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This study investigates the use of coal fly ash as a filler in Room Temperature
Vulcanization (RTV) silicone rubber to enhance its mechanical properties. Fly ash,
which contains silica, has the potential to improve the strength of the polymer. The
research aims to optimize the composition of fly ash in RTV silicone rubber
composites using the quadratic regression method, focusing on tensile strength and
elongation performance. Tests were conducted according to ASTM D 412
standards for tensile strength and elongation. The results showed that the optimal
fly ash composition for tensile strength was 38.11%, resulting in a tensile strength
of 0.19 and a Mean Absolute Percentage Error (MAPE) of 13.64%. For elongation,
the optimal composition was 14.95%, with an elongation value of 192.094 and a
MAPE of 24.75%. This study provides valuable insights into how fly ash can be
used to enhance the mechanical properties of RTV silicone rubber composites.
Keywords: Coal fly ash; Mechanical performance; Optimization; Quadratic
regression; RTV silicone rubber

E-MAIL ABSTRAK

miftahul@itpln.ac.id Penelitian ini mengkaji penggunaan abu terbang batubara sebagai pengisi pada
karet silikon tipe Room Temperature Vulcanization (RTV) untuk meningkatkan
sifat mekaniknya. Abu terbang yang mengandung silika berpotensi memperkuat
polimer. Tujuan penelitian ini adalah mengoptimalkan komposisi abu terbang
dalam komposit RTV silikon menggunakan metode regresi kuadrat, dengan fokus
pada uji kekuatan tarik dan elongasi. Pengujian dilakukan sesuai dengan standar
ASTM D 412 untuk kekuatan tarik dan elongasi. Hasil penelitian menunjukkan
komposisi optimal abu terbang untuk kekuatan tarik adalah 38,11%, dengan
kekuatan tarik 0,19 dan Mean Absolute Percentage Error (MAPE) sebesar 13,64%.
Sedangkan untuk elongasi, komposisi optimal abu terbang adalah 14,95%, dengan
nilai elongasi 192,094 dan MAPE sebesar 24,75%. Penelitian ini memberikan
wawasan yang berharga mengenai pemanfaatan abu terbang untuk meningkatkan
sifat mekanik komposit RTV silikon.

Keywords: Fly ash batubara; Karet silikon RTV; Kinerja mekanik; Optimasi;
Regresi kuadratik
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INTRODUCTION

Most of Indonesia's electricity is generated by steam power plants that use coal as the main
fuel. In 2019, Indonesia produced around 8.31 million tons of coal fly ash, and this amount
continues to increase annually [1]. The large production of fly ash has a negative environmental
impact due to the toxic particles it contains, such as Pb, Cd, As, and Hg, which can contaminate
soil and water, affecting living organisms. Currently, coal fly ash management in Indonesia is
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concerning, as most of it is handled locally, simply spread in open areas (landfills), and compacted
with water [2]. Given its potential and environmental impact, this has prompted researchers to
explore solutions for effectively utilizing fly ash waste as a viable material [3, 4].

Coal fly ash is classified into different groups based on its caloric value. Regardless of this,
fly ash contains several key components from the combustion process, including silica, alumina,
iron, calcium, carbon, magnesium oxide, sulfate, phosphate, and others [5-7]. The silica content in
various types of coal fly ash is notably high, making it valuable for use in cement products, rubber
fillers, and other applications. As shown in Figure 1, a fly ash sample, the nanosilica content in the
filler can enhance the tensile strength of polymer materials such as Ethylene Propylene Diene
Monomer (EPDM) rubber and silicone rubber (SiR). [8]. In addition to increasing the mechanical
properties of polymer materials, nanosilica is also able to increase the dielectric capabilities of
epoxy polymer materials [9]. In addition to the benefits of silica contained in coal fly ash, and the
large costs required to separate from each of the coal fly ash contents [10].

Coal fly ash has great potential as an industrial rubber filler [11]. Insulators, as key
electrical equipment, play a crucial role in the distribution of electrical energy. Currently, polymer-
based insulators are gaining popularity due to their advantages over porcelain and glass,
particularly their high hydrophobic properties [12], has a lower mass density, is easy to
manufacture because it does not require very high temperatures in the manufacturing process, and
has a high level of adhesion.

The research titled “Electrical and Mechanical Properties of Fly Ash Filled Silicone
Rubber for High Voltage Insulators” demonstrates that adding coal fly ash with a high calorific
value can improve the electrical and mechanical properties of polymer silicone rubber insulators.
The study compared electrical and mechanical test results of various silicone rubber insulator
samples with fly ash filler compositions ranging from 0% to 80% [13]. A previous study using coal
fly ash as a filler in epoxy polymer material showed no significant improvement in its properties.
The hydrophobicity of the epoxy polymer was inferior to that of silicone rubber, as evidenced by
the comparison between the two materials [14].

In this study, we used the quadratic regression optimization method to help find the best
composition for the mechanical performance of a SiR polymer insulator. Referring to the study
“Optimization of PV Power Output Based on Tilt Angle at the PLN Institute of Technology
Jakarta”, the research aimed to assess the power output improvement with changing tilt angles
using a quantitative correlation method and quadratic regression. The results showed an R² value of
0.9273 and a Root Mean Square Error (RMSE) of 0.160, indicating a very good model. The
optimal tilt angle for maximizing the solar power output was found to be 33.7°, yielding a power
output of 8.87 watt.

The studies mentioned above only focus on the effect of fly ash composition as a filler on
the mechanical performance of SiR polymer insulators, but they do not address how to optimize the
composition of fly ash to enhance the mechanical properties of the SiR polymer insulator.
Therefore, this study aims to examine the impact of fly ash composition as a filler on the
mechanical performance of SiR polymer insulators, while also optimizing these properties based on
the fly ash composition in RTV 683 silicone rubber, using quadratic regression analysis.

METHODOLOGY

Quadratic Regression
The quadratic regression method of the optimization criteria in the experimental design is

called a qualitative comparison of the comparison of various types of criteria to obtain various
types of parameters. The optimization criterion is considered by p -means, with −∞ ≤ � ≤ 1 which
the variation of p is between −∞ dan 0 . The quadratic regression model was described by Franz
and Firedrich in 1987 [15]. The equation of the quadratic regression model is described below:

�(�) = �0 +�1�1 +�2 �2 +�ℯ, � ∈ 0,1 . …. (1)
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Where ℯ is a random error with a mean value of 0 and a variance of 1 and � > 0 is an
unknown scale factor.

In the previous study entitled “Analysis of the Influence of Tilt Angle on Output Current in
Photovoltaics Using the Regression Quadratic Method”. This study uses the quadratic regression
method which is used as a calculation of optimizing the angle of inclination of the output current at
the PV. The research used Ms. software tools. Excel [16].

Then, research conducted by [17] The study "Optimization of Regenerator Operating
Parameters and Thermal Insulation for Rotary Regenerative Thermal Oxidizer (r-RTO)" uses
quadratic regression to optimize the thermal insulation thickness. The researcher found that this
method helps improve both the regenerator’s operating parameters and the insulation design.

Mean Absolute Percentage Error (MAPE)
Mean Absolute Percentage Error (MAPE) is an alternative method for evaluating model

techniques used to measure the level of model accuracy of a model. RMSE is the average value of
the number of absolute errors, a low MAPE value indicates that the variation in values produced by
model approaches the variation in observations [18-20]. By using the equation (2) below:

���� =
1
� �=1

�
|
�� − ŷ�
��

|� . …. (2)

with
yi : actual request to i,
ŷi : forecasting result to i,
n : the amount of data.

RESULTS AND DISCUSSION

This article uses optimization modeling analysis by calculating quadratic polynomial
regression of the order 2 by utilizing equation (1) where the X value is the number of fly ash
composition variants as silicone rubber filler starting from 0% fly ash to 80% fly ash, then the Y
value is the value obtained from several tests carried out on fly ash material against silicone rubber
in units. In this research, the tensile strength test (kgf/mm2) and elongation test (mm) were carried
out.

Characteristics of Fly Ash
This scientific article follows optimization analysis stages, building on previous research

that used an experimental method with RTV 683 silicone rubber sourced from PT Matapel
Chemical, a material readily available in the market. RTV 683 utilizes a hardening system based on
a pure liquid acetoxylane catalyst, without mixing other elements. This silicone rubber was then
combined with coal fly ash waste material for the study.

Fly ash is a coal waste material from PT Semen Tonasa Indonesia. Based on the ASTM
C612 standard, the fly ash tested was type F fly ash with a high SiO2 mineral content. These
contents can be seen through a Scanning Electron Microscope (SEM) [13].

The characteristics of coal fly ash depend on the quality of the combustion process, as
shown in Figure 2.a shows that the majority of the fly ash content consists of SiO2, Fe2O3, and
Al2O3 [21]. In this study it was reported that the characteristics of fly ash originate from chemical
elements, fly ash size, microstructure and electrical resistance [22].

The Figure 2.b is shown the results of fly ash microstructure with using Scanning Electron
Microscope (SEM) test by the microstructural fly ash structure. From the figure, the fly ash is in
the form of a small particle that has an irregular size and shape[22].
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(a) (b)

Figure 1. (a) Characteristics of fly ash Chemical Elements, (b) Coal fly ash (CFA) SEM test results

Characteristics of SiR
The chemical structure of SiR shown in Figure 2 Silicone Rubber (SiR) is an elastomer

type material containing silicon atoms which is able to maintain stability at temperatures of -55 o C
to +300 o C so as to provide characteristics such as weathering thermal stability, and anti-oxidation.
Then, these characteristics can improve the electrical and mechanical properties [23].

Figure 2. Chemical structure of SiR [28]

The testing of fly ash as a filler in RTV 683 silicone rubber insulators, based on ASTM D
412, was conducted by [24] The study "Testing Standards Assessment for Silicone Rubber"
explains how to test silicone rubber using Biobrane® to check its properties. The tests followed the
ASTM D 412 standard and were analyzed with statistical methods. The results showed less than
5% error, confirming the standard’s accuracy. Another study tested fly ash as a filler in RTV 683
silicone rubber insulators, also using ASTM D 412, supporting its use for silicone rubber testing.

Optimization of Tensile Strength

Table 1 is summarized the result of various breakdown voltage values. Based on the results
of taking fly ash tensile test data as RTV 683 silicone rubber filler, the result can be seen in Table 1.
By using the data in Table 1, continue to look at the graph of the composition test value against the
tensile strength test value, the test chart can be seen in Figure 3.

Figure 3. Quadratic regression graph of fly ash composition on tensile strength values
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Table 1. Tensile strength test results

Sample code Composition of
fly ash against RTV

Composition
(decimal)

Tensile Strength
(kgf/mm2)

SF0 Fly Ash 0% 0.0 0.1271
SF1 Fly Ash 10% 0.1 0.1394
SF2 Fly Ash 20% 0.2 0.1960
SF3 Fly Ash 30% 0.3 0.2136
SF4 Fly Ash 40% 0.4 0.1631
SF5 Fly Ash 50% 0.5 0.1530
SF6 Fly Ash 60% 0.6 0.1702
SF7 Fly Ash 70% 0.7 0.1934
SF8 Fly Ash 80% 0.8 0.0899

Note: Insulator testing using fly ash as filler.

Figure 3 shows the percentage of fly ash content (0% to 80%) forming a polynomial graph.
The highest tensile strength values were observed at 30% and 70% fly ash composition. This
indicates that adding fly ash as a filler influences the tensile strength of the material. Using MS
Excel, the tensile strength (Y-axis) and fly ash composition (X-axis) were plotted, leading to the
following polynomial quadratic regression equation model:

� = − 0.4349�2 + 0.3315� + 0.1266 .…. (3)

The MAPE value is calculated from the polynomial quadratic regression model using the
data in the Table 2.

Table 2. Calculation of accuracy of quadratic regression modeling tensile testing

X Y Ŷ Y - Ŷ (Y – Ŷ) 2

0.0 0.1271 0.1266 0.00052000 0.00000027
0.1 0.1394 0.1554 -0.01601000 0.00025623
0.2 0.1960 0.1755 0.02045600 0.00041843
0.3 0.2136 0.1869 0.02672700 0.00071435
0.4 0.1631 0.1896 -0.02648000 0.00070144
0.5 0.1530 0.1836 -0.03059000 0.00093604
0.6 0.1702 0.1689 0.00126600 0.00000160
0.7 0.1934 0.1455 0.04788500 0.00229301
0.8 0.0899 0.1135 -0.02357000 0.00055531

Note: Quadratic regression modeling.

Table 2 shows the quadratic regression model. Using Equation 2, a MAPE value of 13.64%
was found, indicating low error and confirming the model’s accuracy. To find the best fly ash
composition for RTV 683 silicone rubber insulators, Equation 3 is used, helping to calculate the
optimal composition for the best performance:

��
�� = 0

⟺
��
�� ( − 0.4349�

2 + 0.3315� + 0.1266) = 0

⟺ 2( − 0.4349 + 0,3315) = 0

⟺ � =
0.3315
0.8698

⟺ � = 0.3811



ISSN: 1411-7010 Jurnal IPTEK
e-ISSN: 2477-507X Vol. 29 No. 1, 2025

6

From this process, a composition (x) of 0.3811 or in a composition percentage of 38.11%
fly ash is obtained for RTV 683 silicone rubber and tensile strength optimum value is 0.19.

Optimization of Elongation Strength
Table 3 is shown various breakdown voltage values of silicone rubber filler for RTV 683.

Table 3. Elongation test results

Sample code Composition of
fly ash against RTV

Composition
(decimal)

Elongation
(mm)

SF0 Fly Ash 0% 0.0 345.00
SF1 Fly Ash 10% 0.1 158.85
SF2 Fly Ash 20% 0.2 140.40
SF3 Fly Ash 30% 0.3 114.73
SF4 Fly Ash 40% 0.4 94.16
SF5 Fly Ash 50% 0.5 93.62
SF6 Fly Ash 60% 0.6 73.80
SF7 Fly Ash 70% 0.7 61.90
SF8 Fly Ash 80% 0.8 39.17

Note: Insulator testing using fly ash as filler.

By using the data in Table 3, it is continued to look at the graph of the composition test
value against the elongation test value, the test chart can be seen in Figure 4.

Figure 4. Quadratic regression graph of fly ash composition on elongation values

Figure 4 shows the percentage of fly ash content (0% to 80%) in a polynomial graph. Some
fly ash compositions led to a significant decrease in elongation values. The graph clearly shows
that adding fly ash as a filler affects the elongation strength of the material. Using MS Excel, the
elongation value (Y-axis) and fly ash composition (X-axis) were plotted, resulting in the following
polynomial quadratic regression equation model:

� = 558.79�2 − 725.12� + 288.01 …. . (4)

The MAPE value is calculated from the polynomial quadratic regression model using the
data in the Table 4.
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Table 4. Calculation of the accuracy of quadratic regression modeling Elongation Testing

X Y Ŷ Y - Ŷ (Y – Ŷ)2

0.0 345.00 288.01 56.9900 3247.8600
0.1 158.85 221.09 -62.2359 3873.3070
0.2 140.40 165.34 -24.9376 621.8839
0.3 114.73 120.77 -6.0351 36.4224
0.4 94.16 87.37 6.7916 46.1258
0.5 93.62 65.15 28.4725 810.6833
0.6 73.80 54.10 19.6976 387.9954
0.7 61.90 54.23 7.6669 58.7814
0.8 39.17 65.54 -26.3696 695.3558

Note: Quadratic regression modeling.

Table 4 shows the quadratic regression model. Using Equation 4, a MAPE value of 24.75%
was obtained, indicating a small error. To find the best fly ash composition for RTV 683 silicone
rubber insulators, the optimization model balances stiffness and flexibility, using the median
elongation value from the experiments:

� =
345 + 39.17

2
� = 192.085

So that this median value together with equation (4) is used to obtain the optimal value of
elongation and the following equation (5) is obtained:

558.79�2 − 725.12� + 288,01 = 192.085 . …. (5)

From equation (5), then it is solved in order to obtain the best composition of fly ash to
silicone rubber of 14.95% fly ash to RTV 683 silicone rubber and elongation optimum value is
192.094.

CONCLUSION

The research focused on the mechanical performance of Silicone Rubber (SiR) polymer
insulators with fly ash as a filler, testing both tensile strength and elongation according to ASTM D
412 standards. Optimization of the fly ash composition in RTV 683 silicone rubber was then
analyzed using quadratic polynomial regression (order 2). The results showed that the optimum fly
ash composition for tensile strength was 38.11%, yielding a tensile strength of 0.189616 and a
MAPE value of 13.64%. For elongation, the optimal fly ash composition was 14.95%, with an
elongation value of 192.094 and a MAPE value of 24.75%.
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