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The synthesis process of Porcelain Alumina Ceramic Insulator (PACI) material was carried out from various compositions 
of kaolin, ball clay, feldspar and alumina. The composite samples were prepared through mechanical milling and compaction 
processes to obtain three ceramic composites C1, C2 and C3. The sintering process on the composite samples was carried 
out at temperatures of 1200 oC and 1300 oC for 3 hours. All sample ware tested for morphology, crystal structure, elemental 
composition using SEM, XRD and XRF as well as compressive strength test and electrical properties. In sample C1, XRD 
results show that increasing the sintering temperature increases the crystallite size by about 71.65% with the dominant phase 
being mullite and a little quartz making the ceramic stronger and better as an electrical insulator. Likewise, Increasing the 
sintering temperature of ceramic composites, especially C3, can increase their strength to around 46.27 MPa with a stable 
density of around 1.56 gr/cm3, while the combination of kaolin and alumina and sintering treatment also produce good 
electrical properties, with an optimum dielectric value at C1 of around 9.27 kV/mm. Therefore, the experimental results 
show that the sintering process at a temperature of 1300 oC makes the porcelain insulator stronger and has better electrical 
properties.
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Introduction

The electrical industry is fundamental to sustaining 
human life, particularly in rapidly developing regions 
such as Indonesia, where energy demands are projected 
to escalate significantly. By 2060, Indonesia is expected 
to require approximately 1,413 Terawatt Hours (TWh) 
of electricity, reflecting the country's robust economic 
growth and increasing energy consumption patterns [1, 
2]. This growing demand necessitates the development 
of high-voltage transmission systems to ensure reliable 
electricity distribution across the archipelago [3]. To 
achieve safe and efficient transmission from the state 
electricity company, PLN (Perusahaan Listrik Negara), 
to various consumers, the implementation of insulators is 
critical. Insulators serve to prevent the unintended flow 
of current from high-voltage lines to the ground, thereby 
safeguarding infrastructure and enhancing the reliability 
of the electrical grid [4]. The importance of these safety 
measures cannot be overstated, as they are essential for 
maintaining the integrity of the electrical supply and 

protecting both human life and equipment from electrical 
hazards [5]. Porcelain Alumina Ceramic Insulators 
(PACI) have emerged as a leading solution for high-
voltage transmission systems due to their exceptional 
properties, including high mechanical strength, excellent 
dielectric, and thermal insulation capabilities. However, 
the production of these advanced ceramic materials 
requires careful control of the sintering process, as the 
temperature can significantly impact the final properties 
of the insulator. The production of PACI in Indonesia 
can be significantly enhanced through the utilization of 
local raw materials such as kaolin, ball clay, feldspar, 
and quartz sand. These materials are essential for the 
manufacturing of high-quality porcelain insulators, 
which are crucial for electrical applications [6].

PACI is produced using natural ceramic raw materials 
such as ball clay, kaolin, feldspar, and quartz, which are 
essential for achieving the desired electrical insulation 
properties. The selection of these raw materials is 
critical, as they undergo various physical changes and 
chemical reactions under thermal conditions during 
the production process [7]. The quality of these raw 
materials significantly influences the performance of 
the final product, particularly during the composite and 
sintering processes, which are vital for ensuring effective 
insulation properties [7, 8]. Ball clay (Al2Si2O5(OH)4), 
when in a wet state, serves as a binder for the other 
materials in the composite, imparting plasticity that 
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facilitates shaping and molding [7]. Feldspar [KxNa1-x 
(AlSi3)O8] acts as a flux and provides an alternative 
source of alumina and silica, which are crucial for the 
vitrification process during firing [7]. Additionally, 
quartz (SiO2) is utilized as a filler material, contributing 
to the structural integrity of the porcelain alumina 
ceramic insulator during the heating process [7]. The 
interplay of these materials is essential for achieving 
the desired mechanical and electrical properties of 
PACI, as the sintering temperature and conditions can 
significantly affect the microstructure and, consequently, 
the insulation performance [8]. The modification process 
for high-quality PACI often relies on the availability 
of high-quality ball clay, which can be challenging to 
source. As a result, ongoing research and development 
efforts focus on utilizing locally sourced ball clay from 
natural materials to enhance the production of PACI [9]. 

PACI are essential components in high-voltage 
distribution and transmission systems, necessitating 
specific properties such as high resistivity, excellent 
dielectric characteristics, and robust mechanical strength 
to ensure reliable performance [10]. The dielectric and 
mechanical strength of PACI are critical factors that 
determine their quality and effectiveness as insulators 
[11]. These properties are significantly influenced by 
the primary phases present in the ceramic structure, 
particularly the mullite and glassy phases, which develop 
during high-temperature sintering processes [12]. The 
mullite phase, characterized by the chemical formula 
Al6Si2O3, is derived from ball clay and forms a crystalline 
aluminosilicate structure, contributing to the mechanical 
strength of the insulator [13]. Conversely, the glassy 
phase originates from the sintering of feldspar within the 
composite, which aids in the compaction of the ceramic 
body [14]. However, an excessive glass phase can lead 
to increased ionic mobility within the porcelain body, 
adversely affecting its electrical insulation properties 
[15]. Therefore, careful control of the composition 
and sintering temperature is crucial to optimize the 
mechanical properties while maintaining effective 
insulation [16]. To achieve high mechanical and electrical 
(dielectric) strength properties in PACI, variations in the 
composition of local Indonesian natural materials such 
as kaolin, feldspar, ball clay, and alumina are explored. 
This approach aims to enhance the insulating properties 
of PACI while ensuring the materials used are locally 
sourced and sustainable. The study of these variations 

is vital, as it can lead to significant improvements in 
the performance of PACI, making them suitable for the 
demanding conditions of high-voltage applications.

Materials and Methods

Raw Material Source
The raw materials used in synthesizing Porcelain 

Alumina Ceramic Insulator (PACI) in this study are ball 
clay and alumina from the province of West Kalimantan, 
feldspar from the province of Lampung, kaolin taken 
from Belitung Island. The chemical composition of the 
raw materials ball clay, alumina, feldspar and kaolin are 
shown in Table 1.

Synthesis of Porcelain Alumina Ceramic Insulator 
(PACI)

The processing of raw materials involves several 
critical stages, including drying, crushing, grinding, 
and sieving, each contributing to the final material 
characteristics. Initially, raw material chunks are dried at 
60 oC for 12 hours to reduce moisture content, which is 
essential for preventing clumping and ensuring efficient 
subsequent processing. Following drying, the material 
is crushed using a jaw crusher, which reduces the 
size of the chunks to facilitate further size reduction. 
The crushed material is then ground in a pulverizer to 
achieve a fine particle size of 325 mesh, corresponding 
to approximately 44 micrometers in diameter. The 
resulting materials are mixed according to the desired 
composition plan as given in Table 2. The composition 
is designed based on previous research with slight 
modifications by considering the grain size. The mixed 
materials are mixed using a mechanical milling process 
for 10 hours. The sample is molded using a hydraulic 
press at a pressure of 70 Bar with a diameter of 5 cm 

Table 1. Chemical composition of kaolin, ball clay, alumina and feldspar (wt %).
Raw 

Material SiO2​ Al2O3​​​ Fe2O3​​​ CaO MgO Na2O​​ K2O​​ TiO2​ LOI

Ball Clay 60.04 26.59 1.09 0.04 0.02 0.08 0.86 1.36 9.92
Feldspar 67.92 17.84 0.13 0.5 0.05 2.45 10.96 0.01 0.14
Kaolin 47.53 36.57 0.86 0.06 0.29 0.11 1.27 0.39 12.92

Alumina 0.02 99.7 0.08 - - 0.02 - - 0.18

Table 2. Composition of Porcelain alumina ceramic insulator 
composite samples (wt %).

Raw 
Material C1 C2 C3

Ball Clay 15.00 15.00 12.50
Feldspar 27.50 30.00 32.50
Kaolin 37.50 35.00 40.00

Alumina 20.00 20.00 15.00
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and a thickness of 1 cm and then the sample that has 
been formed into a coin is sintered at a temperature of 
1200 oC and 1300 oC for 6 hours using a furnace. The 
sintering temperature was chosen based on previous 
research [7] on the effect of sintering temperature on 
the crystal structure and formation of the mullite phase 
in porcelain insulators.

Characterization of Porcelain Alumina Ceramic 
Insulator (PACI) Material

PACI material in the form of composite samples 
was characterized by crystal structure properties using 
an X-ray diffractometer (Rigaku Miniflex 600 θ-2θ) 
with Cu K-α radiation of 1.5406, operated at 40 kV and 
40 mA. The modified Scherrer's equation was used to 
calculate the crystallite size of the X-ray diffractometer 
results as follows:

	 (1)

Which came to be called the Scherrer modification 
equation. Furthermore, equation (1) is written in a 
logarithmic form as:

	 (2)

	 (3)

By plotting the curve ln bhkl vs ln(1/cosq), the crystallite 
size can be determined from the y-intercept. Having K 
= 0.9 and λ (such as λCukα1 = 0.15405 nm), where L 
is crystallite size, λ is the X-ray wavelength, θ is the 
Bragg's angle and bhkl is the line broadening, based 
on full-width at half maximum (FWHM) in radians. 
After done calculation size crystallite, XRD results can 
analyzed in a way quantitative with method rietveld 
refinement using highscore plus software for obtain the 
lattice parameters, density and volume of the unit cell 
as well as Goodness of fitting value.

PACI material can be characterized by the strength 
properties of the material can be seen from the hardness 
value using the Vickers method with a compressive 
strength tester (Shimadzu TEC N-300). Hardness can 
be seen from the resistance of the material to penetration 
or resistance to deformation of the material surface. In 
this study, the measurement of the hardness of ceramic 
samples can be determined by the following equation:

	 (4)

Where P is the applied load and D is the diagonal 
length of the indenter trace and H is the hardness. To 
find out the effect of sintering temperature given to the 
ceramic composite sample on the hardness value of a 
material can be expressed geometrically as follows:

	 	 (5)

Where H is the hardness value of the material, a is the 
dimensional thickness of a material and b is the diameter 
of a material while T is the sintering temperature given 
to the ceramic composite sample. While the sintering 
temperature of a ceramic material will have an effect 
on the electrical properties, the electrical properties can 
be seen from the dielectric strength value of the ceramic 
sample. Measurement of dielectric strength in ceramics is 
calculated by applying an electric voltage to the sample 
so that the break down voltage value will be obtained 
using a testing machine (Phenix Technologies Accident 
Maryland, USA). The break down voltage value in the 
ceramic sample is then calculated using the dielectric 
strength equation as follows:

	 (6)

Where Ds is the dielectric strength value (kV) and 
bV is the break down voltage value (volt) and d is the 
thickness value of the ceramic sample (mm). while 
the ceramic sample will also be characterized by the 
morphological form of a ceramic composite with a 
scanning electron microscopy (SEM) (Phenom ProX) and 
the SEM analysis results can calculate the particle size 
using ImageJ software or can be confirmed by testing 
the particle size using the PSA (Particle Size Analyzer) 
tool. While to determine the chemical composition of the 
ceramic composite using the X-ray fluorescence (XRF 
(Rigaku NexCG) tool. To find out if there is a change 
in the mullite phase so that changes in endothermic and 
exothermic process conditions are carried out Differential 
Thermal Analysis (DSC) - Thermogravimetry Analysis 
(TGA) testing.

Results and Discussion

Characteristics of Raw Material Crystal Structure
Analysis of data and followed by the presence of 

minor phases, namely quartz according to COD data 
#9009666 (Fig. 1a). The results of XRD analysis on 
alumina raw material show that the dominant phase is 
corundum which refers to the COD database #9007634 
and there are no minor phases following it (Fig. 1b).

Analysis XRD pattern on feldspar raw material shows 
phase microcline dominant with intensity peak low 
diffraction according to the COD database #9004191 and 
one peak diffraction own high intensity that is orthoclase 
phase and other minor phases are albite and quartz (Fig. 
1c). Analysis results There are XRD patterns on the raw 
kaolin material phase dominant namely kaolinite which 
matches the COD database #9014999 followed by minor 
phase, namely dickite, which is shown in Fig. 1d. 

The analysis of X-ray diffraction (XRD) patterns is a 
critical method for determining the phase composition of 
ceramic materials, particularly in the context of kaolinite 
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and its transformation into metakaolin and subsequently 
into mullite. The presence of kaolinite in raw materials 
is well-documented, and upon sintering, it undergoes 
a structural transformation to metakaolin, which is a 
precursor to mullite formation. This transformation 
is significant because mullite is a key phase that 
contributes to the mechanical and thermal properties 
of ceramic materials, making it a determining factor 
in their performance [17, 18]. The quantitative phase 
analysis of XRD patterns can be effectively performed 
using Rietveld refinement techniques, which allow for 
the extraction of detailed structural information from 
the diffraction data. This method provides insights into 
the relative proportions of different phases present in 
the sample, such as corundum and quartz, which can 
combine to form mullite when subjected to appropriate 
thermal treatments [19, 20]. The Rietveld refinement 

process involves fitting the observed diffraction pattern 
to a calculated pattern based on a proposed structural 
model, thereby yielding quantitative phase percentages 
and other crystallographic parameters [21]. Recent studies 
have highlighted the importance of these transformations 
and the role of mullite in enhancing the properties of 
ceramic materials. For instance, the work by Qin et 
al. emphasizes the significance of mullite in high-
temperature applications due to its favorable properties 
such as low thermal expansion and high refractoriness 
[17]. Additionally, research by Mahņicka-Goremikina 
et al. discusses the modification of mullite ceramics 
for improved thermal insulation, further underscoring 
the material's versatility and importance in various 
applications [22].

Table 3 shows that percentage the phases owned by 
the raw material ball clay are dominated by kaolinite 

Table 3. Percentage of phases in raw materials (%).
Raw Material Kaolinite Quartz Corundum Microcline Orthoclase Albite Dickite

Ball Clay 73.7 26.3 - - - -
Feldspar - 4.7 - 64.3 6.0 25 -
Kaolin 59.3 - - - - - 40.7

Alumina - - 100 - - -

Fig. 1. XRD result patterns on raw materials (a) Ball Clay, (b) Alumina, (c) Feldspar and (d) Kaolin
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phase of 73.7% which will give contribution to phase 
meta kaolinite when sintered at temperatures above 
1000 oC and followed with quartz phase, while the 
percentage of corundum contained in the raw material 
alumina by 100%, this corundum phase will increase 
quartz phase so that later will to form mullite phase 
[23]. This mullite phase will provide mechanical strength 
and insulating properties to ceramic composite samples 
[24]. For feldspar raw materials, the percentage of the 
dominant microcline phase is around 64.3% followed 
by the percentage of other minor phases such as albite 
of 25%, orthoclase of 6.0% and quartz of 4.7% while 
kaolin raw materials have a percentage of kaolinite phase 
of 59.3%. After the Rietveld refinement analysis, the 

crystallite size calculation was carried out on each raw 
material.

Analysis results XRD pattern is plotted graphically 
with use FWHM value and angle diffraction so that 
obtained linear equation y = mx + c (Fig. 2), value 
constant c is done substitution to equality exponential 
so that obtained mark size crystallites shown in Table 
4. The results show that crystallite sizes in alumina 
raw materials are larger, around 74.24 nm, compared 
to other raw materials. This is because alumina has a 
single phase, consisting of 100% corundum, whereas the 
other raw materials are multiphase. The corundum phase 
in alumina contributes to the formation of the mullite 
phase when it interacts with the quartz phase present in 
other raw materials [25]. Next analysis structure crystals 
in raw materials are carried out rietveld refinement using 
highscore plus software was obtained Goodness of Fit 
(GOF) value. If the GOF value is obtained small show 
that the measured XRD data results will approaching 
the universal XRD database. The GOF value is obtained 
from the fitting process shown in the universal XRD 
database line with the XRD result line measurements 
that can be seen in Fig. 3.

GOF value obtained from results Reitveld refinement 
turns out to be raw material ball clay, alumina and kaolin 
own GOF value is almost the same range of 21.65 to 
27.57 while the feldspar raw material has far GOF value 
bigger around 104.33 can be seen in Fig. 3. The GOF 
value is higher small the show universal conformity of 

Table 4. Crystallite size in raw materials.

Raw materials L (nm)

Ball Clay 26.45

Feldspar 59.62

Kaolin 17.14

Alumina 74.24

Fig. 2. Linear plot of modified Scherrer's for calculation size crystallite.
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XRD data to measurement XRD data almost approach 
appropriate and also shows that the raw material is single 
phase while the raw material feldspar shows multiphase. 
If the raw material has a single phase, it will be easier 
to composite with other materials [26].

Morphological Characteristics of Raw Materials
The results of the SEM characterization analysis 

show that the morphology of the raw material Ball Clay 
contains several large chunks due to the agglomeration 
of small chunks that pile up, the presence of several large 
chunks surrounded by small chunks indicates that the 
ball clay is not homogeneous, marked by the presence 
of a kaolinite phase followed by a quartz phase [27] 
(Fig. 4a). While the morphology of the raw material 
alumina contains flat coins in the form of uniform 
hexagonal crystals stacked on top of each other, this 
shows that the uniformity of the coins with the same 
size and uniformity of the corundum phase dominates 
and there are no other phases that follow it [28, 29] (Fig. 
4b). The microstructure of the raw material feldspar has 
characteristics such as large chunks of rock surrounded 
by several small chunks that are not uniform because 

feldspar is a type of granite rock that has several phases 
including microcline, orthoclase, albite and quartz phases 
[30] (Fig. 4c). While in the raw kaolin material shows 
morphology in the form of small chunks that are evenly 
distributed but the presence of large chunks of rock is 
due to the agglomeration between the kaolinite and 
dickite phases that experience an interaction process 
with each other [27] (Fig. 4d). Furthermore, the SEM 
results were measured using ImageJ software to obtain 
qualitative data in the form of particle size in the raw 
material.

Analysis from SEM results are subject to calculation 
process size particle from picture SEM results on the 
raw material with using ImageJ software obtained the 
average particle size of the feldspar raw material is 
greater big about 32.21 µm can be seen in Table 5. This 
in accordance with feldspar morphology that has chunk 
rock granite with the size is still relatively small large, 
raw material ball clay has average particle size about 
29.27 µm will but the average distribution of its particles. 
No homogeneous and raw kaolin material has size more 
particles small around 17.82 µm although distribution 
the particle No evenly. Subsequent statistical plotting 

Fig. 3. Reitveld Refinement results XRD pattern on raw material.
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reveals that the average particle distribution in the 
raw material shows alumina has a more homogeneous 
particle distribution compared to the others, as illustrated 
in Fig. 5.

Characteristics Ceramic Composite Crystal Structure
The XRD pattern analysis of the ceramic composite 

material before sintering reveals predominant kaolinite 
and microcline phases, along with minor phases of 

corundum, albite, and quartz, as shown in Fig. 6a. The 
kaolinite phase that appears in the ceramic composite 
from material raw ball clay and microcline, albite, and 
quartz phases appeared in the XRD results of ceramic 
composites from material feldspar raw material while 
corundum phase appears from material alumina raw 
material. After the sintering process at 1200 oC and 1300 
oC, only the diffraction peak for the corundum phase 
appears, while the diffraction peak for the kaolinite phase 
is absent. This is due to the process of transformation of 
the kaolinite phase into the amorphous metakaolin phase 
until sintering at 1200 oC and 1300 oC the formation of 
the mullite crystal phase can be seen in Fig. 6b [31]. The 
emergence of a new diffraction peak above sintering at 
1200 oC is the formation of a new crystal phase called 
primary mullite and the emergence of a new sillimanite 
phase [32]. When the sintering temperature is 1300 oC, 
it shows that the microcline, albite, and quartz phases 
disappear, on the other hand the diffraction peak of the 

Fig. 4. SEM on raw Materials (a) Ball Clay, (b) Alumina, (c) Feldspar and (d) Kaolin.

Table 5. Average size of raw materials.
Raw Material Average particle size (µm)

Ball Clay 29.27
Alumina 25.67
Feldspar 32.21
Kaolin 17.82
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Fig. 5. Particle size distribution in raw material (a) Ball Clay, (b) Alumina, (c) Feldspar and (d) Kaolin

Fig. 6. XRD Pattern of Ceramic Composite (a) Before sintering, (b) after sintering at 1200 oC, (c) after sintering at 1300 oC.
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mullite phase increases followed by the quartz phase 
when sintered at high temperatures it will react with the 
corundum phase which forms the aluminosilicate phase 
and includes the sillimanite phase, this sintering process 
creates conditions that allow a new sillimanite phase to 
form in the ceramic composite can be seen in Fig. 6c [33]. 
This result is consistent with previous results that mullite 
was not visible or formed at temperature below 1,200 oC 
[34] and will start to form significantly at temperatures 
above 1200 °C [7, 35], as evidenced by the appearance 
of characteristic mullite peaks with diffraction angles 
(2θ) around 16.4°, 26°, and 40.8°. Therefore, it can 
be concluded that increasing the sintering temperature 
enhances the intensity of the mullite peaks.

Analysis results XRD pattern shows that improvement 
sintering temperature of before sintering until sintering 
temperature 1300 oC will experience improvement size 
crystallites in ceramic composites C1, C2 and C3 which 
can be seen in table 6 [36], where size crystallites in 
ceramic composite C1 before sintering until sintering 
temperature 1300 oC from 40.92 to 70.24 nm and an 
increase size crystallites in the C2 ceramic composite 
from 51.45 to 73.33 and the C3 ceramic composite also 
experienced improvement from 56.07 to 75.88 nm. So, 
the sintering effect on the ceramic composite will give 
improvement size crystallite, this is because of existence 
growth crystallinity in the phase mullite formed at 
a sintering temperature of 1300 oC [37]. At sintering 
temperature of 1300 oC the bond alumina chemistry 
(Al2O3) in corundum and silica (SiO2) phases in the 
quartz phase will to form bond new become mullite 
phase which has greater crystallinity tall [36].

Characteristics Morphology Ceramic Composite
The ceramic composite, composed of ball clay, 

feldspar, alumina, and kaolin with various compositional 
variations, exhibits diverse morphological characteristics. 
In composite C1, the alumina has a flat, coin-like 
morphology that is evenly distributed and overlaps with 
itself, indicating the presence of the corundum phase [38]. 
Feldspar appears as larger rock-like structures broken into 
smaller fragments, suggesting the presence of kaolinite 
and microcline phases [27]. Ball clay is observed in 
small, evenly dispersed rock-like chunks, while kaolin 
exhibits interlocking, rock-like particles overlapping one 
another, indicating the presence of the quartz phase, as 
shown in Fig. 7a [39]. Whereas the morphology shown 
in the C2 ceramic composite shows morphology of 
ball clay in big rock visible and surrounded existence 
coin flat that is morphology dispersed corundum phase 
evenly distributed and the feldspar morphology also 
coincides with the morphology of alumina shown in 
Fig. 7b. For C3 ceramic composite with variation more 
kaolin composite dominant so that kaolin morphology is 
more seen with existence big chunk of rock each other 

Table 6. Crystallite size in ceramic composites before sintering 
up to sintering temperature of 1300 oC.

Ceramic Composite L (nm)

C1 before Sintering 40.92

C2 before Sintering 51.45

C3 before Sintering 56.07

C1 After Sintering 1200 C 47.00

C2 After Sintering 1200 C 48.61

C3 After Sintering 1200 C 62.61

C1 After Sintering 1300 C 70.24

C2 After Sintering 1300 C 73.33

C3 After Sintering 1300 C 75.88

Fig. 7. Microstructure of ceramic composites before sintering (a) C1, (b) C2, (c) C3



The effect of sintering temperature on the strength and electrical properties of Porcelain Alumina Ceramic Insulator… 655

overlapping which shows existence the dominant quartz 
phase can be seen in Fig. 7c [40]. Variations in ceramic 
composite composition, with added alumina, enhance 
hardness and thermal durability. However, excessive 

alumina content can make the composite brittle, limiting 
alumina variation to around 20%. Feldspar contributes 
to plasticity and inter-grain bonding, while broader 
variation in kaolin content supports the formation of 

Fig. 8. Microstructure of ceramic composite after 1200 oC (a) C1, (b) C2, (c) C3

Fig. 9. Microstructure of ceramic composite after 1300 oC (a) C1, (b) C2, (c) C3
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the desired crystalline phases, specifically promoting the 
development of the mullite phase [41].

After the sintering process at a temperature of 1200 
oC, the morphology of the ceramic composite has a 
significant morphological change, namely the change 
in the morphology of alumina and kaolin occurs more 
unified, it can be seen that the morphology of the 
corundum and quartz phases becomes the morphology of 
the mullite phase which is indicated by the morphology 
of the stacked rods can be seen in Fig. 8a [36]. Fig. 8a 
also shows the morphology of the corundum phase 
which is evenly distributed and also the formation of the 
morphology of the pores. The presence of the porosity 
that is formed will provide the strength and resistance of 
the ceramic to mechanical damage [42]. Fig. 8b clearly 
shows the rock chunks showing a uniform corundum 
phase. The morphology of the corundum phase above it 
has the morphology of collections of rod fibers, namely 
the morphology of mullite and there are also pores [43]. 
While Fig. 8c also shows the morphology of mullite 
above the morphology of corundum which is evenly and 
uniformly distributed and there are pores [44].

The increase in temperature in the sintering process 
up to 1300 oC will provide a change in the morphology 
of corundum that appears to be tucked inside the 
shaft and the morphology of the fibers in the form 
of mullite phase in the ceramic composite C1 can be 

seen in Fig. 9a [18]. While the ceramic composite C2 
clearly shows the morphology of flat plates, namely the 
morphology of corundum that is evenly distributed and 
homogeneous and there are clumps of rods which are 
mullite morphology can be seen in Fig. 9b [45]. While 
in the ceramic composite C3, the morphology of mullite 
rods is clearly visible, stacked on top of each other and 
covered with corundum morphology and there is a shaft 
in the morphology of the ceramic composite C3 shown 
in Fig. 9c [18]. The increase in sintering temperature will 
provide a phase change so that the mullite phase appears 
with the morphology of rods that have integrity and the 
shaft is also formed quite clearly so as to provide stable 
and strong mechanical properties [45].

The results of particle measurements on ceramic 
composites using ImageJ showed that increasing the 
sintering temperature to 1300 oC on ceramic composite 
C1 decreased the average particle size from 11.06 to 7.13 
as seen in Fig. 10a. Increasing the sintering temperature 
will provide a de-aggregation process or separation of 
aggregated particles that occur so that it helps break the 
particle aggregates and will provide particle interactions 
that cause previously combined particles to break into 
smaller sizes [36]. Fig. 10b illustrates that the ceramic 
composite C2 shows a reduction in average particle 
size from 14.91 nm to 12.36 nm as the sintering 
temperature increases. This rise in sintering temperature 

Fig. 10. Results of the average particle size (nm) of the ceramic composite before sintering, after sintering at 1200 oC and 1300 oC 
(a) C1; (b) C2; (c) C3
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promotes the formation of the mullite phase and leads 
to an uneven compaction process, resulting in smaller 
particle sizes [43]. Similarly, as shown in Fig. 10c, the 
ceramic composite material C3 experiences a decrease 
in average particle size from 14.11 nm to 8.92 nm. 
This reduction is attributed to the presence of a fully 
developed mullite phase, which causes structural shifts 
and uneven compaction [7]. This shows that an increase 
in the sintering temperature of the composite material 
will provide morphological changes and the formation 
of a new phase, namely mullite, will cause a decrease 
in the average particle size [46]. 

Mechanical Properties Characteristics of Ceramic 
Composites

The mechanical properties of the ceramic composite 
sample C1 were tested for compressive strength, and 
it was found that increasing the sintering temperature 
caused the ceramic particles to bond more effectively, 
reducing porosity and cavities within the material. As 
porosity decreases, the particle density increases, resulting 
in a higher density value, from 1.79 to 1.80 g/cm³, which 
in turn improves mechanical strength. This is reflected in 
the increase in compressive strength from 46.64 MPa to 
46.78 MPa, as shown in Fig. 11a. Similarly, compressive 
strength testing of ceramic C2 revealed an increase in 
strength from 45.68 MPa to 45.78 MPa [47].

This finding demonstrates that increasing the 
sintering temperature enhances the uniform distribution 

of particles, thereby improving the material's strength, 
as shown in Fig. 11b [48]. Additionally, the sintering 
treatment of the C3 ceramic composite results in a denser 
microstructure, enabling it to better withstand external 
forces compared to materials with higher porosity [49]. 
This increased density contributes to improved material 
strength, as indicated by the rise in compressive strength 
from 45.92 MPa to 46.27 MPa, as shown in Fig. 11c. 
Compression testing results show that the ceramic 
composite exhibits stronger mechanical properties as the 
sintering temperature increases. This enhancement is due 
to the strengthening of bonds between particles, making 
the material more resistant to mechanical stresses [50]. 

The particle size is an important factor in determining 
the mechanical properties of ceramics, particularly 
compressive strength. In this study, it was found that 
using a particle size ground to 325 mesh (~44 μm) did 
not significantly affect the compressive strength of the 
ceramic material. When compared with previous research, 
which used a 200-mesh particle size, the mechanical 

Fig. 11. Compressive strength value on composite after sintering at 1200 oC and 1300 oC. (a) C1; (b) C2; (c) C3

Table 7. Density of ceramic composites.

Sample Density (gr/cm3)  

at 1200 oC
Density (gr/cm3)  

at 1300 oC
C1 1.79 1.80
C2 1.56 1.64
C3 1.55 1.56
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strength was similar, with the former showing a value of 
around 45 MPa and this study yielding approximately 46 
MPa [34]. This slight difference in particle size did not 
result in a significant change in the compressive strength, 
suggesting that within this range of particle sizes, 
the mechanical strength remains relatively constant. 
Therefore, the change in particle size did not notably 
influence the compressive strength of the material [51].

Characteristics of Electrical Properties of Ceramic 
Composites

The electrical properties of the C1 ceramic composite 
can be seen from the results of electrical testing, it is 
obtained that the increase in sintering temperature given 
to the C1 ceramic composite will trigger grain growth, 
good grain growth will be able to increase the dielectric 
strength value from 8.53 to 9.27 kV/mm can be seen in 
Fig. 12a, because the grain boundaries are less reducing 
the breakdown and the grains will usually withstand the 
given electric field [52].

In ceramic composite C2 can be seen in Fig. 12b, 
where C2 has strength dielectric increase with increasing 
sintering temperature and reaches mark maximum 9.14 
kV/mm at sintering temperature of 1300 oC. The increase 
dielectric strength possible due to part ceramic material 
melts, fills pores and produce surface hard and not 
porous so that voltage remainder can released and there 
is improvement range vitrification the ceramic sample 
[49]. Inside provision ceramic composite for applied to 

porcelain insulators must is in the range of 6.1-13 kV/
mm, where C3 ceramic composite still is at stretched 
the that is about 8.81 kV/mm at a temperature of 1300 
oC can be seen in Fig. 12c. Improvement sintering 
temperature will give density, phase stable crystals and 
homogeneous material as well as No porous so that 
the material can withhold Medan electricity without 
experienced a breakdown which caused increase in 
dielectric strength [50].

The dielectric strength of ceramics, which measures 
how well the material resists electrical breakdown, did 
not change much with different particle sizes in this 
study. When the particle size was reduced from 200 
mesh (~75 μm) to 325 mesh (~44 μm), the dielectric 
strength only slightly increased from 9.26 kV/mm to 
9.27 kV/mm. This shows that changing the particle 
size does not have a significant effect on the dielectric 
strength of the material [34].

Role of Raw Materials in Porcelain Alumina Ceramic 
Insulator

Raw material contributes to the mechanical and 
dielectric properties of PACI, with a focus on their 
specific roles and interactions, especially regarding 
alumina and mullite formation. Kaolin is a clay mineral 
primarily composed of alumina (Al₂O₃) and silica 
(SiO₂). It is often used in ceramic formulations for its 
plasticity and ability to help form a strong bond during 
sintering. In PACI, kaolin's role is likely to contribute 

Fig. 12. Dielectric strength value of composites after sintering at 1200 oC and 1300 oC. (a) C1; (b) C2; (c) C3
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to the formation of a glassy phase, which can enhance 
mechanical properties such as strength and thermal 
stability [53]. Additionally, kaolin can assist in the 
formation of mullite (3Al₂O₃·2SiO₂) when heated, which 
is important for improving high-temperature stability and 
dielectric properties. Feldspar is a group of minerals 
that act as a flux in ceramics, reducing the sintering 
temperature and promoting the formation of a vitreous 
phase during sintering. It helps in the densification 
process, leading to improved mechanical properties 
like hardness and strength. Feldspar also contributes to 
the creation of a low-viscosity glass phase that helps 
bind the ceramic particles together and improves the 
material’s dielectric properties by lowering its electrical 
conductivity at certain frequencies [54]. Ball clay is 
another type of clay rich in alumina and silica, and 
it adds to the plasticity of the ceramic mix [55]. In 
PACI, ball clay likely contributes to the shaping and 
forming process, allowing for better moldability and 
homogeneity in the final product. While its contribution 
to dielectric properties may not be as significant as 
other materials, its role in improving the green strength 
(before sintering) is vital for maintaining the structural 
integrity of the ceramic body. Alumina (Al₂O₃) is a key 
ingredient in the formation of mullite, an essential phase 
for high-temperature stability and electrical insulation in 
ceramics. The high Al₂O₃ content in alumina promotes 
the formation of mullite during sintering, particularly 
when the mixture also contains silica from kaolin and 
feldspar [56]. Mullite has excellent thermal stability, 
low thermal expansion, and good dielectric properties, 
making it an essential phase for improving both the 
mechanical and dielectric performance of PACI. In 
addition, alumina's high melting point enhances the 
ceramic's overall thermal resistance.

In the case of Al₂O₃ and mullite formation, the high 
Al₂O₃ content of alumina plays a critical role in the 
formation of mullite. Mullite is formed when Al₂O₃ 
reacts with SiO₂ at elevated temperatures (typically above 
1200 oC), and its formation is crucial for enhancing the 
ceramic's mechanical strength, thermal shock resistance, 
and dielectric properties. The presence of alumina helps 
control the phase composition and microstructure, 
allowing for the desired balance of hardness, insulation 
properties, and thermal stability.

Conclusion

The properties of ceramic composites C1, C2, and C3 
show enhanced mechanical and electrical characteristics as 
the sintering temperature increases. This rise in sintering 
temperature improves crystallite size, with composite 
C3 achieving an optimal crystallite size of 75.88 nm 
at 1300 oC compared to the others. Additionally, the 
increased sintering temperature promotes the formation 
of the mullite phase and results in a more homogeneous 
and porous morphology, which enhances the hardness 

of the material. Notably, at a sintering temperature 
of 1300 oC, ceramic composite C1 demonstrates a 
favorable hardness of approximately 46.78 MPa and a 
dielectric strength of about 9.27 kV/mm. The ceramics 
produced with composition C1, consisting of raw ball 
clay (15%), alumina (20%), feldspar (27%), and kaolin 
(37%), and sintered at 1300 oC, meet the required 
standards for mechanical characteristics and sufficient 
electrical insulation strength for porcelain insulator 
applications. Several methods exist to enhance the 
mechanical and electrical properties of ceramics; aside 
from sintering temperature treatment, there is potential 
for Indonesia to produce standard porcelain insulators 
by substituting commercial ball clay with local ball clay. 
This substitution, when combined with an optimized 
formulation and processing conditions, could yield high-
quality porcelain insulators.
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