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Due to the shortage of wood for paper and other applications, non-wood fibers
such as Kenaf are utilized for papermaking. Kenaf bast fiber is known as one of
the common non-wood fibers used for this purpose. Currently, there are only a
few studies that are carried out for Kenaf papers as solid insulation in
transformers. Furthermore, the impact of beating and Polyvinyl Alcohol (PVA) on
Kenaf paper is quite limited, necessitating further investigation into its feasibility
to improve the physio-mechanical and electrical properties.

First, the Kenaf bast fibers were collected locally and pulping was carried out
using soda pulping methods. The resulting Kenaf pulp was then subjected to
various beating revolutions to improve the pulp's strength properties. The beating
process was carried out at 3,000, 6,000, 9,000, and 12,000 beating revolutions.
PVA was added to the Kenaf pulp after 12,000 beating revolutions. The internal
PVA was carried out by adding PVA at weight percentage concentrations of 3%,
6%, 9%, and 12% after the beating stage. The external PVA was obtained by
coating the Kenaf paper with 12,000 beating revolutions with PVA at weight
percentage concentrations of 2%, 4%, and 6%. Next, the Kenaf papers with
different treatments were examined for the physio-mechanical and electrical
performances. Apparent density, Tensile Index (TI), Burst Index (Bl), and Tear
Index (Tel) measurements were carried out to observe the impact of beating and
PVA on the physio-mechanical properties of Kenaf paper. Surface resistivity and
dielectric constant were measured to determine the dielectric properties of Kenaf
paper. An oil-impregnated Kenaf paper was prepared in Mineral Oil (MO) for the
measurement of AC breakdown voltage and Partial Discharge (PD) activities.
The AC breakdown voltage measurement was carried out based on spherical
electrodes with a diameter of 12.5 mm, with both sides facing each other. A
Scanning Electron Microscopy (SEM) image was obtained after the AC



breakdown voltage to observe the effect of electric discharge on Kenaf bast
fibers. The maximum PD amplitude and PD repetition rate were measured based
on a needle-plane electrode configuration at a gap distance of 50 mm for an
applied voltage of up to 30 kV. The Partial Discharge Inception Voltage (PDIV)
was obtained at different voltage levels.

It is observed that beating improves the apparent density, Tl, and Bl of Kenaf
paper due to enhancement of fibrillation in Kenaf bast fibers. The beating
decreases the average surface resistivity while the average dielectric constant
and AC breakdown voltage increase. The PDIV of Kenaf paper decreases as the
beating revolutions increase, while the maximum PD amplitude and repetition
rate increase. The addition of internal and external PVA further improves the
apparent density, Tl, and Bl of Kenaf paper. The surface resistivity, dielectric
constant and AC breakdown voltages, and strength of Kenaf paper are also
enhanced with the internal and external PVA. The PDIV of Kenaf paper slightly
decreases with the internal and external PVA. The maximum PD amplitude and
PD repetition rates of Kenaf paper slightly increase with internal PVA at all
applied voltages but decrease with external PVA at voltages of 20 kV, 25 kV,
and 30 kV. The Tl and BI of the Kenaf paper increased by 197% and 364% with
6% external PVA. Similarly, the highest AC breakdown voltage is observed for
the 3 layers of Kenaf paper with 6% external PVA with a value of 36.30 kV. The
highest improvement of dielectric constant can be up to 211% for the Kenaf
paper with 12% internal PVA. The findings of this study present the minimum
thickness, apparent density, and Tel requirements for solid insulation materials
in power transformers. However, the Tl of Kenaf paper is slightly lower than the
required criteria for power transformers, which can be improved with
enhancement materials. On the other hand, the AC breakdown strength of Kenaf
paper is higher than Kraft paper, while the dielectric constant is comparable.
Based on mechanical and electrical properties, Kraft paper has a potential that
can be explored further for use in power transformers.
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Disebabkan oleh kekurangan kayu untuk kertas dan aplikasi lain, gentian bukan
kayu seperti Kenaf digunakan untuk pembuatan kertas. Gentian kulit kayu kenaf
diketahui sebagai salah satu gentian bukan kayu yang biasa digunakan untuk
tujuan ini. Pada masa ini, hanya ada beberapa kajian yang dijalankan untuk
penggunaan kertas Kenaf sebagai penebat pepejal dalam pengubah. Tambahan
pula, kesan rentakan dan Polivinil Alkohol (PVA) pada kertas Kenaf agak terhad,
yang memerlukan penyelidikan lebih lanjut mengenai kebolehlaksanaannya
untuk meningkatkan sifat fisio-mekanikal dan elektrikal.

Pertamanya, gentian kulit kayu Kenaf dikumpulkan di sini dan pembuatan pulpa
dilakukan menggunakan kaedah soda pulping. Pulpa Kenaf yang dihasilkan
kemudian mengalami berbagai putaran rentakan untuk meningkatkan sifat
kekuatan pulpa. Proses rentakan dilakukan pada 3,000, 6,000, 9,000 dan 12,000
putaran rentakan. PVA ditambahkan kepada pulpa Kenaf selepas 12,000
putaran rentakan. PVA dalaman dilakukan dengan menambahkan PVA pada
kepekatan peratus berat iaitu 3%, 6%, 9%, dan 12% selepas tahap rentakan.
PVA luaran diperoleh dengan melapisi kertas Kenaf dengan 12,000 putaran
rentakan dengan PVA pada kepekatan peratus berat iaitu 2%, 4%, dan 6%.
Seterusnya, kertas Kenaf dengan rawatan yang berbeza diperiksa untuk
prestasi fisio-mekanikal dan elektrikal. Pengukuran ketumpatan ketara, Indeks
Tegangan (TI), Indeks Pecah (Bl) dan Indeks Koyak (Tel) dilakukan untuk
melihat kesan rentakan dan PVA terhadap sifat fisio-mekanikal kertas Kenaf.
Keberintangan permukaan dan pemalar dielektrik diukur untuk menentukan sifat
dielektrik kertas Kenaf. Kertas Kenaf yang disi tepu dengan minyak disediakan
dalam Minyak Mineral (MO) untuk pengukuran aktiviti voltan pemecah arus
ulang alik (AU) dan Pelepasan Separa (PD). Pengukuran voltan pemecah AU
dilakukan dengan elektrod sfera yang berdiameter 12.5 mm, dengan kedua sisi



saling berhadapan. Imej Mikroskopi Elektron Pengimbasan (SEM) diperoleh
selepas voltan pemecah AU untuk memerhatikan kesan pelepasan elektrik
kepada gentian kulit kayu Kenaf. Amplitud maksimum PD dan kadar
pengulangan PD diukur berdasarkan konfigurasi elektrod satah jarum pada sela
jarak 50 mm untuk voltan kenaan hingga 30 kV. Voltan Permulaan Pelepasan
Separa (PDIV) diperoleh pada tahap voltan yang berbeza.

Diperhatikan bahawa rentakan meningkatkan ketumpatan ketara, Tl dan BI
kertas Kenaf disebabkan oleh peningkatan fibrilasi pada gentian kulit kayu
Kenaf. Rentakan mengurangkan purata keberintangan permukaan sementara
purata pemalar dielektrik dan voltan pemecah AC meningkat. PDIV kertas Kenaf
menurun ketika putaran rentakan meningkat, sementara amplitud maksimum
dan kadar pengulangan PD meningkat. Penambahan PVA dalaman dan luaran
meningkatkan lagi ketumpatan ketara, Tl dan Bl kertas Kenaf. Keberintangan
permukaan, pemalar dielektrik, voltan pemecah AC dan kekuatan kertas Kenaf
juga ditingkatkan dengan PVA dalaman dan luaran. PDIV bagi kertas Kenaf
sedikit menurun dengan PVA dalaman dan luaran. Amplitud maksimum PD dan
kadar pengulangan PD bagi kertas Kenaf sedikit meningkat dengan PVA
dalaman pada semua voltan kenaan, tetapi menurun dengan PVA luaran pada
voltan 20 kV, 25 kV, dan 30 kV. Tl dan Bl bagi kertas Kenaf meningkat sebanyak
165% dan 217% dengan 6% PVA luaran. Begitu juga, voltan pemecah AC
tertinggi diperhatikan untuk tiga lapisan kertas Kenaf dengan 6% PVA luaran
iaitu 36.30 kV. Peningkatan pemalar dielektrik tertinggi boleh mencapai 210%
untuk kertas Kenaf dengan 12% PVA dalaman. Kajian ini membentangkan
ketebalan minimum, ketumpatan ketara, dan keperluan Tel untuk bahan
penebat pepejal dalam pengubah kuasa. Walau bagaimanapun, Tl bagi kertas
Kenaf adalah lebih rendah sedikit daripada kriteria yang diperlukan untuk
pengubah kuasa, yang boleh diperbaiki dengan bahan penambahbaik.
Sebaliknya, kekuatan pecahan AC bagi kertas Kenaf lebih tinggi daripada kertas
Kraft, manakala pemalar dielektrik pula adalah setanding. Berdasarkan sifat
mekanikal dan elektrik, kertas Kraft mempunyai potensi yang boleh diterokai
lebih lanjut untuk digunakan dalam pengubah kuasa.
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CHAPTER 1

INTRODUCTION

1.1 Research background

Kraft paper has been used for decades as insulation materials in transformers
owing to its good physio-mechanical properties [1]. Kraft paper can withstand
the high electrical and physical stresses experienced around core and windings
in transformers [2].

Kraft paper is produced from wood fibers, which are sustainable but can be
subjected to shortages under severe deforestation [4]. The principal component
for wood and non-wood fibers is cellulose, which is widely used in electrical
machines for centuries [4, 5]. The length of wood fibers is slightly longer than
non-wood fibers [6]. The morphological properties and chemical composition,
such as fiber length and width determine the paper quality [7]. The average
length of non-wood fiber plants ranges between 0.6 mm and 30 mm [8, 9]. Lumen
width and cell wall thickness affect the rigidity and strength of non-wood fiber
papers [6]. Fibers with large lumens and thin walls could be flattened after the
pulping [9]. The process of pulping enhances the contact between fibers, which
leads to an increase in the strength of paper. Nowadays, papermaking based on
non-wood fibers has attracted demands in a wide range of applications.
Previously, the usage of non-wood fibers is mainly for writing papers. However,
in recent years, its applications have expanded in other areas such as tissue,
printing papers, and corrugated boards.

Significant efforts have recently been made to investigate the feasibility of non-
wood fibers for electrical insulation purposes [10]. Currently, non-wood fibers
have been mainly used in the pulp and paper industries. Although the
mechanical strength of non-wood-based papers is inferior to wood-based
papers, its strength can be improved by several treatments [11]. Several non-
wood plants have been utilized by papermaking industries to make papers, such
as Kenaf, bamboo, bagasse, jute, and cereal straws. As an alternative, non-
wood fibers including cotton, manila, hemp, and flax have been utilized as
insulation materials in various electrical insulation applications [11, 13].
Previously, cotton rag, silk, jute, and asbestos are used for different purposes of
electrical insulation [11-14]. A blend of Kraft wood and manila hemp fibers has
been utilized as insulation material for telephone insulation in 1920 [12]. The
electrical grade papers are mainly used for cables and capacitors before being
mainly utilized as the primary insulation in transformers [13]. Linen has been
used as insulation in capacitors until the 1920s. Resin impregnated paper is
introduced for transformer application in the early 20th century which was later
dominated by oil-impregnated paper. Non-wood fibers are strong, low-cost, and



have good elasticity and flexibility. Cotton fiber has been employed in
transformer insulation; however, it has low thermal capacity and are very
absorbent of moisture. On the other hand, flax fiber has been utilised for
capacitor insulation. The mixture of manila hemp and wood fibers have also
been utilised for insulation in telephones [12].

The production of papers from non-wood fibers is carried out using the two steps.
The first step is to convert the fibrous raw materials into pulps. The second step
is to convert the pulps into papers [9]. The pulping process separates fibers from
dust and other unwanted substances [14]. The fiber network is stretched out on
a thin sheet of paper and compressed to increase density. The fiber network is
further dried to extract residual moisture [9]. The beating process increases the
bonding between fibers by fibrillation, thus increasing the fiber surface contact
area.

The pulping of non-wood plants can be carried out based on Kraft and soda
processes. The soda process is mostly preferred for the pulping non-wood fibers
since it requires only Sodium Hydroxide (NaOH) and the production time is
shorter than the Kraft process. The soda process can produce high vyields,
without affecting the overall quality of the end products [15]. This process results
in pulps with high insoluble carbohydrates. It is also found that the strength and
lignin contents of pulps made from the soda process are almost identical to the
Kraft process [16].

Kenaf is a non-wood plant that has been utilized in the manufacturing of animal
bedding, twine, coarse cloth, rope, packaging, and paper [16]. The mechanical
properties of Kenaf fibers depend on the physical composition, environmental
condition, place of origin, and the methods of storing fiber. Due to its high
strength characteristics, Kenaf fibers have also been used for writing papers,
bonds, surface sizes, and newsprints [17]. The core and bast fibers of Kenaf
plants are short and long, respectively. The length of bast fibers ranges from
1.15 mm to 4.03 mm. Bast fibers have a large cell wall and small lumen width,
which are favorable to have high strength properties in paper [18]. The long fibers
play an essential role in determining the paper's mechanical strength. The
mechanical strength is the prime requirement for transformer insulation papers
to resist the possible mechanical movements and heat while in operations. Since
bast fibers are long fibers, the paper produced from bast fibers has higher
mechanical strength.

The strength properties of Kenaf paper can be enhanced using the introduction
of chemical additives [19]. There are 2 types of chemical additives known as
functional and process chemicals. The functional chemicals directly improve
paper qualities while process chemicals influence operations on or near paper
machines [20]. Process chemicals include retention aids, biocides, dispersants,
and defoamers, whereby functional chemicals include fillers, sizing agents,



dyes, optical brighteners, and wet-strength/dry-strength additives. The functional
chemicals can be added internally in pulp or applied externally on the surface of
the paper [5, 22-24]. Hydrogen bonds and friction forces between fibers are the
main forces that determine the strength of fiber interactions in the papers
whereby it can be improved by the functional chemicals.

Polyvinyl Alcohol (PVA) is one of the chemical additives which can be utilized in
pulping and papermaking industries to improve the properties of pulp and paper
[24]. It is a common synthetic polymer that is subjected to partial or complete
polyvinyl acetate hydrolysis to remove the acetate groups, whereby other vinyl
polymers are produced via polymerization of its constituent monomers. PVA has
been extensively utilized in a variety of industries including textiles,
papermaking, and pulping industries. PVA may improve the resistance of paper
to oils and fats. Since it has excellent hydrophilic properties and structural
compatibility, it has also been employed with biopolymers and hydrophilic
polymers to improve the mechanical strength and electrical properties of paper.

1.2 Problem statement

Kraft insulation paper is made of wood fibers, joined with hydrogen bonds, which
are broken by heat and electrical stress during transformer operation. Kraft
insulation paper must have strong mechanical and electrical properties to
withstand the insulating safety of power transformers. Due to the increasingly
industrialized environment and demand, the availability of wood fibers may be
limited in the future. There is a need to find an alternate source that can meet
the increasing demand for transformer insulation and improve transformer
insulation with alternative materials. Non-wood fibers provide the suitable option
as the source for pulp and papermaking which can act as an alternative for wood
fibers due to the strong mechanical strength of fibers. Currently, the application
of non-wood fibers such as Kenaf as insulation material in transformers has yet
been highlighted in previous studies.

One of the main issues with the development of insulation paper for transformer
application is its ability to be impregnated with insulation oil. The insulation paper
must have good Alternating Current (AC) breakdown strength and Partial
Discharge (PD) characteristics after impregnation in oil. The current process of
Kenaf papermaking does not consider this requirement, which is crucial to
ensure the electrical performance, would not be affected due to the insufficient
impregnation procedure. Furthermore, there is no investigation related to the
impact of chemical additives such as PVA on the oil impregnation process of
Kenaf paper.

Currently, several studies have been carried out to examine the physio-
mechanical properties of Kenaf paper. However, no investigation has been



carried out to examine the physio-mechanical properties of Kenaf paper in the
presence of PVA concerning transformer requirements. The physio-mechanical
properties of insulation paper are important for transformers since the insulation
paper is expected to withstand the movement either due to faults or power
system events.

Apart from physio-mechanical properties, a good insulation paper should
possess good electrical properties to avoid any instantaneous failure. At the
moment, there is no comprehensive study that has been performed on Kenaf
paper with and without PVA concerning the electrical properties including the AC
breakdown voltage, PD characteristics, and dielectric constant.

By addressing the stated issues, it is anticipated that the suitability of Kenaf
paper as electrical insulation for transformers can be further explored which
provides exciting potential applications in the future.

1.3 Research objectives

The main aim of this research is to develop and examine the physio-mechanical
and electrical properties of Kenaf paper for transformer insulation with
consideration of PVA. Several objectives are devised to achieve the primary
objective.

1. To develop Kenaf paper with and without PVA for electrical insulation
application in transformers.

2. To analyze the physio-mechanical and morphological properties of
Kenaf paper with and without PVA.

3. To evaluate the electrical properties, AC breakdown voltage, and Partial
Discharge (PD) characteristics of Kenaf paper with and without PVA.

1.4 Scope of work

The scope and limitations of this research are as follows.

1. The type of insulation fluids examine in this research is Mineral Oil (MO).
MO is the common insulation fluid used in transformers.

2. This research only examines bast fibers for the development of Kenaf
paper for electrical insulation purposes in transformers. Bast fibers are
chosen due to long fiber characteristics which can contribute to high
tensile strength.
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3.

This research only considers PVA as the enhancement material for the
Kenaf paper, because PVA is a semi-crystalline polymer with plenty of
Hydroxyl (OH) groups that form intramolecular hydrogen bonds with
cellulose. Since, both PVA and cellulose are hydrophilic polymers, they
form strong molecular interactions through van der Waals forces,
resulting in high paper strength. PVA has strong cohesive forces with
fibers as compared to other chemical additives.

The percentage concentration of internal PVA for Kenaf paper ranges
from 0% to 12% with a 3% interval, while the percentage concentration
of external PVA ranges from 0% to 6% with a 2% interval. The addition
of PVA up to 10% to the pulp improves the mechanical and dielectric
properties of paper.

The research only focuses on Tensile Index (TI), Burst Index (Bl), Tear
Index (Tel), apparent density, Scanning Electron Microscopy (SEM), AC
breakdown strength, dielectric constant, surface resistivity, and PD
properties of Kenaf paper with and without PVA. These properties are
commonly associated with the insulation paper used in transformers.

Contribution of research

The details of the contributions of this research study are as follows:

1.6

1.

The process to develop the Kenaf paper for electrical insulation
purposes in transformers can be used and replicated by the relevant
industries for mass production.

The knowledge on the physio-mechanical and electrical properties of
Kenaf paper can be further utilized for research and development to
improve its competitiveness as compared to Kraft paper

Papermaking manufacturers can further utilize the techno information on
the PVA's role for process optimization to cope with the increasing need
for electrical insulation industries.

Thesis organization

This thesis consists of seven chapters, namely, the introduction, literature
review, methodology, Kenaf pulp characteristics, physio-mechanical properties
of Kenaf papers, electrical properties of Kenaf papers, conclusion, and
recommendations for future work.

Chapter 1 introduces the study's background and problem statement. The
objectives, scope, limitations, and contributions of the research are described.



Chapter 2 provides a thorough overview of related research, including
insulations in transformer, non-wood fibers for pulp and papermaking, Kenaf
fiber characteristics, physio-mechanical and electrical properties of Kraft paper,
and chemical additives for the paper strength.

Chapter 3 describes the procedure of the development of Kenaf paper and the
experimental workflow. The process of pulping Kenaf fibers and papermaking is
discussed in detail. The procedure to develop the Kenaf paper in the presence
of PVA is explained in this chapter. The TI, Bl, Tel, apparent density
measurement, grammage calculation, SEM, AC breakdown voltage and
strengths, surface resistivity, dielectric constant, dielectric loss factor, Dielectric
Dissipation Factor (DDF), and PD test setup and configuration for measurement
of Partial Discharge Inception Voltage (PDIV) are explained in detail.

Chapter 4 presents the morphological analysis of Kenaf pulp, which is used to
produce Kenaf papers. The effect of beating and PVA on the Kenaf pulp is
observed using SEM imaging.

Chapter 5 presents the physio-mechanical properties of Kenaf paper with
beating revolutions and with internal/external PVA. The experimental results on
the apparent density, Tl, Bl, and Tel of Kenaf paper are discussed.

Chapter 6 presents the experimental results and discussions on the surface
resistivity, dielectric constant and DDF, AC breakdown voltage and strengths,
PDIV, maximum PD amplitudes, and repetition rates of Kenaf paper with beating
revolutions and internal/external PVA. After the results and discussion, chapter
7 presents the conclusion and recommendations for future work.
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