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fiber to assess its suitability for use as a new presspaper insulation in transformer.
Kenaf presspaper was produced through soda pulping and laboratory handsheet
process. Tensile strength (TS) and degree of polymerization (DP) assessments were
conducted in according to TAPPI T494 and IEC60450 standard to measure the changes
of degradation characteristic on Kenaf presspaper. The accelerated aging process at 90
°C up to 720 hours was done to simulate extended real operation of transformer. The
results indicated a reduction in both the TS and DP of Kenaf presspaper (KP) with
increased aging time. The relationship between DP and TS revealed consistent

Keywords: decreases over aging time due to the formation of cross-links between polymer chains
Transformer insulation; Kenaf; tensile during ageing, contributing to the overall deterioration of the fiber's mechanical
strength; aging behavior; DP integrity.

1. Introduction

Transformer plays a vital component in electrical power systems, that enable electricity to be
distributed and transmitted efficiently. This device works on the basis concept of electromagnetic
induction, changing voltage levels to allow for a continuous supply of power across the grid. For many
years, a combination of insulating oil, presspaper, and pressboard has served as essential insulating
materials in transformer [1]. Presspaper serves a vital role in a transformer by providing electrical
insulation between different components, including winding layers and the transformer core. This
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insulation is crucial to prevent electrical breakdown and ensure the safe and efficient operation of
the transformer. Additionally, presspaper helps in managing heat generated within the transformer.

Traditionally, the main source of insulation materials for transformer, was specifically presspaper
used to be made from softwood fiber. Softwood fiber has been used as a transformer insulation
presspaper due to pure cellulose (42 % cellulose and 28 % lignin), having outstanding electrical
properties and high mechanical strength [2]. The advantages of cellulose such as being a good
insulator and polar, with a dielectric constant significantly higher than one makes them dominant in
transformer insulation paper application. As applications become more demanding, the quality of
the paper needs to be higher, leading to a bigger challenge due to the lack availability of softwood
fiber. With a decrease in softwood resources, researchers have embarked on a pursuit for sustainable
alternatives, prompting them to investigate non-wood fibers for potential use in transformer
insulation applications. Non-wood fiber resources provide certain advantages over wood fiber
resources due to their abundance, short cycle, fast generation, and low cost [3].

Kenaf plant (Hibiscus cannabinus L.) is a fast-growing non-wood fiber sources belongs to the
Malvaceae family. Kenaf initiative in Malaysia was initiated in 1999 by the National Economic
Advisory Council (NEAC). The research on Kenaf in Malaysia has commenced by evaluating the
adaptability of Kenaf, identifying the suitable cultivars for industrial and agricultural use, managing
agronomic practises and inputs, developing end products, and assessing cost development [4], [5].
Kenaf is an herbaceous plant that can be harvested after four to five months of planting, allowing
two harvest cycle per year. Figure 1 shows the parts of Kenaf stalk.
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Fig. 1. Parts in Kenaf stalk

The bast fibers obtained from the outer layer of the Kenaf stalk which has a promising alternative
for enhancing the performance of insulating presspaper. The height of Kenaf stalk varies between
3.7 mto 5.5 m, butits fibers normally range from 2.39 mm to 2.82 mm in length [6], which contributes
to enhance the mechanical strength. The Kenaf bast typically contains 45 % to 57 % of cellulose and
8 % to 10 % lignin content, which aligns with the standard set by the Pulp and Paper Industry in
Malaysia [2].

Recently, researchers have proved that Kenaf can be an alternative raw material in its broad range
of applications across various automotive components, construction materials, medical, cosmetic,
and grounding systems. A study in [7] highlights that the Kenaf fibers are increasingly being used as
reinforcements in composite materials in the automotive sector, leading to the production of
lightweight and environmentally friendly components. Pasilo et al., in [8] presents the roofing tiles
products manufactured from agricultural sources such as Kenaf fiber, corn cob fiber and water
hyacinth fiber. It is found that that all agricultural sources are beneficial to the construction sector
since its fibers improve the mechanical and physical properties of roofing tiles products.
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A different study by Shahar et al., [9] explores the potential of Kenaf composite as an alternative
material for fabricating Ankle-Foot Ortho,sis (AFO) due its strength to weight ratio, cost effectiveness
and biocompatibility. It is suggested that future research could lead to further advancement in the
medical field. The author of another study [10] found that the performance of grounding systems can
be enhanced by using mixtures of bentonite and Kenaf as both materials can absorb and maintain
moisture from the surrounding soil. A recent study conducted by Nik Kechik et al., [11] examined the
influence of agricultural-based materials on heat transfer rates, concluding that Kenaf fiber
reinforced with resin exhibited the highest thermal conductivity.

The increasing demand for sustainability in the power industry necessitates a thorough
comprehension of the relationship between the mechanical properties, specifically Tensile Strength
(TS), and the chemical characteristics, particularly Degree of Polymerization (DP), of insulation
materials. Understanding the TS of presspaper is crucial because it signifies the material’s durability
to tearing or rupturing under mechanical stress. Higher TS implies better resistance to mechanical
forces, contributing to the reliability and longevity of the insulation in transformer applications. While
for DP is a main factor in determining the molecular weight and structural integrity of the insulating
materials. Conducting a study that establishes a correlation between the mechanical and chemical
properties of insulation materials contributes significantly to gaining an understanding of their overall
performance and appropriateness for transformers applications.

2. Related Works

Katun et al.,, [12] examine the impact of fibers and reinforced nanoparticles on the tensile
strength of transformer oil-impregnated paper. The successful synthesis and characterization of
rutile-TiO; nanoparticles were accomplished, and these nanoparticles were utilized as a reinforcing
agent in the study. An increase in tensile strength was achieved by introducing surface-modified
rutile-TiO, nanoparticles into the cellulose fibers. Multiple analytical methods, including X-ray
diffraction (XRD), Raman spectroscopy and Fourier-transform infrared spectroscopy (FTIR), were
used to examine the materials and confirm the presence of nanoparticles in the paper. This article
also included scanning electron microscope (SEM) photos to visually demonstrate nanofillers'
existence.

A study in [13] presents experimental data on the mechanical properties of two commonly used
types of paper in transformer (plain Kraft and crepe paper), under different ageing states. This data
not only serves as valuable information on the performance of these materials but also establishes
benchmark values for comparison with manufacturers' data obtained in the factory setting. However,
there are some limitations in this research where its scope is confined to just two types of paper,
omitting information on alternative materials employed for transformer insulation. Furthermore, the
study solely examines the mechanical characteristics of the insulation paper, neglecting an
exploration of other variables that might potentially impact the effectiveness and durability of power
transformers.

The main finding for article [14] is that the aging process affects the mechanical and dielectric
properties of transformer grade Kraft paper. The study employed dielectric spectroscopic
measurements to examine the relative permittivity, dielectric loss, and water absorption of paper
samples that were conditioned in the ambient environment. The findings indicated that the paper's
mechanical and dielectric characteristics experienced a decline as it aged. The study's shortcomings
encompass the exclusive analysis of a single paper type, without accounting for the potential
influence of other variables, such as temperature and humidity, on paper aging. In addition, the study
did not explore strategies for preventing or alleviating the impact of aging on the paper.
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Author [15] examines the degradation of wood pulp-cotton presspaper when exposed to
different biodegradable oils. The study revealed that the impregnating fluid significantly affected the
dielectric response of the presspaper. Natural esters exhibited higher tan § values at low frequencies,
while mineral oil exhibited higher tan & values at low frequencies as well, but with less noticeable
variations between the lowest and highest frequencies. The cellulose's polymerization degree was
also assessed, revealing a decrease in DP as the cellulose degraded, reaching a value of 134 at the
final point of exposure to mineral oil. The main constraint of the study lies in the challenge of
establishing definitive results regarding the deterioration of the presspaper, owing to the intricate
interplay between the oils and the presspaper.

Siddique et al., [16] highlights the development of an innovative insulating oil for transformers by
adding graphene oxide into natural ester. The study illustrates that introducing graphene oxide into
the natural ester-based oil enhances its dielectric and thermal characteristics, which are crucial for
insulating high voltage equipment. Nevertheless, the study's limitation is that it focuses only on the
performance of the insulating oil. Additional investigation is required to assess its durability and
suitability with current transformer systems over an extended period of time.

3. Experimental Method

Kenaf plant, known for its versatility and wide range of uses, undergoes comprehensive and
systematic processing methods to extract its valuable fibers, utilized in the production of several end
products. Figure 2 shows the process from harvesting of the Kenaf stalk to obtaining the Kenaf
presspaper (KP). Firstly, the process of harvesting Kenaf stalks is carried out, which is a crucial phase
that can be done either by hand or with machines, depending on the size of the production and the
resources available. After the crops are harvested, the retting process begins, which involves soaking
the stalks to remove non-fibrous substances using methods such as immersing them in water or
applying chemicals.

KENAF
PRESSPAPER

Fig. 2. Process from Kenaf stalks to Kenaf presspaper (KP)

Afterwards, the bast fibers, which are well-known for their strength in the Kenaf stalk, are
obtained from the woody core using a specific machine called a decorticator. After being removed,
the fibers are subjected to a comprehensive washing process. Subsequently, the bast fibers undergo
the pulping process, where diverse techniques such as mechanical, chemical, or semi-chemical
pulping are used to disintegrate the fibers into smaller entities, resulting in pulp suitable for paper.
The pulping process for this study was soda pulping process.
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3.1 Pulping Process

Kenaf bast fiber was initially cut into 10 cm length. Subsequently, a rotary digester was used to
cook short Kenaf bast fiber with a combination of highly alkaline solution, called white liquor. Next,
the softened Kenaf pulp was washed with water using a hydro pulper to remove the remaining black
liguor. PTI Summerville Fractionators with a slot size of 0.05 mm screened the Kenaf pulp to remove
the remaining oversized pulp. Next, the pulp was dried out using the spin-dried machine and
dispersed by the Hobart mixer machine.

3.2 Handsheet Process

After the drying process, the pulp is processed into the stock for papermaking based on TAPPI
T205 [17]. A 24 g oven dried (OD) pulp was diluted with 2000 ml of distilled water was disintegrated
at 3000 rpm to scatter the pulp. Next, 8 litres of water were added to the stock, and stir the stock
well in the stock divider to ensure proper mixing. Finally, 400 ml of stock with the half fill water was
transferred to a sheet machine to make handsheet of KP.

3.3 Pre-processing of Oil Presspaper

The transformer used in this study was Nynas Nytro Libra. Firstly, the Mineral Oil (MO) was
filtered using a Nylon membrane filter with pore size of 0.2 um for three times. The size of tested KP
were 50 mm X 50 mm pieces. The filtered MO and KP were dried at 90 °C for 24 h to remove the
moisture. After the drying process, the KP are impregnated with MO for 24 h with the ratio oil and
paper set to 20:1 prior to ageing process, a critical procedure that replicates the conditions of actual
transformers. The process of impregnation serves to improve the dielectric properties of the
presspaper, while also introducing a significant variable that influences the degree of polymerization
over a period.

3.4 Accelerated Aging Process

The impregnated KP samples are then placed within an accelerated aging oven at 90 °C up to 720
hours. The sample was taken out every 240 hours, allowed to cool at room temperature before
testing. The selection of the accelerated ageing conditions was selected as it falls within the range of
normal ageing conditions described in standards like IEC 60076-7, where ageing occurs without
reaching thermal failure temperatures typically below 150°C [18]. The 720-hour duration was chosen
to provide sufficient time for observable ageing effects while balancing practical experimental
timelines. This study was conducted as a preliminary investigation to assess material performance
under controlled accelerated ageing conditions, aligning with standard industry practices.

3.5 Tensile Strength (TS)
Tensile tests were performed on a BUCHEL horizontal tensile test according to the TAPPI T494
standard [19]. A paper strip of 15 mm width and 100 mm length was clamped at each end between

the two jaws. For each kind of presspaper, ten samples were tested. The tests were carried out with
a condition of 23 °C and 50 % relative humidity.
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3.6 Degree of Polymerization (DP)

The average viscometric DP based on IEC 60450 standard [20] were measured on KP. All the aging
Kenaf presspaper were degreased before DP determination. 0.1 mg of sample presspaper and 20 ml
of distilled water are added into a flask followed by the addition of 20 ml of cupric ethylenediamine

(CUEN) solution of 1 mol/L. Three assessment were performed on each sample and DP was calculated
from viscometric data.

Pulping Handsheet Acie\e.rated
Process Process geing
Process

b

Experimental
Testing
Tensile Degree of
Strength Polymerization

Fig. 3. General process

4. Results and Discussion

Table 1 shows the thickness and apparent density of produced KP. Table 2 provides the properties
of the MO in which the insulation paper was impregnated for the ageing process.

Table 1

Properties of the Kenaf presspaper insulation
Properties Kenaf presspaper
Thickness (mm) 0.12

Apparent density (g/cm®)  0.80

Table 2
Main properties of the mineral oil
Properties Nytro Libra
Appearance Clear and bright
Kinetic viscosity at 40 °C 9.6 mm2/s
Density at 20 °C 0.875 kg/dm3
Dielectric dissipation factor at 90 °C 0.001
Pour point -51°C
Water content <20 mg/kg
Acidity 0.01 mgKOH/g
Flashpoint 152 °C

The ageing performance of KP can be observed through the DP and TS measurement. Figure 4
shows that the line graph of DP versus aging time. The graph shows that the DP decreases with
increasing aging time. According to [1], value for DP for a new transformer presspaper insulation is
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between 1000 — 1200. In the initial state of aging from 0 hours to 240 hours, the DP decrease rapidly.
During this phase, oxygen will contribute to the oxidation reaction which will weaken the glyosidic
bond in the fiber. However, the DP does not decrease linearly with the ageing time due to many
factors such as structure of the cellulose, the ageing condition, and the presence of inhibitors.

The graph in Figure 5 depicts the TS of KP before and after accelerated thermal aging. TS is a
crucial characteristic that measure a material capability to withstand the test under the influence of
tensile forced. According to the graph, the overall trend indicates a consistent decline in tensile
strength as aging time increases. The rate of reduction appears more significant between 240 and
480 hours. The increasing error bars imply potential instability or greater measurement fluctuations
as the material ages further. This data suggests that prolonged aging negatively affects the material's
tensile strength, which could be a sign of material degradation over time. This occurs due to the
process of ageing, which leads to chain scission, a phenomenon characterised by the breakage of
polymer chains. Chain scission leads to a reduction in the material's strength, resulting in decreased
resistance to tensile stresses. Nevertheless, after a certain limit, the rate of decline in tensile strength
decelerates. This is due to the material having already undergone significant chain scission, resulting
in a reduced number of chains that are capable of further breakage. This finding of this study
consistent with other studies [21-23].

1120 - Degree of Polymerization over Aging Time
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Fig. 4. Degree of polymerization with increasing aging
hours

The relationship between the DP of KP and its TS after ageing for different time periods as
indicated in Figure 6. The TS of the fiber decreases with increasing ageing time. This is because ageing
causes the polymer chains in the fiber to break down, which reduces the fiber's overall strength. The
DP of the fiber also decreases with increasing ageing time, which is consistent with the decrease in
tensile strength.
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It is important to emphasize that the rate of decrease in TS surpasses the rate of decrease in DP.
This implies that the deterioration of the mechanical properties of the fiber as it ages may be
attributed to additional processes, potentially including the formation of cross-links between the
polymer chains. These cross-links, formed during aging, may contribute significantly to the overall
deterioration of the fiber's mechanical integrity. Therefore, understanding the intricate relationship
between aging, TS, and DP becomes pivotal in unraveling the multifaceted degradation mechanisms
at play in the fiber over time.

It is important to note that a DP value of 200 serves as an indication of the end of life of
presspaper, as it becomes brittle and experiences a decline in mechanical strength. The result
obtained agreed with previous studies [21,24].
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5. Conclusion

This study focused on examining the TS and DP of oil-impregnated non-wood Kenaf bast fiber as
potential transformer insulation presspaper, using TAPPI and IEC standards as guidelines. The
investigation found that the TS and DP of KP decrease with increased aging time. In summary, the
correlation between aging time with TS and DP can be explained as follow:

i.  The DP analysis indicate that the deterioration of KP decreases as the ageing time increases
due to the oxidation process, which weakens the glycosidic link in the fiber. This leads to a
significant decrease during the initial aging phase (0 to 240 hours), and the decrease in DP
with aging time is non-linear, indicating the influence of multiple variables such as inhibitor
availability, aging circumstances, and cellulose structure.

ii.  The significant decrease in TS with increasing ageing time is attributed to chain scission, a
process in which polymer chains fracture, leading to a reduction in the material's strength and
ability to withstand tensile stresses. In addition, the rate of decrease in TS slows down after
it reaches a certain limit, indicating that the chain scission processes have reached their
maximum capacity.

iii.  The correlation between DP and TS over different ageing periods demonstrates a continuous
pattern of declining fiber strength and polymerization as aging time increases. Notably, the
rate at which the tensile strength decreases is higher than that of DP, indicating the presence
of other mechanisms that may be involved in the development of cross-links between
polymer chains. It is important to highlight that a DP value of 200 is a critical threshold that
signifies the end of life for presspaper. This is marked by its brittleness and a significant
decrease in mechanical strength.

This study investigation not only enhances the comprehension of the degradation mechanisms in
KP, but also offers valuable insights for optimising transformer insulation materials. This contributes
to the wider range of sustainable and efficient solutions in power industry applications. Future work
will aim to explore more extensive material characterization during the ageing intervals for a broader
understanding of the ageing behavior.
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