2 Batch-3

Clay (BC) 50 45 40
Quartz 10 15 20
Feldspar 40 40 40

210



Clays Clay Miner. 	

1 3
Vol.: (0123456789)

Results and Discussion

Characteristics of the Raw Materials

Chemical Compositions

The chemical compositions and ‘loss on ignition’ 
(LOI) of the clay materials used (Table 2) showed that 
the oxides in both BC and DC are composed mainly 
of silica (46.72 wt.% for BC and 47.90 wt.% for DC) 
and alumina (35.32 wt.% for BC and 27.84 wt.% for 
DC), with a small percentage of other oxides such as 
iron oxides and fluxing oxides. The ratios of the prin-
cipal oxides (SiO2/Al2O3) for BC and DC were ~1.3 
and 1.7, respectively, which indicated that BC is much 
closer to pure kaolinite (1.18) (Mahmoudi et al., 2016). 
The greater ratio of the principal oxides (SiO2/Al2O3) 
in DC than in BC indicated a higher level of quartz in 
DC than in BC (Ghorbel et al., 2008; Mahmoudi et al., 
2016). The amount of CaO is very large in DC (5.54 
wt.%) compared to that in BC (0.74 wt.%) (Table 2); 
this is associated with the appreciable amount of cal-
cite in DC (Lahcen et al., 2014). The result suggested 
that more gases may form during sintering, which may 
cause cracks in the fired bodies, leading to high poros-
ity and water adsorption in the porcelain insulator bod-
ies prepared from DC (Aghayev & Küçükuysal, 2018). 
Alkaline oxides (K2O and Na2O) that act as fluxing 
materials are more prominent in BC (1.62 wt.%) than 
in DC (0.46 wt.%). The LOI values of BC (13.85 wt.%) 
and DC (13.41 wt.%) were comparable with classical 
kaolinitic clays (14 wt.%), related mainly to the pres-
ence of clay minerals, hydroxides, and organic matter 
(Faria & Holanda, 2013; Tsozué et al., 2017). In both 
clays, the amounts of color-forming oxide, Fe2O3, 
and fluxing oxides, K2O + Na2O, were less than 
those reported by Gliozzo et al. (2014), Lahcen et al. 
(2014); Manni et al. (2017), and Trindade et al. (2010) 
in various clay types. This was attributed to the sam-
ples being less weathered, as confirmed by the greater 

intensity of quartz and vermiculite and the absence of 
feldspars and illite minerals in the XRD pattern (Manni 
et al., 2017).

The results confirmed that the clay material was 
kaolinite. However, the relative purity of BC (which 
has a ratio for SiO2 /Al2O3 close to that of pure kao-
lin), the small amount of CaO, and the large amount 
of alkaline oxide present make BC much more suit-
able for the fabrication of electrical porcelain insu-
lators than DC. The ratio of SiO2/Al2O3 in BC was 
notable for mullite-phase formation during the sinter-
ing of the porcelain body (Gralik et al., 2014; Olupot 
et al., 2010; Zbik et al., 2010). Moreover, the amounts 
of color-forming impurities, Fe2O3 and TiO2, in the 
clay materials were within the standard requirement 
for porcelain insulator production and could serve to 
enhance the action of flux, causing melting to start at 
lower temperatures with more abundant liquid phases 
(Andreev & Zakharov, 2009; Gaied et al., 2011; Souza 
et al., 2011; Tang et al., 2012). The amount of alkaline 
oxides (K2O and Na2O) in BC was (1.62 wt.%), which 
is comparable with commonly used china clay (Huber 
Corporation, 1955) and greater than in ball clay (Carty 
& Senapati, 1998). Even though the amounts of these 
fluxing agents are small, they may still contribute to 
reduction of the sintering temperature.

Mineralogical Composition

The XRD patterns of BC and DC powders, 
untreated and following heat treatment at 600°C, 
are shown in Fig.  1. Untreated BC indicated the 
presence of kaolinite (ICDD Card No: 01-080-
0885), quartz (ICDD Card No: 01-083-0539), gibb-
site (ICDD Card No: 01-070-2038), and microcline 
(ICDD Card No: 01-076-1238) (Fig.  1). Similarly, 
the pattern of DC showed kaolinite (ICDD Card 
No: 01-080-0886), quartz (ICDD Card No: 01-086-
1560), and alunite (ICDD Card No: 00-014-0136) 
(Fig.  1). The peak intensities in the XRD patterns 

Table 2   Chemical compositions and loss on ignition values (LOI) (wt.%) of the two clay materials

BC Bombawuha clay, DC Denkaka clay, Trace = <0.1, and LOI = Loss on ignition

Clay Materials Oxides

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O MnO P2O5 TiO2 H2O LOI Si/Al

BC 46.72 35.32 0.83 0.74 0.16 0.54 1.08 <0.01 0.20 0.13 1.76 13.85 1.16
DC 47.90 27.84 0.32 5.54 0.18 Trace 0.46 Trace 0.05 0.33 3.50 13.41 1.51
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indicated that BC contained kaolinite as the primary 
crystalline phase and the non-clay minerals quartz, 
microcline, and gibbsite as the minor phases. In 
comparison, the XRD pattern of DC was character-
ized by kaolinite and quartz as the primary phase 
and alunite as the minor phase. The disappearance 
of the diffraction peaks of kaolinite and the appear-
ance of amorphous aluminosilicate, especially for 
BC after calcination at 600°C (Fig.  1), confirmed 

further the presence of the kaolinite phase, which 
was transformed to metakaolinite by loss of the 
hydroxide groups above 450°C and leaving quartz 
intact (Iqbal & Lee, 2000; Brindley & Nakahira, 
2006; Merga et al., 2019). The observed diffraction 
peaks, which were more intense in the XRD pat-
tern of DC after calcination at 600°C, are due to the 
quartz, which remained intact (Ayele et  al., 2016). 
In general, this mineralogical composition is typical 

Fig. 1   Powder XRD patterns of untreated clay and after heat treatment at 600°C of: a Bombowha clay (BC) and b Denkaka clay (DC)
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of clays of this region (Merga et al., 2019). Several 
authors have also reported the presence of major 
mineral phases: quartz, vermiculite, illite, kaolin-
ite, smectite, and calcite in clay deposits in Africa 
(Gliozzo et al., 2014; Lahcen et al., 2014; Trindade 
et al., 2010; Tsozué et al., 2017). The XRD patterns 
of BC and DC agreed with the chemical analysis 
results obtained from AAS, in which BC had more 

kaolin minerals and less quartz than DC, resulting 
in a smaller SiO2/Al2O3 ratio for BC (1.32) than for 
DC (1.72) (Table 2). Thus, BC is the preferred clay 
mineral for production of quality porcelain insula-
tors as it has the required amount of alumina for 
mullite-phase formation during sintering of the por-
celain body, and the quartz content present can also 
be dissolved easily by vitreous flow during firing.

Fig. 2   Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) of: a Bombawuha clay (BC) and b Dankaka clay 
(DC)
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Thermal Properties

TGA-DTA thermograms of BC and DC are shown in 
Fig. 2. As shown in the DTA curve, the endothermic 
peak at 65.67°C for BC and at 53.93°C for DC was 
attributed to the removal of weakly bound water of 
clay minerals (Bennour et  al., 2015; Holanda, 2012; 
Manni et al., 2017), and the mass loss associated with 
this peak was ~1 wt.% for both clays (Fig.  2). The 
weak endothermic valley at 260.38°C for BC could 
be related to the transformation of the free gibbsite 
sheet (Gaied et al., 2011; Mercury et al., 2011). The 
broad endothermic bands centered at 512.02°C for 
BC and at 554.71°C for DC are within a characteris-
tic temperature range (420 to 660°C) for metakaolin-
phase formation as a result of the dehydroxylation 

of kaolinite, and an α→β-quartz transformation 
(Heide & Földvari, 2006; Ghorbel et al., 2008; Iqbal 
& Lee, 2000; Yaya et al., 2017). Quartz transforma-
tion was more pronounced for DC as it contains more 
quartz (Lahcen et al., 2014; Manni et al., 2017). The 
observed mass loss in the TGA curve associated with 
the endothermic peak was 9.84 wt.% and 7.75 wt.% 
for BC and DC, respectively (Fig.  2). This was due 
mainly to the loss of the structural hydroxide groups 
upon structural rearrangement of the octahedral sheet 
of kaolinite (Al2O3.2SiO2.2H2O) to a tetrahedral con-
figuration in metakaolin (2SiO2.Al2O3) at the speci-
fied temperature range (Ghorbel et al., 2008; Iqbal & 
Lee, 2000; Krupa & Malinarič, 2015). The observed 
difference between BC and DC is consistent with the 
idea that clay minerals with a low Al2O3/SiO2 ratio 
(higher kaolinite degree) tend to form a large amount 
of a metakaolin phase, and, at the same time, lose a 
large amount of structural hydroxide (Lahcen et  al., 
2014). The small endothermic peak at 748.11°C for 
DC was attributed to the decomposition of calcite 
into CaO (Bennour et  al., 2015; Çelik, 2017; Lah-
cen et  al., 2014). The associated weight loss of 5.5 
wt.% agreed with the observed chemical analysis 
(Table 2). A more intense exothermic peak observed 
at 1001.23°C for BC compared to the observed 

Table 3   Particle-size distribution (wt.%) of Bombawuha clay 
(BC) and Dankaka clay (DC)

Particle-size distribution Clay types

BC DC

<0.002 mm (clay fraction) 20.50 12.17
0.075–0.002 mm (silt fraction) 79.11 56.03
4.75–0.075 mm (sand fraction) 0.39 31.8

Fig. 3   Ternary diagram of the clay sediments studied following the relationship between the sand, silt, and clay fractions and their 
controls over porosity and permeability
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exothermic peak at 1006.06°C for DC was due to the 
formation of mullite.

Particle‑Size Distribution

The particle-size distributions (sand, silt, and 
clay fractions) of BC and DC are summarized in 
Table 3. The results showed that the percentages of 
clay fractions (<0.002 mm particle size) were ~20.6 
wt.% for BC and ~12.7 wt.% for DC; the silt frac-
tions (0.075–0.002 mm particle size range) were 
~79.11 wt.% for BC and 56.03 wt.% for DC; the 
sand fractions (4.75–0.075 mm particle size range) 
were ~0.39 wt.% for BC and 31.8 wt.% for DC 
(Table 3). The particle-size results, specifically the 
percentage of clay fractions obtained for both BC 
and DC, showed variations in most clay samples 
(Gliozzo et al., 2014; Lahcen et al., 2014; Trindade 

et  al., 2010; Tsozué et  al., 2017). The result con-
firmed variation in particle size between BC and 
DC. BC contains a greater proportion of clay-
fraction material than did DC; accordingly, it has 
greater plasticity. The large silt fractions in both BC 
and DC indicate the need for pre-treatment, such as 
crushing and sieving, before use in ceramics manu-
facture, e.g. as porcelain insulators (Trindade et al., 
2010). The greatest sand content in DC may facili-
tate drying and contribute to the formation of the 
glassy phase during sintering; as a result, it would 
improve the mechanical strength in ceramics manu-
facture (Lahcen et al., 2014). According to the ter-
nary diagram of McManus (1988), which describes 
the relationship between sand, silt, and clay frac-
tions with their controls over porosity and permea-
bility (Fig. 3), the results of particle-size analysis of 
the BC sample fell in the moderately high porosity 
and moderate permeability, and, for the DC sample, 
fell under the moderately high porosity and moder-
ately high permeability region.

Plasticity

The plasticity test results of BC and DC (Table  4) 
showed that the liquid limits (LL) were 32 wt.% for 
BC and 21.7 wt.% for DC, while the plastic limits (PL) 

Table 4   Liquid limit (LL), plastic limit (PL), and plasticity 
index (PI) of BC and DC

BC Bombawuha clay, DC Denkaka clay

Atterberg limit tests BC (wt.%) DC (wt.%)

Liquid limit (LL) 32 21.7
Plastic limit (PL) 20.8 17.5
Plastic index (PI) 11.3 4.2

Fig. 4   Positions of the Bombawuha clay (BC) and Dankaka clay (DC) on the Holtz and Kovacs plasticity chart
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amount of open pores and the size of the fired bod-
ies, decreased as the firing temperature increased and 
reached a minimum of 1300°C for all firing times. The 
percentage of water adsorption of batches increased in 
the order Batch-3 < Batch-2 < Batch-1 at an opti-
mized firing temperature of 1250°C and firing time of 
2 h (Fig. 5b). This coincided with the level of SiO2 in 
the batch compositions, where a larger SiO2 content 
was accompanied by a smaller percentage of water 
adsorption (Batch-3). In porcelain bodies, SiO2 with 
a grain size of <45 um is dissolved in the feldspathic 
glassy phase to fill the gaps or voids in the microstruc-
ture leading to less water adsorption by the porcelain 
body (Carty & Senapati, 1998; Figueirêdo et al., 2019; 
Iqbal & Lee, 2000; Kimambo, 2014). Generally, the 
batch compositions containing more SiO2 (Batch-2 
and Batch-3) and fired at an optimum firing temper-
ature of 1250°C and firing time of 2.0 h had water 
adsorption values which fulfill the standard require-
ment for porcelain electrical insulators, i.e. water 
adsorption <0.5 wt.% (Ngayakamo & Eugene Park, 
2019).

Apparent Porosity

A porcelain insulator needs to be fired for a time 
and temperature which give the minimum value, 
usually zero or close to zero, of the apparent poros-
ity (Kimambo, 2014). Like water adsorption, the 
apparent porosity decreased as the firing tempera-
ture increased and reached a minimum at 1300°C 
(Fig. 6a–c). At the specified temperature, the smallest 
percent porosity was obtained for Batch-3 compared 
to other batches at all firing times, indicating the dis-
solution of more silica into the glass phase and the 
formation of sufficient vitreous phase to fill the pores 
(Ghorbel et  al., 2008; Martín-Márquez et  al., 2009). 
Batch-3 attained a minimum value of the apparent 
porosity (0.42 wt.%) at an optimum firing temperature 
of 1250°C and time of 2 h. The result confirmed that 
the apparent porosity depended on the relative pro-
portion of SiO2 added to the porcelain insulator and 
the firing temperature (between 1250 and 1300°C) at 
which the vitreous phase enabled minimum porosity.

Bulk Density

The variations in bulk density (BD) as a function of 
temperature with various dwell times are shown in 

were 20.8 and 17.5 wt.% for BC and DC, respectively. 
Based on the Atterberg limits, the plasticity indexes, 
PI (determined by the formula PI = LL – PL; LL = 
liquid limit; PL = plastic limit) were 11.2 wt.% for 
BC and 4.2 wt.% for DC (Table 4). The observed PI 
implies that BC is characterized by the middle range of 
plasticity (7 wt.% < PI < 17 wt.%), and DC exhibits a 
low range of plasticity (PI < 7 wt.%) according to the 
Atterberg classification (Roy & Kumar Bhalla, 2017). 
The higher PI of BC than DC was due to the pres-
ence of a greater clay fraction (<2 μm) in BC (Table 3, 
Fig. 1). The PI of clay increases linearly with the per-
centage of the clay-sized fraction (Lahcen et al., 2014; 
Laskar & Pal, 2012). Even though the observed PI 
results of both clay materials were smaller than com-
monly used china clay and ball clay (Carty & Senapati, 
1998), slight variations were also observed with PI val-
ues of various clay types reported by others (Lahcen 
et al., 2014; Trindade et al., 2010; Tsozué et al., 2017). 
This is due to the presence of the major non-clay impu-
rities, quartz, and other minor impurities, as shown 
in Table 2, as well as geological formations and par-
ticle-size distribution (Lahcen et al., 2014), which can 
impact significantly the plasticity of a porcelain body. 
Similar to most clay samples, the calculated consist-
ency limits for BC (Fig. 4) were in the medium plas-
tic region, while DC is located in a low plastic region 
(Holtz et al., 2013). Moreover, the results revealed that 
the clay materials might not need much quartz mate-
rial in the formulation to decrease plasticity (Bennour 
et al., 2015; Gaied et al., 2011). This ensures that the 
plasticity value of BC is suitable and encourages opti-
mal behavior in pressing and drying (negligible con-
traction and easy to dry) during production of porce-
lain electrical insulators. In comparison, the PI of DC 
implied that the sample was not appropriate for making 
porcelain electrical insulators due to the risk of crack-
ing and increased thermal conductivity (Manni et  al., 
2017; Tsozué et al., 2017).

Characteristics of Fired Porcelain Electrical 
Insulators

Water Adsorption

Water adsorption of the three formulations (Batch-
1, Batch-2, and Batch-3) fired at various tempera-
tures and for various durations of time are shown in 
Fig.  5a–c. The water adsorption, which indicates the 
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Fig.  7a–c. No significant change was noted in the 
bulk density of the porcelain bodies sintered at vari-
ous firing temperatures and times. All test samples 
showed greater degrees of densification independent 
of their composition. This is due to the promotion of 
viscous liquid formation associated with the presence 
of minerals such as microcline and the absence of 
free quartz from the porcelain body (Martín-Márquez 
et al., 2009; Schettino et al., 2016).

In general, Batch-2 and Batch-3 fired at the opti-
mum temperature of 1250°C for 2 h had better physi-
cal properties that met the standard requirement 
for porcelain electrical insulators than Batch-1, i.e. 
water adsorption <  0.5 wt.%, less apparent poros-
ity, and bulk density (>  1.71 g/cm3) (Ngayakamo & 
Park, 2018b). These batch compositions fulfilled the 
requirement for water adsorption, apparent porosity, 
and bulk density with better physical properties at a 
firing temperature of 1300°C than at a firing tempera-
ture of 1250°C. This is due mainly to progressive dis-
solution and the conversion of more SiO2 to a glassy 
phase which fills the void spaces to enable less water 
adsorption with increasing firing temperature (Ben-
nour et  al., 2015; Mehta et  al., 2018; Ochen, 2019). 
From an economic perspective, however, using a 
lower firing temperature is better for saving energy 
and production costs.

X‑Ray Diffractograms

X-ray diffractograms of porcelain insulator samples 
fired for 2 h (which possess better physical properties) 
as a function of firing temperature (1250 and 1300°C) 
are shown in Fig.  8a–c. Mullite and quartz were the 
primary crystalline phases identified in all fired sam-
ples. Mullite is a product of metakaolinite transforma-
tion or subsequent reaction of metakaolinite with feld-
spar at higher temperatures, and quartz is a residual 
mineral of the raw materials used (Schettino et  al., 
2016). The XRD patterns of Batch-1 (Fig. 8a) showed 
a significant reduction in the intensity of quartz peaks 
as the temperature increased, indicating that firing at 
1300°C led to the dissolution of more quartz into the 
glass phase with a slight change in the mullite con-
tent (Gralik et al., 2014; Martín-Márquez et al., 2009). 
The relative intensity of quartz is greatest in Batch-2. 
It showed a slight decrease with temperature (Fig. 8b). 
The XRD patterns of the fired bodies of Batch-3 
showed no significant change in the peak intensity for 

quartz and mullite with an increased firing temperature 
(Fig. 8c). The peaks of quartz in Batch-2 may indicate 
a large amount of free quartz in the composition. This 
facilitated the free movement of mobile ions such as 
Na+, K+, and Al3+; as a result, the dielectric strength 
of the porcelain insulators may be smaller (Belhouchet 
et al., 2019). This confirms that increasing the temper-
ature beyond 1250°C may be necessary to improve the 
porcelain insulator quality of Batch-2; but may not be 
necessary to improve the porcelain insulator quality of 
batch-3 as it did not enhance/affect mullite formation 
and porcelain microstructure quartz composition.

Dielectric Strength

Dielectric strength is an essential property of ceramic 
insulators, and the dielectric strength of the fired bod-
ies is shown in Fig.  9a–c. The dielectric strength of 
all the batches increased with firing temperature and 
reached a maximum at 1300°C for all firing times. 
This is associated with the amount of secondary mul-
lite or glassy phase that contributes to densification 
and the dissolution of more SiO2 into the glass phase 
which fills up the pores (Ghorbel et al., 2008; Iqbal & 
Lee 2000). The dielectric strength values obtained at a 
firing temperature of 1300°C and dwell time of 1.5 h 
for Batch-1 (11.37 kV/mm) was the greatest of all the 
samples (Fig. 9a), in which the large amounts of mul-
lite phase may have contributed to the observed result. 
On the other hand, the free quartz in the fired bod-
ies of Batch-2 may have contributed to the smallest 
observed dielectric strength of the porcelain insula-
tors (Fig. 9a–c). Dielectric strength values at the opti-
mized firing temperature and firing time (1250°C, 2 h) 
were greatest for Batch-3 (8.22 kV/mm) (Fig. 9b), and 
fulfilled the specified range (6.1–13 kV/mm) for por-
celain insulators (Olupot et  al., 2010). The observed 
value of Batch-3 at the optimized temperature and 
time was associated with sufficient liquid-phase for-
mation and the level of dissolved silica in the mixture 
that fills up the pores, resulting in increased dielectric 
strength of the porcelain insulator (Ngayakamo & 
Eugene Park, 2019; Islam et al., 2004; Kitouni, 2014).

Flexural Strength/Modulus of Rupture (MOR)

The flexural strength of selected porcelain insula-
tors with better physical and electrical properties are 
shown in Fig. 10. The flexural strength for the batches 
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Fig. 5   Water adsorption of por-
celain insulators (Batch-1, Batch-
2, Batch-3) at various firing 
temperatures (1200, 1250, and 
1300°C) and firing times of a 1.5 
h, b 2.0 h, and c 2.5 h
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Fig 6   Apparent porosity of porcelain 
insulators (Batch-1, Batch-2, Batch-3) at 
various firing temperatures (1200, 1250, 
and 1300°C) and firing times of a 1.5 h, b 
2.0 h, and c 2.5 h
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Fig 7   Bulk density of porcelain 
insulators (Batch-1, Batch-2, Batch-
3) at various firing temperatures 
(1200, 1250, and 1300°C) and firing 
time of a 1.5 h, b 2.0 h, and c 2.5 h
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Fig 8   XRD patterns of selected 
porcelain insulator samples fired at 
1250 and 1300oC for 2 h: a Batch-1, 
b Batch-2, and c Batch-3
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Fig. 9   Dielectric strength 
(kV/mm) of porcelain insula-
tors (Batch-1, Batch-2, Batch-
3) at various firing tem-
peratures (1200, 1250, and 
1300°C) and firing times of a 
1.5 h, b 2.0 h, and c 2.5 h
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at a firing temperature of 1250°C and dwell time of 
2 h ranged between 41.58 and 43.64 MPa and met 
the standard requirement for porcelain insulators, i.e. 
>35 MPa (Ngayakamo & Eugene Park, 2019). This is 
associated with the amount of liquid or glassy phase 
that cements all the surrounding constituents together 
to decrease pore structure, and a small amount of 
free quartz in the porcelain microstructure results in 

interconnected matrix fractures (Carty & Senapati, 
1998; Darweesh, 2019). The greatest observed flex-
ural strength for Batch-1 (49.48 MPa) at 1300°C can be 
explained by the increased amount of kaolinite trans-
formed to mullite with firing temperature and the pres-
ence of less free quartz that does not influence the inter-
connected matrix as seen in the XRD pattern (Ghorbel 
et al., 2008; Teixeira et al., 2008; Souza et al., 2011).

Fig. 10   The flexural strength/modulus of rupture (MOR) of selected porcelain insulators as a function of firing temperature (1250 
and 1300oC) for 2 h

Fig. 11   SEM image with corresponding EDS of fracture surfaces of Batch-3 fired at 1250°C for 2.0 h
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Surface properties

The SEM images and the corresponding EDS of 
Batch-3, which possesses better physical, electrical, 
and mechanical properties at the optimized firing tem-
perature of 1250°C and dwell time of 2 h, are shown 
in Fig. 11. The micrographs in Batch-3 showed inter-
connected mullite phase and quartz particles of vari-
ous sizes embedded in the glassy phase. This is a char-
acteristic of porcelain microstructure (Ngayakamo & 
Park, 2018a). The quartz grain was retained from the 
raw materials as a result of partial sintering (Belhou-
chet et  al., 2019), the reaction of metakaolinite with 
relics of feldspar formed the mullite phase, and the 
glassy phase was formed from feldspar melt (Iqbal 
& Lee, 2000; Meng et al., 2012; Merga et al., 2019). 
Similar photomicrographs were reported by Martín-
Márquez et  al. (2009) and Belhouchet et  al. (2019). 

The corresponding EDS mapping showed clearly the 
presence of all the targeted elements (O, Al, Si, Ca, 
Na, and Fe) distributed throughout the microstructure 
(Fig.  11). Moreover, the decrease in the molar ratio 
of Si/Al in the final product compared to the ratio 
in the clay materials (Table  2) confirmed the forma-
tion of the mullite phase as its formation was always 
accompanied by the liberation of the amorphous sil-
ica, thereby increasing the total amount of aluminum 
(Andreev & Zakharov, 2009; Carty & Senapati, 1998).

The XPS analysis was carried out to provide addi-
tional details on the surface properties of porcelain 
insulator samples. A wide-scan survey XPS profile 
(Batch-3) of the sample porcelain insulator body 
(Fig. 12a) revealed major peaks at 529.08 eV for O1s, 
75.20 eV for Al2p, 103.08 eV for Si2p, 497.08 eV for 
Na1s, 294.08 eV for K2p, 351.06 eV for Ca2p, 711.08 
eV for Fe2p, and 284.8 eV for C1s (the reference 

Fig. 12   XPS profile of a sample porcelain insulator body (Batch-3)
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binding energies). Furthermore, the profile displayed 
core level bands of Fe2p, O1s, Si2p, Al2p, K2p, and 
Na1s (Fig. 12b–g), consistent with the chemical com-
position analysis and EDS analysis results.

Conclusions

The viability and prospects of the future existence 
of a manufacturing industry depend on the develop-
ment or use of raw materials available locally. To 
this end, the current study investigated two locally 
available clay materials for their potential to produce 
quality porcelain electrical insulators. The analytical 
results of the clay materials and porcelain electrical 
insulator samples confirmed that BC deposits con-
tain raw materials of suitable chemical composition 
to make porcelain electrical insulators. DC does not. 
The ratio of SiO2/Al2O3 in BC is close to that of pure 
kaolin and promotes mullite-phase formation during 
sintering. The intense exothermic peak observed at 
1001.23°C for BC compared to the exothermic peak 
at 1006.06°C for DC in the DTA curve confirmed 
this. The principal mineral phases in both BC and DC 
were kaolinite and quartz. The quartz content in BC 
can be dissolved easily by the liquid phase formed 
during firing, however. To make DC suitable for the 
production of ceramics, adding more plastic clays to 
enhance its plasticity and compensate for the high 
level of quartz for effective digestion on firing would 
be necessary. Moreover, the higher level of CaO 
and quartz in DC required pre-treatment to reduce 
the quantity and size which may cause cracks in the 
fired bodies. The smaller amounts of fluxing oxides, 
K2O + Na2O, in both clay samples compared to other 
reported clay materials, mean that a feldspar which 
contains enough of these oxides is needed, otherwise 
greater proportions of feldspar will be needed to pro-
duce more quality porcelain electrical insulators.

The results confirmed that producing quality porce-
lain electrical insulators is possible using an appropri-
ate mixture of clay, feldspar, and quartz at optimized 
conditions from locally available clay resources depos-
ited in the Bombamuha area, Oromia region, Ethio-
pia. Batch 3, which contains BC (40 wt.%), quartz (20 
wt.%), and feldspar (40 wt.%), and which was fired at 
1250°C for 2 h, provided optimum mullite and crys-
talline quartz, which, embedded in a sufficient glassy 
phase, formed a dense microstructure as characterized 

by XRD phase analysis and SEM-EDS. These meth-
ods gave values for water adsorption of 0.17 wt.%, 
apparent porosity of 0.42 wt.%, bulk density of 2.45 g/
cm3, dielectric strength of 8.22 kV/mm, and flexural 
strength of 43.63 MPa, which meet the required stand-
ard for quality porcelain electrical insulators. Though 
better physical, electrical, and mechanical properties 
were obtained on firing at 1300°C, from an economic 
perspective, using a lower firing temperature and less 
time are preferred, to save energy and production costs.

Further study should consider the possible ways 
of minimizing major impurities in these clays. Opti-
mization of the quartz size and amount in the clay 
materials is also needed as these factors have been 
found to be significant in determining the rates of 
dissolution and quartz transformation during sin-
tering. These would have a significant impact on 
the two most important properties of a porcelain 
electrical insulator body, the dielectric and flexural 
strength. Further investigation is also needed into the 
use of clay materials for other ceramic ware which 
does not consider the dielectric strength, e.g. ceramic 
floor and wall tiles, as all of the present batch com-
positions meet the requirements of flexural strength 
(modulus of rupture) (>35 MPa) for ceramic wares.
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