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1.1 Introduction

Insulating materials, also known as dielectrics, are essential components of
electrical and electronic systems. Their primary function is to prevent unwanted
current flow, electrically separate conductive parts, and withstand high electric
fields without breakdown. They also play an important role in energy storage,

particularly in capacitors [4], [10].

The electrical behavior of insulating materials is fundamentally different from that
of conductors. In metals, a large number of free electrons are available for charge
transport. In contrast, the valence electrons in insulating materials are strongly
bound to their atoms and cannot move freely under normal operating conditions. As
a result, the concentration of free charge carriers is extremely low, leading to very

high electrical resistivity [4], [12].
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According to band theory, insulators possess a wide Conduction Band

energy gap (band gap) between the valence band and the
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electronic structure explains the excellent insulating >
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properties of dielectric materials [4], [12]. m

Insulating materials are commonly classified into solid, liquid, and gaseous
dielectrics. The choice of an insulating material depends on its dielectric properties,

operating conditions, and intended electrical application
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3.2 Types of Insulating Materials

Electrical insulating materials are classified according to their physical state into
solid, liquid, and gaseous insulators. Each category possesses specific dielectric,
thermal, and mechanical properties that determine its suitability for electrical

applications [10].

A. Solid Insulators (Ceramics and Polymers)

Solid insulators are the most widely used dielectric materials because they provide

both electrical insulation and mechanical support.

Ceramics are inorganic materials characterized by high dielectric strength, excellent
thermal stability, and resistance to environmental conditions. Typical applications

include overhead line insulators, transformer bushings, and high-voltage equipment

[5], [10].

Polymers are organic insulating materials valued for their low weight, flexibility,
and ease of processing. Polyvinyl chloride (PVC) is commonly used in low-voltage
cable insulation, while cross-linked polyethylene (XLPE) is widely employed in
medium- and high-voltage power cables because of its superior thermal and

dielectric performance [2].

B. Liquid Insulators (Oils)

Liquid dielectrics are mainly used in high-voltage equipment where insulation and

cooling are required simultaneously.

Mineral oils are the most common insulating liquids in power transformers. They
provide good dielectric properties and efficiently remove heat generated during

operation [10].
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Synthetic and natural ester oils are increasingly used as environmentally friendly
alternatives to mineral oils due to their higher biodegradability and improved fire

safety characteristics.

C. Gaseous Insulators (Air and SFs)

Gaseous dielectrics are widely used in electrical insulation systems because they can

fill large volumes and recover their insulating properties after electrical discharges.

Air is the most economical insulating medium and is naturally used in overhead

transmission lines and outdoor substations [10].

Sulfur hexafluoride (SFs) possesses a dielectric strength significantly higher than
that of air, making it suitable for gas-insulated substations (GIS) and high-voltage
circuit breakers. Its excellent insulating performance allows substantial reduction in

equipment size [6].

The selection of an insulating material depends on the required dielectric strength,

thermal performance, environmental conditions, and economic considerations.

3.3 Dielectric Properties

The performance of an insulating material is primarily determined by its dielectric
properties. These properties describe the behavior of the material when subjected to
an electric field and are essential for the design of electrical equipment and

insulation systems [13], [15].
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A. Permittivity

When an insulating material is placed in an electric field, its bound charges
experience a slight displacement, producing a phenomenon known as polarization.

The ability of a dielectric to store electrical energy is characterized by its permittivity

(e) [14].

where:
o (&): permittivity of the material,
o (&)p: permittivity of free space.

Materials with high permittivity can store more electrical energy and are therefore
used in capacitors, whereas insulating supports generally require moderate

permittivity values to limit unwanted capacitive effects [14].

B. Dielectric Strength

Dielectric strength is the maximum electric field that an insulating material can
withstand without electrical breakdown. It is usually expressed in kilovolts per

millimeter (kV/mm) [13].

When the applied electric field exceeds this critical value, the material loses its
insulating capability and becomes conductive, resulting in dielectric breakdown.
This phenomenon may cause permanent damage to solid insulators and failure of

electrical equipment [15].
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C. Partial Discharges

Partial discharges (PD) are localized electrical discharges that occur within a portion
of an insulating system without completely bridging the space between conductors

[13].

They are generally initiated by defects such as voids, cracks, or impurities where the
local electric field becomes excessively high. Although each discharge releases only
a small amount of energy, repeated PD activity progressively degrades the insulation

and may eventually lead to complete breakdown [15].

For this reason, partial discharge monitoring is widely used as a diagnostic tool for

assessing the condition of high-voltage insulation systems.

3.4 Ageing and Operating Conditions

The performance of insulating materials gradually degrades under thermal, electrical, and
environmental stresses. These ageing mechanisms reduce dielectric strength and may eventually
lead to insulation failure [13], [15].

A. Temperature Effects

High temperatures accelerate the degradation of insulating materials, reducing their mechanical
and dielectric properties and shortening their service life [10].

B. Humidity Effects

Moisture decreases insulation resistance and dielectric strength. In outdoor equipment, humidity
may also promote leakage currents and surface flashover [13].

C. Electrical Ageing
Long-term exposure to electric fields can create defects within the insulation. Over time, these

defects may develop into partial discharges and eventually cause dielectric breakdown [15].

Proper material selection and operating conditions are therefore essential to ensure reliable

insulation performance.
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3.5 Applications of Insulating Materials

Insulating materials are essential components of electrical equipment, ensuring safe operation,
electrical isolation, and long-term reliability. Their selection depends on the operating voltage,
temperature, and environmental conditions [10].

A. Power Cables

Polymeric insulators such as PVC and XLPE

are widely used in power cables to electrically

PVC Sheath

isolate conductors and prevent current leakage.

Steel Tape Armour

Wrapping Tape

XLPE is particularly preferred in medium- and

high-voltage cables because of its excellent

e - R
dielectric and thermal properties [10]. XLPE Insulation N

B. Transformers

Liquid and solid insulating materials are used

in power transformers. Mineral oils provide

Insulating Oil = Ubiis S\ e both electrical insulation and cooling, while

cellulose paper is employed to insulate

windings [13].
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C. High-Voltage Equipment TT t o

Ceramics, composite insulators, air, and SFe are = —

commonly used in high-voltage transmission

I

silicone rubber housing

systems, substations, and circuit breakers. These A

materials ensure adequate insulation and prevent 7 J ’ glass/epoxy (GRP) rod
electrical breakdown under high electric fields [15].

The reliability and efficiency of electrical systems depend strongly on the proper selection and

maintenance of insulating materials.
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