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Abstract: In this paper, the applications of thermoplastic, thermoset polymers, and a brief description
of the functions of each subsystem are reviewed. The synthetic route and characteristics of polymeric
materials are presented. The mechanical properties of polymers such as impact behavior, tensile test,
bending test, and thermal properties like mold stress-relief distortion, generic thermal indices, relative
thermal capability, and relative thermal index are mentioned. Furthermore, this paper covers the
electrical behavior of polymers, mainly their dielectric strength. Different techniques for evaluating
polymers’ suitability applied for electrical insulation are covered, such as partial discharge and high
current arc resistance to ignition. The polymeric materials and processes used for manufacturing
cables at different voltage ranges are described, and their applications to high voltage DC systems
(HVDC) are discussed. The evolution and limitations of polymeric materials for electrical application
and their advantages and future trends are mentioned. However, to reduce the high cost of filler
networks and improve their technical properties, new techniques need to be developed. To overcome
limitations associated with the accuracy of the techniques used for quantifying residual stresses in
polymers, new techniques such as indentation are used with higher force at the stressed location.

Keywords: polymeric material; thermoplastic; thermoset; elastomer; epoxy resin; electrical proper-
ties; mechanical properties; high-voltage applications; partial discharges

1. Introduction

Various types of composite and polymeric materials are suitable as insulators for
electrical systems. The dielectric strength of polymers depends on the application and
other external factors such as electrode size, shape, and nature of the outer surface, among
others, and test conditions [1]. The studies suggested materials permittivity behaviors
can play an essential factor and available polarizable aromatic rings like bromine and
iodine that can enhance its dielectric constant. The applications and materials listed below
(Table 1) with different values are used for capacitors insulation [2]. According to findings
in [3], higher voltage stress, thinner insulation, and higher working temperature are the
primary requirements for electrical equipment as insulating to possess higher dielectric
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strength and higher temperature ratings. Müller et al. [3] stated that composite materials are
becoming an essential part of today’s industry due to low weight advantages. An additional
benefit of polymeric materials is the ease of processing, low relative permittivity, adhesive
properties [4–6], corrosion resistance, high fatigue strength, outstanding performance,
faster assembly, and favorable cost to traditional materials [7,8]. Consequently, composite
materials offer the opportunity to provide the suitable product with the final application’s
required performance, thereby optimizing the price-performance ratio [9]. Additionally,
nanocomposites are also characterized by distinctive advantages, including homogenous
structure, no fiber rupture, optical transparency, improved or unchanged processability [7].

Table 1. Dielectric materials for capacitor insulations. Adapted from [2].

Materials Dielectric Constant, έ (rt)

Isotactic polypropylene 2.28
Atactic polypropylene 2.16
Polyphenylene sulfide 3.5

Polyethylene terephthalate 3.3
Polycarbonate 3.0

Polyimide 2.78–3.48
Polyurea 5.18–6.19

Polyurethanes 3.84–6.09
Polyvinylidene fluoride 4.09–10.5

Polymeric materials and processes used for manufacturing cables at different voltage
ranges are described, and their application to HVDC is discussed. The evolution and limi-
tations of polymeric insulated power cables for various applications and their advantages
and future trends are mentioned. These are extensively applicable with high-voltage (HV)
systems as insulation material. Polymers can work at high temperatures under electrical
strain due to their high breakdown toughness. This study contributes to the breakdown
field as well as the electric strength of polymeric materials. Composite materials are conve-
niently used as insulators, with dielectric strength in the range of 106–109 V/m at room
temperature [10]. The composite materials are convenient as insulators. It can be prepared
by mingling two or more materials with distinct properties that simultaneously display
unique properties. Natural fibers (cellulose, cotton, silk, wool) with sand, quartz, and
natural resins extracted from plants with petroleum deposits (shellac, pitch, or linseed
oil) were used to prepare the first composite material for the insulation system. The early
stage of development for composite material looks on only at new materials with fewer
design criteria. With time for action, the early development stage needs to focus on the
mechanical, electrical properties and operating temperatures [11]. Inorganic materials are
incorporated with micro and nanoscale to form a composite that procures awareness in
power and voltage [7,12–17]. The alumina (Al2O3), silica (SiO2), titanium oxide (TiO2),
glass and carbon fibers, carbon nanotube, graphene sheet combined as filler received
particular attention concerning traditional composite material as it shows improved and
enhanced electrical and mechanical properties than the single polymer [18–40]. Micro-
composite polymer requires a large amount of filler than the nanocomposite and looks
like the original polymer, and hence the nanocomposite behavior remains unchanged to
density. Additionally, the length between two adjacent fillers is minimal compared to
typical micro composites. The interaction between filler and polymer matrices depends on
the fixed surface area, which is more with nanocomposite due to the ratio between nano
and micro is 3:1 [7]. Nowadays, smart polymeric materials are a well-known composite
for the new generation in biochemical sciences. It can enclose unique potential by using
different compounds with distinct properties for biological and medicinal applications.
These polymers are more sensitive to the environment, and as such, a small difference in
the background will drastically produce changes in their physical properties.
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The advantages of materials performance in the polymer composite field give rise
signals to basic research and development unit to produce low-cost synthetic route with
new composite materials that can pursue efficient energy. The HV insulation system’s
critical parameters are excellent adhesion to the substrate, grater glass transition tempera-
ture, lower ability for moisture absorption, and the polymer material’s excessive thermal
stability. The problem of polymer’s high-dielectric properties can be solved by introducing
voids into polymers, which help decrease their dielectric strength. The performance of
polymers depends on size as well as the distribution of gaps in the structure.

Therefore, the present review article is adapting attention to developing the polymers’
electrical features concerning the polymeric materials’ thermal and electrical properties as
insulators. Most commonly, epoxy resin and polyethylene are cross-linked with different
sizes of particles used for insulating systems. These polymeric materials are applicable
with HV systems power generators, transformers, cables, or in general, for electrical equip-
ment. Additionally, this paper covers polymers’ electrical behavior, mainly their dielectric
strength, partial discharge in polymeric insulation, and high current arc resistance to
ignition. Partial discharge has been recognized as a suitable technique to assess poly-
meric materials for insulation applications. Partial discharge refers to electrical discharges
appearing in HV equipment insulation subjected to high voltage stress.

In Section 2, the types of polymers are described. Properties of polymers are depicted
in Section 3. Section 4 describes specific techniques to determine the suitability of polymeric
insulations for high voltage apparatus applications, while Section 5 demonstrates some real
life examples of this type of insulation system for power equipment. Afterwards, Section 6
discusses the challenges and future directions. Finally, in Section 7, the conclusions from
this review are presented.

2. Polymers

Polymers are high molecular weight and long-chain compounds formed by connecting
many monomers (small units) through covalent bonding. Small companies’ connections
could lead, during polymerization, to different arrangements of polymer chains, namely lin-
ear, branched or cross-linked. The next subsections include the different types of polymers
and how they are prepared and characterized.

2.1. Types of Polymers
2.1.1. Thermoplastic Polymers

These are mostly linear or branched polymers that soften and flow when heated,
rapidly shape into complex products while in a melted state, and then hardens (solidify)
when cooled. The hardening and softening process as a function of the material temperature
is fully reversible [41]. Thus, most thermoplastics can be remolded many times without
chemical structure effects, although chemical degradation may limit the number of cycles.
The apparent advantage of thermoplastic polymers is that waste thermoplastics can be
recycled, and a piece that is broken or rejected after molding can be re-grounded and
remolded. The plastics used for drink bottles are typical thermoplastics that are widely
recycled [42]. The largest scale volume thermoplastics include polyethylene, polypropylene,
polystyrene, poly (vinyl chloride). Other thermoplastics include polyethylene terephthalate,
polycarbonate, and polyamide (nylon).

Electricity is essential to our standard of living because it powers almost every aspect
of our lives, but electricity is potentially lethal. On the other hand, plastics do not conduct
electricity and are therefore used in various applications where their insulating properties
are needed. Plastics are especially suited to housings for goods such as hairdryers, electric
razors, and food mixers as they protect the user from the risk of electric shock. The
thermoplastic polymers used in electric machines as insulators [43] are provided in the
following Table 2.
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Table 2. Application of thermoplastic with electrical system.

Material Application

Polyethylene Cable and wire insulation
Polypropylene Kettles

Polyvinyl chloride Cable and wire insulation, cable trucking
Polystyrene Refrigerator trays/linings, TV cabinets

Polycarbonate Telephones
Acrylonitrile butadiene styrene Telephone handsets, keyboards, monitors, computer cases

Polyamide Food processor bearings and adaptors
Ethylene-vinyl acetate Freezer door strips, lean vacuum hoses, handle-grips

Polyesters Business machine parts, coffee machines, toasters
Polyphenylene oxide Coffee machines, TV housings

2.1.2. Thermoset Polymers

These polymers possess a cross-linked network structure formed exclusively by a
covalent bond. Based on their cross-link, thermosets are stiff and brittle materials but are
stable at elevated temperatures and resistant to solvents and other chemicals [44]. Ther-
mosets do not melt upon heating because the cross-link prevents the chains from sliding
past each other. When heated, thermoset material softens under certain temperatures,
not melting, but further heating will cause decomposition by breaking down the chain’s
covalent bonds. Unlike thermoplastics, thermosets are shaped by placing them into a mold.
The chemical reaction is initiated to cause cross-links that cause the material to harden
and take a permanent shape. The process of crosslinking is called curing. Thus, thermoset
materials become healed or set with thermal energy. The nature of the curing of a thermoset
material is similar to baking a cake. The ingredients, which include polymer or monomer
(that is capable of forming cross-links), colorants, curing agents, fillers, and other additives,
are mixed and placed into the mold of the desired shape. The mixture is heated to crosslink
and then cooled to facilitate removal from the mold. Thermoset is widely used to insulate
electric wiring, while thermosets (which are thermally stable) are used for switches, circuit
breakers, light fittings, and handles. Table 3 shows applications of common thermosets in
electrical applications [45].

Table 3. Common thermoset polymer for electrical application.

Material Application

Alkyd resins Circuit breakers, switchgear
Amino resins Lighting fixtures
Epoxy resins Electrical components

Phenol formaldehyde Fuse boxes, knobs, switches, handles
Urea-formaldehyde Fuse boxes, knobs, switches

2.1.3. Elastomers

Elastomers are polymers that can be stretched usually too many times their original
length but quickly return to the original shape without suffering permanent deformation
when the stress is removed. Elastomer comes from the word “elastic” (describing the
ability of a material to return to its original shape when the load is removed) and “mer”
(from polymer, in which “poly” means many and “mer” means part). Upon elongation, the
polymer chains assume a more ordered arrangement that corresponds to lower entropy
and results in warming of the elastomer [9]. When the stress is removed, the elastomer
contracts and cools at the same time. Figure 1 illustrates the concept of elastomers.

Thermoplastic elastomer (TPE) has gained recognition as the third generation of
polymeric materials for high voltage (HV) insulators. The TPE electrifying aspects were
observed to achieve few particular HV insulations, at least for the distribution class appli-
cations, especially in light contamination environments. Nowadays, TPEs, mainly silicone
rubber (PDMS), ethylene-vinyl acetate copolymer (EVA), ethylene propylene diene rubber



Energies 2021, 14, 2758 5 of 29

(EPDM), styrene-butadiene rubber (SBR), chloroprene rubber, have become the material of
choice as an insulator due to their performance and less expense [46–48].
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2.2. Preparation and Characterization of Polymeric Materials

Several techniques are used in producing the nanocomposites to have optimal dis-
persion of fiber in the matrix [49]. A well-known and established method of processing
polymer nanocomposites is the sol-gel process, in-situ polymerization, solution mixing
process, melt mixing process, and in-situ intercalative polymerization [3,6,13,50–52]. In
addition, Thomas et al. [50], Müller et al. [3], Ilona et al. [6], and Shaoyun et al. [52] have
extensively discussed the process of preparing the nanocomposite polymer.

2.2.1. Poly(9,10-phenanthrenequinone) for HV Electrode

Polyanthraquinone (P.A.Q.) can be produced directly with halogenated quinone used
for low voltage system (Figure 2). Still, high voltage quinone- based polymers such as
poly(9,10-phenanthrenequinone) (P.F.Q.) required indirect polymerization consisting of five
steps of synthesis (Figure 3). Initially, a precursor 2,7-dibromo-9,10-phenanthrenequinone,
as a monomer, was prepared by using phenanthraquinone and N-bromosuccinimide
(N.B.S.) in the presence of concentrated sulfuric acid (H2SO4) followed by bromination [53].
Then reduced by tin (Sn) in acidic medium (Hydrochloric acid, HCl, and glacial acetic acid,
CH3COOH) and a monomer, 2,7-dibromo-9,10-dihydroxyphenanthrene was obtained [54].
Later, acetylation of this hydroxy compound monomer using acetic anhydride, pyridine,
ethyl acetate produces the monomer (9,10-diacetoxy-2,7-dibromophenanthrene) [55]. Fi-
nally, a polymer poly(9,10-diacetoxyphenanthrene) was obtained using 1,5-cyclooctadiene,
nickel complex Ni(C.O.D.)2 and 2,2′-bipyridyl dissolved with D.M.F. after polymerized
with bromophenanthrene, [56]. This polymer was treated with lithium aluminum hy-
dride (LiAlH4), anhydrous tetrahydrofuran (T.H.F.) in an acidic medium (HCl) resulted
in less active poly(9,10-phenanthrenequinone), called PFQ_L. The final step, oxidization
of less active PFQ_L to P.F.Q. (poly(9,10-phenanthrenequinone) utilizing 2,3-dichloro-
5,6-dicyanobenzoquinone (D.D.Q.), as an oxidizing agent. The reduced graphene oxide
(rGO) was prepared by incorporating graphene oxide with potassium permanganate and
H2SO4, H3PO4, HCl, H2O2, and hydrazine hydrate [57]. The composite (rGO-PFQ) was
produced by adding rGO during the polymerization reaction with 9,10-diacetoxy-2,7-
dibromophenanthrene in the presence of Ni(C.O.D.)2 and 2,2′-bipyridyl [58].
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Low voltage quinone-based polymers like P.A.Q. can be directly polymerized with
Ni(C.O.D.)2. Whereas indirect multistep polymerization prevents the oxidation of Ni(C.O.D.)2
while protecting quinone groups with acetyl groups helped to synthesize increased operat-
ing voltage polymers such as P.F.Q. Additionally, P.F.Q./rGO composite has a better poros-
ity, enhancing electrical performance and rate capabilities compare with P.A.Q. polymers.
Indirect polymerization of high redox potential ortho quinones also helps to synthesize
higher operating voltage polymers such as P.F.Q. preferred over direct polymerization of
para-quinones producing low voltage polymers.

2.2.2. Thermoplastic High Performance for Cable Insulation System

The polyethylene is cross-linked with different fillers’ sizes to change the polymer’s
physical properties and make it capable of working with HV systems (cable system).

Polyethylene Materials

High-density polyethylene (HDPE) and low-density polyethylene (LDPE) are com-
modity polymers that are widely used for varieties of applications that include electrical
insulations, packaging, household items and automotive parts. Some of the interesting prop-
erties of these polymers include chemical resistance, rigidity, stiffness and thermal stability.
For electrical applications, these polymers are commonly used as insulators due to their
exceptional electrical, mechanical, chemical and thermal properties. Polymer-based electric
insulators exhibit high dielectric strength, high resistivity, low dielectric loss, and adequate
mechanical properties. HDPE (density of 0.947 g/cm3 and melt flow index of 42 g/10 min)
and LDPE (density of 0.92 g/cm3 and melt flow index of 25 g/10 min) are reported to
have average dielectric strength of 70 and 79 kV/mm respectively. Though, LDPE exhibit
relatively high electric strength, but its weak mechanical properties, thermal resistance and
melt flow viscosity restricted its application in certain areas. However, these properties can
be improved by mixing the LDPE with other polymers (polymer blend) or other materials
(polymer composites) to produce material with optimum desirable properties [59].
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The Dow material acting as the base resin was a non–commercial low-density polyethy-
lene (LDPE) blended with high-density polyethylene (HDPE, Dow 40055E) to prepare
new polymeric material that has the capacity to work with high temperature that can be
applied as an insulation product with different types of cable. Small-scale material was
synthesized by utilizing HDPE and LDPE (20:80) with the help of an extruder (Haake PTW
16/40D) [60]. However, for large scale, cross-linked low-density polyethylene (XLPE) and
LDPE were produced as a reference for mini cables by incorporating the LDPE as a base
material Berstorff ZE40UT extruder for blending [61]. The samples were prepared for me-
chanical (1.7 mm thickness) and breakdown (thickness 85 µm) testing using compression
molding. The behavior of materials with temperature was studied with Mettler Toledo
FP82 hot stage. The sample’s thickness required for the mini cable material will be 4 mm
and blended on the Troester extruder.

The crystallization temperature (Tc) isothermal for the LDPE/HDPE blended material
in the range of 113–119 ◦C indicating the formation of lamellar crystals due to the presence
of HDPE [61]. It also suggests that polymeric material’s cooling temperature must be
within the range of 0.5–10 ◦C/min, enhancing the breakdown strength and regenerating
electrical effects [60]. When blended materials are cooled slowly, it would be challenging
to retain mechanical properties that require high operating temperatures. Generally, stiff
materials were formed than XLPE, which help to construct cable due to their operating
condition, usually 30 ◦C higher than XLPE. The XLPE cable and mini cable breakdown
data were studied and suggested maximum voltage below 400 kV; conversely, none of
the extruded thermoplastic systems failed and shown both systems were extremely good
electric materials for cable. The PE blended materials can be used for mini cables and XLPE
based materials as reference for mini cables.

Polypropylene Materials

Polypropylene (PP) is a thermoplastic and commodity polymer used in a wide variety
of applications. Its properties are similar to polyethylene, but it is slightly harder, stronger
and more heat resistant. PP is produced via chain-growth polymerization from high purity
propylene monomer that is obtained from the cracking of the petroleum hydrocarbons.
Upon polymerization, PP can form three basic chain structures depending on the relative
orientation of the methyl groups, namely isotactic PP (methyl groups are positioned at
the same side with respect to the backbone of the polymer chain), syndiotactic (alternat-
ing methyl group arrangement) and atactic (irregular methyl group arrangement). The
stereoregularity of these polymers is determined by the catalyst used to prepare it. In
1950s, Natta showed that the Ziegler organometallic type catalyst could be used to produce
stereoregular PP with high crystallinity. Isotatic PP was synthesized by using heteroge-
neous Ziegler-Natta catalyst of a violet crystalline modified titanium (III) chloride with
a co-catalyst or activator, usually organometallic compounds such as diethylaluminium
chloride. However, this polymerization reaction simultaneously produces syndiotactic PP
and atactic PP as minor products because these Ziegler-Natta based catalysts are multi-sites.
Syndiotactic PP can be produced selectively using different catalysts such as homogenous
Ziegler-Natta based catalyst and metallocene based catalyst. These different catalysts
produce different microstructures of syndiotactic PP with different crystallization behavior
and properties through different polymerization mechanisms. Atactic polypropylene can
also be produced selectively using metallocene catalysts, atactic polypropylene produced
this way has a considerably higher molecular weight [62,63].

For electrical applications, PP is commonly used as insulators due to their excellent
electrical, mechanical, chemical and thermal properties. For high-voltage insulation, PP
with average molecular of 250,000 g/mol, a density of 0.9 g/cm3 and melt flow index of
12 g/10 min has been reported to have average dielectric strength of 55 kV/mm which is
lower than the average values of 70 and 79 kV/mm for pure HDPE and LDPE respectively.
However, the electric strength of PP was improved when blended with LDPE and HDPE
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samples in different ratios. A maximum values of 63 kV/mm for PP/LDPE blend and
67 kV/mm for PP/HDPE blend were reported [59].

Similarly, different ethylene ratios (9, 12, 15 mol%) blended with a polymer having
various percentage weight and formed copolymer systems of propylene-ethylene (namely,
VERSIFY™ 2200, 2300, and 2400; series no) for high voltage application. The Dow H358-
02 was used as the isotactic polypropylene throughout the studies [64]. Some of the
components need to be dissolved during the blending, and xylene was the best solvent.
The blending process can be summarized in the below points:

• Solution blending;
• Melt blending;
• Extrusion.

The desired properties of the material with polypropylene achieved with the presence
of space-filling morphologies. PEC blends’ molecular structure was an essential parameter
for its behavior, and LDPE used in polyethylene was a secondary choice. Materials were
formed with various ratios and cooled with different rates, behave like an XLPE system. All
materials are compatible with low temperatures. Considering the material’s thickness, the
cable performance with PP blend is the excellent and average thickness for E2200 (3.39 mm)
and XLPE (4.34 mm) for mini cable insulation. The PE blended materials can be used for
mini cables and XLPE based materials as references for mini wires.

Carbon Nanotube–Polyurethane Nanocomposite

The composite material produced with thermoplastic and carbon nanotubes (CNTs)
can be used with a high voltage system. For this purpose, extruder temperature and screw
speed were maintained at 215 ◦C and 300 rpm, respectively, for mixing CNTs (3 wt%) and
polyurethane. The composites are in the form of granules. The thermoplastic polyurethane
(TPU) materials are dried for 3 h, at 90 ◦C, followed by injection molding. Molding and
melt temperature (40 and 220 ◦C) were controlled with a plate thickness of about 2 mm,
but for extrusion, melt temperature was 185 ◦C and plate thickness 1.5 mm [12].

The acceptance criteria for any material for the industrial application have a large-scale
melting range. The developed TPU can work with high temperature and confirmed by
transmission electron microscopy (TEM) with injection molding, and extrusion samples
gave across 10 m. It is homogeneous as well as elongation breaks about 560%. The
size of dispersed particles of powder sample was obtained with the scanning electron
microscope (SEM). It also confirmed the attachment of CNTs into the moiety of composite
and not emerged through tubular protrusions by anchoring junctions with structural
size about 20 µm after accumulation fragments with 100 mm plane surface level in the
powder sample. The weathering was investigated by keeping composite test material and
reference with latitude northern at 50◦ for 9 to 18 months and found that the filler will not
degrade, only the matrix [65,66]. Analytical ultracentrifugation (AUC) and photoelectron
spectroscopy (XPS) studies gave a strong indication of carbon nanotubes’ presence in the
nanocomposite materials. The internal diameter of pure material means the matrix of
polyurethane and CNTs is smaller than the composite. Similar behavior can be seen in a
composite having polyamide (PA) and silicon dioxide as well as with carbon nanotubes
mixed polyoxymethylene (POM) and cement [66]. TGA recorded the decomposition of
CNTs in the range of 500–650 ◦C [67]. Therefore, the composite material with CNTs has
importance in electrical equipment, mainly in rollers and electromagnetic shielding.

2.2.3. Epoxy Resin of 9,9′-bis-(3,5-dibromo-4-hydroxyphenyl)anthrone-10 and Jute Composite

Thanki et al. [68] synthesized an epoxy resin from 9,9′-bis-(3,5-dibromo-4-hydroxyphenyl)
anthrone-10 and epichlorohydrin by diluting them in isopropyl alcohol, and adding sodium
hydroxide solution dropwise as a catalyst. After refluxing at 70 ◦C, they obtain a brown
resin that was purified by extraction with chloroform [68].

At room temperature, synthesized EANBr was dissolved in tetrahydrofuran, and the
curing agent was added (EPK 3251). The fabric jute was mixed with the resultant solution,
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and the remaining solvent evaporated. The mylar film was introduced in duplicate between
developed sheets, and temperature and pressure were controlled, also silicon lubricant
was used as mold release spray. The product was known as J–EANBr composite [68].

The Fourier transform infrared spectroscopy (FTIR) confirmed the presence of alkane
(C–H, 1450 cm−1), stretching (–OH, =C–H, –C=O, Ar C==C, Ar–O–R, C–O–H, C–Br) at
3532.56, 3070.21, 1664.48, 1592.61, 1254.19, 1071.1 and 631.2 cm−1 absorption frequencies
respectively with EANBr sample. The nuclear magnetic resonance (NMR) studies indicated
the formation of EANBr. The differential scanning calorimetry (D.S.C.) thermograms of
EANBr and EANBrC are compared and found the broad endothermic transition of EANBrC
(291.4 ◦C) and EANBr (265.3 ◦C) are expected due to tangible change and confirmed by no
weight loss in the corresponding thermogravimetric analysis (TGA) thermogram. EANBr
has a single step degradation reaction compared with J–EANBr, transition (291.4 ◦C) and
two-step degradation and stable up to 310 ◦C [69]. EANBr and EANBrC are thermally
steady up to 340 and 310 ◦C, respectively. As related to EPK 3251 cured EAN (360 ◦C),
EPK 3251 cured EANBr (310 ◦C) has shown lower thermal stability. As well, the maximum
weight loss (Tmax) value for EANBrC (416.5 ◦C) is significantly more than EPK 3251
cured EAN (394.4 ◦C) but EANBrC (416.5 ◦C) has exhibited a higher value of Tmax than
EANBr (407.1 ◦C).

The mechanical and electrical properties of J-EANBr is better than J-EAN. In terms
of tensile strength, almost similar with J-EAN with lower flexural strength. The electric
strength is 40% lower in case of J-EANBr but volume resistivity is 29 times better than
J-EAN, primarily expected to distinct degrees of cross linking and polarity, which impacts
interfacial bond, due to annulment of partial charges because of OH groups of jute. The
jute and EANBr have a better option as polymeric materials for electrical components due
to their excellent properties with harsh environment, better hydrolytic activity, and thermal
stability for low load bearing housing, electrical and electronic applications.

3. Properties of Polymers
3.1. Mechanical

Polymer chemical and physical properties are dependent on their molecular weight,
chemical composition, and physical structures [70]. One of the properties of polymeric
material is strong, which is the stress required to break the sample [6]. These strength
properties are as follows: tensile, compressional, flexural, impact [71]. Factors affecting the
strength of polymers are molecular weight, cross-linking, and crystallinity [71].

Young’s modulus or tensile modulus is the induced stress divided by strain in the
elastic region [71]. Ultimate elongation is defined as its ability to undergo deformation.
Toughness measures the energy absorbed by the material to deform without fracturing.

The mechanical properties of the polymer are affected by temperature. Figure 4 shows a
typical graph of stress versus strain and the effect of temperature, with an increase in the tem-
perature, the elastic modulus, and tensile strength decrease, but the ductility increases [71].
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Viscoelasticity, two types of deformations exist, namely elastic and viscous. Elastic
deformation is recoverable, while viscous deformation is a plastic deformation where the
deformation is permanent upon removing the applied stress [71].

HV insulating systems’ fabrication involves utilizing composite polymer; its appli-
cation could be seen in electrical appliances. They are subjected to quivering wear and
tear due to the rate of occurrence of magnetic force and shearing stress. To improve the
mechanical performance of polymers, inorganic fillers are added to the polymers [72]. To
enhance the strength and toughness is the need for polymer nanocomposites [73]. The
composites’ mechanical properties are strongly influenced by the filler’s size and shape, the
matrix properties, and the interfacial adhesion between the filler and matrix [74]. The basic
principles of mechanical properties comprise tensile, compressive, bending, shear, and
impact behavior is of importance [75]. The polymeric material is tested with standardized
tests such as tensile strength, Izod impact strength, and softening point, but its application
in a critical situation increases. Thus, the choice of material used depends upon a balance
of stiffness, toughness, processability, and price in applying polymer [76].

3.1.1. Impact Behavior

Impact energy is known to reduce the static strength, reliability and improving tensile
properties that simultaneously impact property. The basic stuff is impact toughness, which
measures the needed energy to split a particular specimen. Figure 5a,b show supported
beam load and cantilever beam load, respectively [77]. The determination of the Charpy
impact strength of an unnotched (acU) (KJ/m2) specimen is given in Equation (1).

acU =
Wc

b× h
(1)
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Notched Charpy impact strength (acN) (KJ/m2) can be determined by Equation (2),
where Wc is the absorbed energy, b (m) is the with, and h (m) is the height.

acN =
Wc

bN × h
(2)

The difference between Charpy impact strength acU and notched Charpy impact
strength acN indicates how sensitive a material is to external notches, i.e., takes the prob-
lematic notch effect for the Charpy impact test into consideration and shows how effective
fillers are. Thus, notch sensitivity can be calculated from the quotients of acN and acU
indicated in Equation (3):

kz =
acN
acU
× 100% (3)
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3.1.2. Tensile Test

Tensile tests involve the application of tensile force causing the elongation until the
specimen breaks, and various loading conditions are essential and cannot be overempha-
sized [78]. The young modulus (E) (kN/m2) can be estimated with Equation (4):

E =
σ2 − σ1

ε2 − ε1
× 100% (4)

where σ2 − σ1 is a change in stress (kN/m2) and ε2 − ε1 is a change in a strain which is
dimensionless. A typical stress–strain curve is shown in Figure 6. Non-flexible polymers
have high Young’s modulus, while ductile polymers are elastic modulus with the ability to
withstand extended elongation without fracturing [71]. In contrast, elastomers have a low
stress–strain relationship with tough elastic texture [71].
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3.1.3. Bending Test

One of the most significant mechanical properties is the flexural strength and varies
with specimen depth, temperature, and test span length [71]. The flexural strength (σbh),
(MPa), known as the maximum stress at break, can be quantified using Equation (5):

σbh =
σf 2 − σf 1

ε f 2 − ε f 1
× 100% (5)

The flexural or bending test is typically used in the quantification of the flexural
strength. The flexural modulus (Eh), (MPa) can be estimated with Equation (6):

Eh =
1
4

L3

bh3
∆F
∆ f

(6)

where F is the breaking force in (N), L is the support distance in (mm), b is the width
(mm) of the specimen in (mm), h is the thickness of the specimen in (mm), ∆F/∆f is the
slope of the force-deflection curve. The load is applied at the specimen’s center under
standardized bending speed, temperature, and humidity. It is upon the most common type
of loading encountered and essential in determining the polymer’s characteristic values.
The initial flexural modulus can be calculated using a slope of the line measuring ∆f and
∆F as presented in Figure 7, depicting a typical force bending flexural test.
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Lim et al. [79] use a combination of the different fillers of aluminum oxide (Al2O3),
Zinc oxide (ZnO), and organoclay. However, it was discovered that with 1.5% aluminum
oxide, improved mechanical, burning rate, and dielectric breakdown compared to Zinc
oxide and organoclay. Hedir et al. [80] irradiated the crosslinked polyethylene (XLDPE)
with fluorescent lamps for 240 h. The results show a decline in resistivity, mechanical
properties, and contact angle, increasing water retention and weight loss. Yasmin and
Daniel [81] and Yang et al. [82] attributed that the tensile strength and elastic modulus can
be increased by adding fillers at optimum content. Ray et al. [83] research on filler effect by
using up to the upper limit and postulated that the stiffness and rigidity increase up to a
certain level. Afterward, it harms the mechanical properties.

3.2. Thermal

Significant efforts have been made to enhance the thermal properties of various poly-
mers, as well as to produce heat tolerant polymers, in order to qualify them for use in
applications requiring efficient serviceability at high temperatures. The production of
heat-resistant polymers began in the late 1950s with the goal of producing heat-resistant
polymers that could satisfy the needs of the aerospace and electronics industries. Heat
resistant polymers differ from ordinary polymers in that they can retain their desired prop-
erties at high temperatures. While there is no universal consensus about how to classify
heat resistant polymers, the following is a helpful general classification [84]: (a) Hetero-
cyclic polymers such as polyoxadiazoles, polybenzimidazoles; (b) condensation polymers
such as polyhydrazides, polyesters, polyazomethines, and polyamides; (c) Condensa-
tion heterocyclic copolymers such as poly(amide-imide)s, poly(ether-imide)s, poly(amide-
hydrazide) and poly(ester-imide)s, and (d) Ladder polymers including poly(benzimidazo
benzophenanthroline) and polyquinoxaline.

3.2.1. Mold Stress-Relief Distortion

Products from injected molded polymers have residual stresses that may unfavorably
affect the product performance, directly related to other processing conditions such as
holding pressure, molding, and melting temperature [85]. Injection modeling in polymers
is a common phenomenon. It has several merits such as low-cost mass production and
good finishing’s. However, due to the tricky deformations/bends or twist and pressure,
residual stresses build up. The viscoelastic properties of polymers coupled with their high
pressure during molding leads to complex situations such as orientation, stretching, and
chain relaxation [85].

For most polymeric parts, residual stresses are quantified by destructive methods such
as layer removal and hole drilling [86]. Although these techniques have problems related
to their accuracy, their major drawback is reusing the measured parts. To overcome these
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limitations, new methods such as indentation are used. This technique involves applying
higher force at the stressed location to align the same depth and add residual stresses at
the indented locations.

3.2.2. Generic Thermal Indices

UL746B [87] and IEC60216 [88] were widely applied to determine relative thermal
indices of polymers suitable for applications related to electrical applications. This is
important to decide on the highest operating temperature considering the lifetime of the
products. For polymeric materials, three essential properties can lead to their thermal
categorization. These include electrical, mechanical/tensile, and impact properties.

The thermal index of polymers relies on the base polymers’ property due to their
deterioration, decomposition, and degradation caused by chemical reactions. In general,
polymers’ relative thermal index is vital in determining base polymers’ long-standing
thermal resistance [89].

3.2.3. Relative Thermal Capability

Nowadays, synthesis polymers are readily available and produced through the extru-
sion process. Due to the broader application of polymers, it is essential to know the relative
thermal capability of polymers. It is vital to understand their thermal properties at molten
temperatures, assembly, and the final product.

The thermal conductivity of polymer composites refers to both polymers and their
fillers [90]. However, the importance of polymers’ thermal conductivity has not been
overemphasized concerning that of the fill. It is generally known that polymers’ thermal
conductivity is vital at low filler loadings due to the separation of the polymer matrix’s
thermally conductive fillers. To obtain high thermal conductivity in composite polymers,
there is the need to create a continuous filler network. However, one major issue with
network formation is high cost, reduced mechanical properties. The fundamental factors
influencing polymers’ thermal conductivity are their chain structure, crystallinity, and
orientation domains [90]. On the other hand, polymers have thermal conductivities that
are lower than ceramic or metals. Table 4 shows the thermal conductivities of renowned
polymers, usually with low thermal conductivity [91].

Table 4. Thermal conductivities of polymers.

Polymer Conductivity (W/m.k)

Epoxy resin 0.19
Polysulfone 0.22

Low-density polyethylene 0.3
High-density polyethylene 0.44

Polyethylene 0.11
Polycarbonate 0.2

Polystyrene 0.14
Polyimide, thermoplastic 0.11

polyphenylsulfone 0.35
Polyvinyl chloride 0.19

Nylon-6 0.25
Nylon-6.6 0.26

polymethylmethacrylate 0.21
Polyphenylene sulfide 0.3

Poly copolymer 0.33
Poly ethylene-vinyl acetate 0.34

3.2.4. Relative Thermal Index

The performance of two materials (developed new and reference) are compared to
their thermal stability. Underwriters Laboratories (UL) standards are involved in projects
with thermal aging of polymeric material. Properties of polymeric material can be changed
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by increasing the temperature, which will be considered the main factor in determining
the particular material’s thermal aging as per the procedure mentioned in UL 746B. The
mathematical equation will give a relation between time and temperature, as presented
in Equation (7):

ln(t) = A + B/T (7)

where, A = Constant, frequency factor; B = Energy constant for activation; T = Absolute
temperature in Kelvin.

A comparison between newly produced polymers with control material will be made.
The results established a relative thermal index based on the material’s specific property,
color, and thickness [87,88].

3.2.5. Temperature Excursions beyond the Maximum Temperature

The long-term aging data related to the product’s stability, developed with a polymeric
material, can establish a better thermal index. The temperature extrusions with short-term
accepted for specific application for the material have enough thermal indices. The mate-
rial will go to transition temperature immediately or anytime during the operation with
electrical equipment. The heating appliance, initially thermostat will come automatically
after highest temperature excursion but later on-air ambient temperature increases, the
circuit will clear by thermostat and peak temperature decreases [92].

3.3. Electrical
3.3.1. Dielectric Strength

In certain cases, a material’s dielectric strength is the determining factor in the design
of the device in which it would be used. The common way to know the dielectric strength of
a material is by applying a voltage until the material or insulator reaches a point where the
electrical properties breakdown. The breakdown normally manifests itself as an electrical
arc between the electrodes, resulting in a drastic reduction in resistance.

It is challenging to know the exact value of any material’s dielectric strength because
it may vary due to external factors and depending on the application [93]. Practically, it
is challenging to realize the intrinsic dielectric strength of polymers because of external
factors, which may lower polymers’ dielectric strength. Most pure polymeric plastics such
as PVC, PMM, PET, polycarbonate, polyethylene, and polypropylene have a dielectric
strength range of 100 to 300 kV/cm. Some halogenated polymers such as Teflon show up
to 700 kV/cm [94]. Table 5 provides the approximate values of dielectric strength of few
commercial polymeric materials used in electrical equipment [94].

Table 5. Dielectric constant and dielectric strength of some polymers [94].

Compound Dielectric Constant (1 MHz) Dielectric Strength (kV/cm)

Poly(vinyl chloride) 2.9–3.1 140–200
Polyacrylonitrile 4.0–4.2 -

Poly(methyl methacrylate) 2.8–2.9 100–300
Polycarbonate 2.8–3.0 150–340

Poly(ethylene terephthalate) 3.0–3.5 150–200
Polytetrafluoroethylene (Telfon) 2.0–2.1 600–700

Polypropylene 2.2–2.3 230–250
Polyethylene 2.2–2.3 200–300
Silicone Oil 2.5 150
Fused Silica - 250–400

Distilled Water 80 65–70
Air 1.0 15–30

Although it is difficult to understand the actual dielectric strength of polymeric mate-
rial due to the above factors involved, many researchers have endeavored to increase the
dielectric strength of polymeric materials proportional to the voltage for a specific thick-
ness by adopting three primary methodologies are and filling nanoparticles in polymers,
engineering filler-polymer interfaces, and coating film surfaces [95].
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Factors affecting the dielectric strength of polymers include:

1. Environmental exposure: Certain ecological conditions such as severe exposure to
chemicals, radiation, ozone, and oxidation weaken or break the chemical bond of poly-
mers [93]. Most polymers fail prematurely due to moisture that creates conducting
path within their layers, leading to treeing [96]. Performing an approach on polymers
together with the presence of contaminants fast-tracks the breakdown process.

2. Electrode effects: It is a fact that the electrode properties may influence the breakdown
strength of polymers depending on temperature [97]. Different electrode materials,
sizes, and geometries [92] can also affect polymers’ breakdown strength. The area of
the electrodes is inversely proportional to the dielectric strength [97].

3. Temperature: One significant factor that affects the dielectric strength of polymers
is temperature. However, for polymers subjected to high temperatures, there is the
likelihood of oxidation and corona coupled with severe degradation and tracking of
the material [93].

4. Voltage application: The rate of voltage change on polymers can also affect their
dielectric strength. Fast application of voltage encourages electrical conduction, while
slower voltage application promotes unavoidable degradation due to local heating,
causing lower dielectric strength [93].

5. Frequency: The frequency of the applied voltage is another factor that influences the
dielectric strength of polymers. The heat created in any dielectric is related to the
applied frequency [93].

6. Specimen width: The thickness of a polymeric material is inversely proportional
to its dielectric strength [96]. Increasing thickness of dielectric material creates a
weaker path that may go a long way in causing breakdown [93]. Defects such as a
cavity, metallic components, or contaminants within any polymer material provide
an avenue for electrical discharges such as partial discharge or corona that may lead
to severe degradation of the specimen and lower dielectric strength [96].

3.3.2. Dielectric Constant and Dissipation Factor

Generally, polymeric materials are used in two ways i.e., to isolate electrical network
devices from one another and from the ground, and to act as a capacitor dielectric compo-
nent. For polymeric materials to be used as insulating materials, the insulating material’s
capacitance should be as low as possible while retaining sufficient chemical and mechanical,
chemical properties. As a consequence, it’s preferable to use a material with a low relative
permittivity. For the other application, a high dielectric constant value is desirable such
that the capacitor dimensions should be reduced to a minimum value.

Polymeric materials used to provide insulation as well as capacitor dielectrics should
have minimal dissipation factor to minimize the material heating. Since the dielectric loss
increases linearly with frequency for a given loss index value, a low loss index value is
recommended for high-frequency applications. When comparing materials with nearly
the same dielectric constant or when using some material under such conditions that
the dielectric constant remains basically constant, the dissipation factor is a quantity
to consider [98].

3.3.3. Volume or Surface Resistivity

Volume resistivity may be used to help design a polymeric material for a specific
application. Humidity or temperature resistivity will vary dramatically, and this must be
taken into account when planning for operating environments of the polymeric material.
Volume resistivity is commonly used in the study of an insulating material’s uniformity,
either in terms of processing or to detect conductive impurities that impair the material’s
durability but are difficult to detect using other methods. Ref [99] defines a commonly used
research technique for determining electrical insulating materials’ insulation resistance,
volume resistance, and surface resistivity, as well as their conductivity. This technique only
considers measurements taken when the DC voltage is applied.
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In summary, the electrical breakdown strength of polymers decreases with increasing
electrode area, the frequency of the voltage, the thickness of the sample, absorbed moisture,
temperature, and reducing the rising rate of ramp voltage.

4. Assessment of Polymeric Insulations for HV Applications

To determine the suitability of polymeric insulations for high voltage apparatus
applications, specific techniques can be deployed and discussed in this section.

4.1. Partial Discharges

PD has been established to evaluate different polymeric materials for application in
HV apparatus, be it cable, electrical motors, transformers, etc. PD is defined as a localized
electrical discharge that partially bridges the conductors’ insulation and maybe closer or far
away from a conductor [100,101]. In another context, the PD is regarded as an incomplete
breakdown of the HV insulation system. PD activity mostly relies on the electric field
strength applied to a specific area and its non-uniformity. For short gaps, PD possesses
fast and slow-rise-time pulses that generate small electrical sparks or arcs or pseudo glow
discharges, or pulseless glows [102,103]. Four main types of PD occur Corona, Surface
discharges, cavities, and electrical trees (Figure 8).
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Internal discharge is a common phenomenon in voids within solid or liquid di-
electrics [104]. These voids can embed in the insulation material during the manufacturing
process of the apparatus. This form of discharge is extremely important and has a signifi-
cant effect on polymeric insulation. A surface discharge, on the other hand, occurs at the
HV insulating with a high tangential electric field [105]. Internal discharge is a common
phenomenon in voids within solid or liquid dielectrics [104]. These voids can embed in
the insulation material during the manufacturing process of the apparatus. This type of
discharge, on the other hand, is less concentrated and hazardous than internal discharge.
Corona discharge, on the other hand, occurs in air insulation and is usually harmless. Tree-
ing is a form of discharge that is triggered by a sequence of internal discharges. Since the
advent of polymer nanocomposites, various studies have been conducted on PD properties
of such materials. Kozako et al. [106], for example, reported that only two wt% nanofiller
is needed to increase the PD resistance of polyamide/layered silicate nanocomposites.
Another investigated by Tanaka et al. [7] looked at PD resistance in epoxy/layered sili-
cate nanocomposites. The authors concluded that by incorporating a limited amount of
nanofillers into epoxy resins, PD tolerance of polymer nanocomposites could be greatly
enhanced. Many experimental findings on the enhancement of partial discharge property
of polymer nanocomposites have been reported. Henk et al. [107] studied the effects of
nanoparticle amorphous silica dispersion in epoxy and polyethylene. Nano-silica was
found to have a significant impact on thermoset partial discharge durability (epoxy and
cross-link polyethylene). However, no effect was found with thermoplastics (low density
polyethylene and medium density polyethylene).
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4.2. High-Current Arc Resistance to Ignition (HAI)

The High-Ampere Arc Ignition (HAI) testing is a method that studies and assesses the
electrical insulation flammability. This method is described in detail at the standard for
safety UL 764A [108–110]. The HAI test subjects three specimens of the studied electrical
insulation to electric arcs, recording the average number required to produce ignition in it,
with a maximum of 200 (over this number is considered no ignition of the material). The
test generates the electric arcs by using two round electrodes in contact with the studied
electrical insulation; these electrodes have 3.2 mm of diameter; the difficulty is described in
Figure 9. One of the electrodes is fixed and made of copper, where the other is stainless
steel (303 alloys) movable rod; through the separation of these rods, an electric arc is
generated. The electrodes are placed in a 45◦ plane of the studied electrical insulation
specimen, and the fixed rod is sharpened to a 30◦ chisel point and the movable rod to a 60◦

conical point. The stainless steel rod movement is done using an air piston controlled by
an electrical relay [108,109].
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The testing method proposed by the standard UL 764A starts by applying a voltage
of 240 V AC at a frequency of 60 Hz. An air core impedance is connected in series to the
electrodes for yielding a short circuit current of 32.5 A, with a power factor of 0.5. The rate
of electric arcs generated is 40 arcs/min, and the separation of the electrodes is an average
of 254 ± 2.54 mm/s. There is no need to synchronize the electrodes’ separation with a
particular value of the sinusoidal current variation [108,109].

Several issues have been established for the replicability of this test, such as the
identification of the ignition in the studied electrical insulation and the placement of
the electrodes, that by not being described in detail, could lead to different kinds of arcs
(random intensity or white flashes) [108,109]. To fix the latter issue, it was identified that the
electrodes should return to their original position between cycles [108]. The identification
problem was, in the beginning, attenuated by the use of a dark glass shield that allowed
for a better distinction of the candle-like flame, which indicated the origin of the ignition
in the studied specimen. However, this was improved by the use of a liquid crystal light
attenuator [109]. The liquid crystal light attenuator allows for a better distinction of a low
or high-energy arc, improving the test by providing the operator the crucial information
regarding the test’s continuity. The continuous series of soft energy arcs indicate that the
electrodes should be moved to a different testing area of the studied specimen. Additionally,
to enhance the distinction of a high from a low energy arc, the use of a digital arc energy
meter is advised. This device records the magnitude of current and voltage for discrete
intervals to calculate the electric arc’s energy magnitude. These recommendations allow for
a more descriptive signature between different materials taking into account its resistance
to ignition [109].

The initial interest in making an HAI test in DC conditions originated from the
automotive industry, which changed the traditional 12 V DC battery supply to a 36 V DC
battery supply with a 42 V DC charging unit. This originated an interest in determining the
ignition resistance of the automotive polymeric materials [111]. Initially, a primary circuit
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for studying the glass-fiber-reinforced plastics (GRP) for a DC supply was proposed, as
shown in Figure 10. This test was based on the HAI test described by the standard UL
764A. This circuit uses a 200 V AC source; the capacitors generate a DC discharge between
electrodes A and B, the release takes 0.5 to 12.8 ms depending on the capacitance values.
The rate of the discharges is 20–40 arcs/min until the arc ignites the specimen. The use of
a high-speed camera (4800 frames/s) allowed recording the length of the whole process,
registering the arc discharge, arc ignition, and the combustion duration [112]. Similar
studies have been realized in common polymers for the automotive industry [113–115].
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The interest in the DC testing method has increased in recent years due to the rise
of renewable technologies like solar photovoltaics and wind power and DC microgrids’
implementation [116]. This lead to proposing new DC-HAI testing, based on the original
HAI testing described by the standard UL 764A, with the inclusion of some improvements,
such as an automated control via a LabView-based program. The proposed testing setup is
shown in Figure 11, where the movable electrode has three different positions: start, stable
and safe. For this test, there are nine configuration parameters [116]:

• Output current
• Start arc delay
• Stable position delay
• Safe position delay
• Stop arc delay
• Start position delay
• Start position
• Stable position
• Safe position.
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The safe position is the most considerable distance between the electrodes, allowing
for a better judgment regarding the specimen’s ignition. On the other hand, the stable
position’s purpose is to establish and arc stability [116]. The test realized by this proposed
method resulted in a standard deviation ratio of 5% for DC arc that took 200 ms and 8% for
an arc that has currents of 10 A; this proved to be consistent and repeatable [116].

5. Applications
5.1. Transformer Insulation

Epoxy resins, polyester, silicone, and imides are the most commonly used polymers for
electric machines and dry transformers (see Figure 12) [6]. Dry-type transformers, known
as epoxy-insulated transformers, are applied in areas requiring high fire protection, such
as oil depots, high-rise buildings, and airports. Reinforced polyester with glass filaments
is primarily used as a support for the protective system in oil transformers. These films
increase the load due to breaking and provide strong resistance to infringement [118].
These tapes are suitable for leaded insulation wires, cable winding, and external protection.
On the other hand, silicone transformer oil is primarily used as a coolant in high voltage
power transformers. It has good heat capacity values, low viscosity, and high dielectric
strength. Polyesteramideimides have long time endurance to 180–210 ◦C and have high
heat resistance [119]. They are used as wire insulations in oil transformers.
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5.2. Insulated Power Cables

In most power cables ranging from high to medium level, polymers are extensively
applied as insulation materials. Such polymeric materials include polyethylene (PE), HDPE,
LDPE, ethylene-propylene rubber (EPR), etc. Nevertheless, LDPE is more versatile and,
until the 1960s, it was the most widely used polymeric material. Nowadays, cross-linked
polyethylene (XLPE) has been preferred over paper because of its enhanced properties,
such as efficiency and the ability to withstand high temperatures [120]. However, recently,
XLPE cables have started to be replaced by HDPE in more advanced distribution systems
because of their higher resistance to lightning strikes and water (see Figure 13) [121]. In
some medium cables that require greater flexibility, EPR is used [120]. However, for low
voltage applications, PVC is much more preferred because of its low manufacturing and
durability cost. In new technologies such as the HVDC, polymeric cables are not used, and



Energies 2021, 14, 2758 20 of 29

instead, oil impregnated paper is widely utilized. For such applications, polymeric cables
are highly prone to partial discharges. Novel techniques such as the modifying the thermal
resistivity and reducing the space have been proposed for the development of the polymer-
insulated HVDC cables [122]. Other techniques being developed to improve polymeric
cables under the HVDC include the development of nanocomposites, addition of inorganic
particles [7,123,124]. All these additions can improve mechanical strength, thermal stability,
and stringent dielectric breakdown. The research now focuses on applying nanoparticles to
enhance the dielectric properties of nanocomposite [125]. For polyethylene and poly-vinyl
chloride insulation, their rated voltages can be up to 275 kV and 3.3 kV respectively.
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Nowadays, the focus is on developing insulating cables with unique properties capable
of operating at high temperatures and electric stress levels. A recent research demonstrates
the existence of a byproduct-free cross-linked copolymer blend that is seen as a potential
solution to the widely used XLPE commonly employed for high voltage DC cable insula-
tion [126]. The result show that the copolymer blend’s loss tangent is three to four times
lower than that of XLPE, with magnitudes of 0.12 at 70 ◦C and 0.01 at 50 ◦C [126]. The
copolymer has shown good electrical properties and is free from cross-linking byproducts.
As a result, this material is a promising option for HV components, such as HVDC cables,
that require clean insulation materials.

5.3. Electrical Encapsulation Materials

Electrical encapsulation materials are required to properly operate transformers, mo-
tor coils, sensors, and solenoids [127]. Among the first electrical encapsulation materi-
als were the resins, which had many advantages for protecting encapsulated electrical
components [128], such as high insulation, low relative permittivity, low cost, and easy
synthesis [129]. Thermoplastic resins have shown a better performance than thermosets by
requiring thinner walls for them to be stronger than thermosets [127]. In addition, thermo-
plastics are produced in faster cycles, generate lesser scrap, and lack the environmental
issues related to thermosets [127]. Nevertheless, when submitted to specific temperatures,
resins’ behavior could cause shrinkage or expansion of the material, generating focused
stress and leading to premature failure [128]. A test is proposed to study this impulsive
failure factor where cured resins samples are subjected to a wide range of temperatures.
The embedment pressure is calculated; this study shows that the embedment pressure is
higher for lower temperatures [128].

To manufacture most high-performance coils, thermoplastics such as PA 66, PBT
polyester, and PET polyester polymer compositions are used for the encapsulation [127]. PA
612 could be applied as the encapsulation material for encapsulated sensors because it can
withstand repeated thermal cycling more than polyesters [127]. Nowadays, to encapsulate
high voltage multichip power assemblies, usually silicone gels are implemented; because
of the high electrical insulation and softness, these are mainly used if there are bonding
wires [130]. However, for temperatures above 250 ◦C, these materials have shown breaking
symptoms. In cases requiring a higher temperature operation, silicone elastomer has
proven to be a proper replacement [130].

The most common material for integrated circuits (IC) encapsulation is epoxy resins [131].
These properties differ among them because of the different formulations made to improve
specific properties that enhance individual performances. These are related to thermal resis-
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tance, electric insulation, reliability in moisture, reliability temperature, and pressure [132].
Incorporating fillers such as alumina, boron nitride, alumina nitride, or other ceramic
powder increases the thermal conductivity of the encapsulation’s electrical insulation [129].
The inorganic filler reaches 65% to 90% of the total weight [131]. In recent years the incor-
poration of microscale and nanoscale insulating fillers in epoxy resins has been studied
to increase the mechanical stress resistance and increase the dielectric strength [133–135].
Those investigations had shown that increasing the filler content increased the current con-
duction and volume conductivity, a conclusion that was not expected given the nature of
the inorganic fillers [131]. This hint that the epoxy/filler intermolecular interaction could be
directly related to the bulk transportation capabilities [131]. The issue with the epoxy/filler
encapsulation is related to generating charge propagation over the surface of the ICs, due
to the significant injection of electronic charge from the embedded bond wires [136]. The
amount of filler in an epoxy molding compound varies the dielectric strength because at
high temperatures for higher quantities of filler, the conductivity and electric field depen-
dence increases [137]. This could be attributed to the consequent increment in the filler
particles and the epoxy matrix [137].

5.4. Electrical and Electronic Plastics

Many electrical applications are requiring high graded polymer. At present, electrical
apparatus commonly use plastic as an insulation system. Plastics have good dielectric
strength, heat performance, and water resistance, making them ideal for electrical compo-
nents. Several computer parts are made up of polymers. In general, conductive polymers
are utilized in every computer element to ensure conductivity so that the device works
well. On the other hand, plastics are used in making external parts of home appliances such
as TV, toasters, juicers, and blenders. Currently, most electrical tools are made of plastics.
Other plastic materials applications are relays, circuit breakers, transformer comments,
cabling, and wires [138].

5.5. High Voltage Transmission Line Insulators

In the past, porcelain ceramic insulators were used in both transmission and distri-
bution lines. In high-voltage transmission systems, polymer or composite insulators are
becoming more common. Polymer Insulators, which are distinguished by their compact
size, lightweight, high mechanical power, ease of installation, and low maintenance, have
emerged as a new generation of high voltage transmission line insulators. The protective
ribbed mold on polymer insulators is made of silicon organic rubber, which makes it
different from other insulators [139].

Since its introduction in the early 1970s, electric utilities have gradually embraced
polymer insulators as suitable substitutes for porcelain and glass insulators. Ethylene
propylene polymers are used to make the insulators. EPR and Silicon Rubber are some
of the polymers that are used as insulators. Among them, the EPR are one of the most
weather-resistant synthetic polymers available [140]. It has superior ageing and color
quality as well as excellent electrical, chemical, and mechanical properties. Heat, oxygen,
ozone, and sunlight resistance is exceptional in all EPRs. Figure 14 shows a polymer
suspension insulator used for high voltage line. Most polymer insulators are designed
with a rated voltage ranging from 7.5 to 765 kV. For bushings in high voltage lines, certain
type of polymers are used. These include polyoxymethylene, polyphenylene sulfide and
ultra-high molecular weight polyethylene.

Nowadays, the focus is to develop new stress control techniques using advanced
materials. Many researchers have recently looked at using field grading material to mini-
mize electric field enhancement on high-voltage insulators in order to improve the design
of the equipment [141]. Two main types of grading exist, i.e., capacitive grading and
resistive grading. In the capacitive grading, a number of fillers may be added to the host
matrix in order to boost the dielectric materials permittivity. In this situation, the electric
field on the overhead insulators is redistributed [142]. In resistive grading, the idea is to
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have the electric field varying with the conductivity so as to have a non-linear conduct-
ing behavior. In this case, the base polymer is filled with an inorganic filler to achieve
nonlinear characteristics. When the electric field strength reaches a withstand level, the
nonlinear grading material turns out to be conductive, which tends to homogenize the
electric field propagation within the bulk of the insulation, thereby eliminating the field
enhancement effect [143].
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6. Challenges and Future Directions

For over a century, insulating materials have been developed. There have been
ongoing advances in insulating materials, from pure polymers to nanocomposites, and the
mechanical, thermal, electrical properties of such materials have significantly improved. For
instance, there have been increase in the electrical strength of materials at low temperature
by nine folds, the withstand temperature of materials has increased 15 times. Furthermore,
the thermal conductivity and the breakdown strength of materials increased by 30 and
3000 times respectively [144].

Despite all the aforementioned developments, there are still problems and challenges.
For instance, the fundamental chemistry and physics underlying improved dielectric prop-
erties of polymer nanocomposites is not well understood, interface modifications is not well
developed, insufficient nanoparticle dispersion and the repeatability of related experiments
has been poor. As a result, there is refine individual materials while simultaneously improv-
ing composites’ overall performance. Another challenge has to do with the biodegradable
nature of conductive polymers, severely limiting their applications.

This research suggests new directions for polymers used as insulating materials:
improving interface modification and manufacturing technology, investigating novel dis-
persion and surface modification techniques for nano materials, analyzing the formation
of interfaces using computer calculations and analog simulations, designing multilayer
technologies and components for application in a simpler and smaller items [7]. Further-
more, adding practical nanofillers to a polymer matrix, such as graphene, will significantly
improve the conductivity of biodegradable polymers.

In terms of electrical applications, the focus should be on developing nanostructured
materials for ultra-capacitors, electro-optic, discharge-resistant high-voltage equipment
insulation, sensors, and actuators.

7. Conclusions

This paper extensively reviewed polymer materials, thermoplastics, and thermosets
for application in electrical apparatus. Polyethylene has been the widely applied material
for manufacturing cables at the medium and high voltage range due to its high electrical
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strength and low production costs. Using a cross-linking process, good thermal and
mechanical characteristics can be achieved with XLPE, HDPE, and EPR. On the other
hand, at low voltage for indoor applications, PVC is replaced with superior polymeric
insulation due to safety and public health regulations. For HVDC applications, polymeric
insulated cables have not been as successful as oil-impregnated paper cables because of
some operational conditions that reduce reliability and increase the functioning costs.

On the other hand, smart polymeric materials were more useful in biological and
medicinal applications due to their sensitivity to the environment. However, it has been
observed that more research is required in the mechanical, electrical, and thermal stresses
of polymers to increase the reliability and power density. Besides, residual stresses are
a common phenomenon that affects the production of injected molded polymers. These
stresses come up due to deformations/bends, twists, or pressure. The high pressure during
molding also leads to complex situations such as chain reaction, stretching, and relaxation.
These residuals are usually quantified using techniques with lower accuracy. To improve
the accuracy, new techniques such as indentation are typically employed.

It is also important to note that for polymers, thermal conductivity refers to the poly-
mers and their fillers. It is interesting to note that thermal conductivities are significant at
low filler loadings due to the polymer matrix’s thermally conductive fillers’ disjointing.
However, polymers’ properties can be changed by increasing the temperature according
to the procedure mentioned in UL 746B. Additionally, several factors affect the dielectric
strength of polymers, which include: (1) environmental; (2) electrode effects; (3) tempera-
ture; and (4) voltage application and frequency.

However, current research concentrates on developing novel materials (e.g., nanofiller-
added polymers) that possess additional capabilities such as improved mechanical strength
and electrical erosion reduction. In general, PD has already been established to evaluate the
quality of high voltage insulation systems. Future development trends for nanocomposites
should concentrate on developing nanostructured materials for ultra-capacitors, electro-
optic, discharge resistant high voltage equipment insulation, sensors and actuators.
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