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ABSTRACT

This study investigates the influence of varying
bamboo fibre (BF) sizes on the thermal,
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mechanical, and physical characteristics of
composites made from bamboo fibre and
polyurethane foam (PF). BF/PF composites were
fabricated using fibre sizes less than 150um,
and within 150-300 pm, 300-425 um, and 425-
600 pm ranges. Thermogravimetric analysis
(TGA) identified three primary decomposition
phases, corresponding to moisture removal,
hemicellulose breakdown, and cellulose
degradation. The results demonstrated that
incorporating different BF sizes enhanced the
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composites’ thermal stability. The thermal stability of BF/PF composites was improved; the results
show that BFP3 (299.07°C) has a higher onset of degradation compared to neat and other composites.
In terms of mechanical properties, larger fibre sizes improved both flexural and compressive strength,
with the 300-425 um (BFP3) size yielding the highest flexural (0.192 MPa) and compressive (0.232
MPa) strengths. However, water uptake, moisture content, and thickness swelling increased with
fibre size. Notably, composites using fibres smaller than 150 um (BFP1) recorded the lowest values
in water absorption (42.54%), thickness swelling (3.66%), and moisture content (3.48%).

Keywords: Bamboo fibre, fibre size, foam composites, mechanical properties, polyurethane foam

INTRODUCTION

The compatibility and ease of availability of raw materials, combined with a polymer matrix
(thermosetting or thermoplastic), allow for balanced properties. Natural fibre-based polymer
composites have attracted more interest as a possible replacement for traditional materials
(Ilyas et al., 2021; Sanjay et al., 2018; Sanmuham et al., 2021). Natural fibre composites
have the potential to further the development of environmentally friendly materials;
researchers are interested in the subject of study. Due to their enhanced productivity,
variety of application designs and easy access to raw materials, these fibres can enhance the
manufacturing sector (Bahari & Krause, 2016; Saheb & Jog, 1999; Supian et al., 2018). To
meet the growing demands for environmental sustainability, researchers are now working on
reducing the use of synthetic fibres (carbon and glass fibres) in manufacturing applications.
By replacing more sustainable materials for natural resources as the main component in the
reinforcement of polymer composites, this material may greatly decrease the consumption
of fossil resources (Syafiq et al., 2020; Syafiq et al., 2021; Zia et al., 2015). Apart from that,
the use of natural resources can reduce crop waste and open burning by farmers, offering a
manageable waste solution with lower environmental impact (Ishak et al., 2013; Nadlene et
al., 2016; Suhot et al., 2021). Through this innovative approach, the growing concerns of
issues such as global warming and waste management can be reduced. The implementation
of various initiatives, such as eco-friendly projects, trash sorting by type for appropriate
disposal, and the marketing of eco-friendly materials in diverse applications, has resulted
from this increased awareness. (Beran et al., 2021; Davoodi et al., 2012; Huzaifah et al.,
2017; Jawaid et al., 2022; Radzi et al., 2018). Bamboo, a fast-growing member of the grass
family (Gramineae), shares common characteristics with species such as corn, sugarcane
and rice. Numerous genera, including Bambusa, Dinochloa, Gigantochloa, Dendrocalamus,
Holttumochloa, Schizostachyum, Kinabaluchloa, Melocanna, Chusquea, Maclurochloa,
Phyllostachys, Sphaerobambos, Soejatmie, and Thyrsostambos, among others, are planted
and grow naturally (Radzi et al., 2022).
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Natural resources that have the potential to be used as alternative materials in polymer
composites come from the bamboo tree. Bamboo cultivation is an easy-to-manage, cost-
and time-efficient practice that provides a wide range of valuable resources, especially in
high-quality fibres. In the bamboo family, nearly 200 bamboo species are found across
Southeast Asia, either naturally occurring or cultivated, with notable presence in Malaysia,
Indonesia, Myanmar, and Papua New Guinea (Anwar et al., 2011; Siam et al., 2019). In
the tropical environment of Malaysia, bamboo plants can grow widely along rivers, in the
forest and in undeveloped areas or wasteland. Various species of bamboo can be found
in the wild and in commercial plantations for any purpose (Siam et al., 2019). Of the 63
species of bamboo, only 13 are commonly used in traditional or commercial applications
to make various products (Anwar et al., 2011). In general, the anatomy of a bamboo
tree has several parts such as roots, rhizomes, branches, leaves and shoots. This bamboo
consists of approximately 10% vessels, 40% fibre, 50% parenchyma and a sieve tube (Chen
et al., 2021; Kadivar et al., 2020). In fact, the bamboo tree is not a flowering type like
most other trees. However, there are a few types of bamboo tree produce flowers, such as
Phyllostachys edulis (Moso) and Phyllostachys elegans, which can produce flowers due to
changes in environmental conditions (Roslan et al., 2018). In recent years, the utilisation of
bamboo has increased due to its remarkable properties, such as strength, sustainability and
versatility, making it a valuable resource in manufacturing industries (textiles, construction
materials, automotive parts, etc.). These trends also create opportunities for small industries
to generate income through the fabrication and commercialisation of handicraft products.
Besides, bamboo has its own characteristics, making it one of the choices integrated with the
polymer matrix as reinforcement. Due to its potential, bamboo fibre (BF) has been studied
widely as reinforcement in polymer composites. In addition, BF is a low-cost, eco-friendly
material, and the ease of extraction and treatment also contributes to its attractiveness for
a variety of products (Hong et al., 2019; Md Shah et al., 2016). BF has a thick cell wall
and microfibrils capable of forming natural glass fibre, as well as stiffness and strength
(Al-ogla & Sapuan, 2014; Chee et al., 2017; Hassan et al., 2020; Ibrahim et al., 2015).
Besides, bamboo comprises approximately 60% cellulose and lignin and typically features
microfibril angles that fall within the range of 2 to 10 degrees (Radzi et al., 2022).

In general, polyurethane materials are mostly used for interior car applications, building
materials, furniture, and electrical insulation (Azmi et al., 2012; Kairyté et al., 2018). This
polymer is highly adaptable and presently finds application in a broad array of uses. This
polymer stands out due to its exceptional wear resistance and favourable tribological and
mechanical qualities when incorporated into a polymer composite. Polyurethane offers
the versatility to be cast under either high or low pressure, injection moulded, extruded,
pressed, or foamed, and it can take on a multitude of shapes, presenting both rigid and
flexible options. Typically, this polyurethane is mixed with synthetic fibres, and indirectly,
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it raises the expenses associated with both materials and manufacturing (de Carvalho et.
al, 2020). Hence, natural fibres offer a substitute material for reinforcement to diminish
reliance on industrial fibres. This category of polymer is manufactured using a blend of
two primary components, specifically polyol and isocyanate (Chaydarreh et al., 2017).

Polyurethane (PU) is one of the thermoplastic polymers, which has a cellular structure
that promotes molecular expansion and is prepared via two methods: physical and
chemical foaming. Researchers have investigated and explored mixing different fibres
with polyurethane foam (PF), such as glass and carbon fibres (Kim et al., 2021; Lee et
al., 2019; Zhang et al., 2020). Prior investigations have examined various natural fibres,
including coconut, coir and kenaf, for their mechanical performance with PF composites
(Azmi et al., 2012;Yuvaraj et al., 2018). However, research on BF/PF composites is still
limited and less focused on use in building insulation panels. This study aims to evaluate
the mechanical, thermal, and physical performance of the composites, focusing on the
effects of fibre sizes on flexural and compressive strength, thermal stability, moisture
uptake, water absorption, and dimensional swelling.

METHODOLOGY

Preparation of Materials

PF was obtained from Taat Bestari Sdn. Bhd., Selangor, Malaysia. BF used in this study
were sourced from Negeri Sembilan, Malaysia.

Preparation of Fibre Composites

The BF were air-dried under sunlight to lower their moisture content, then ground using
a crushing machine and separated into four particle size ranges, such as <150 pm, 150-
300 pm, 300-425 um, and 425-600 um using a sieve shaker machine (Bryskiewicz et al.,
2016; Gu & Sain, 2012). Figure 1 shows the stages of fibre preparation, from raw bamboo
to crushed and sieved fibres. To fabricate the BF/PF composites, polyol and isocyanate

Figure 1. (a) Raw bamboo, (b) crushed BF, and (c) sieved BF
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were blended at a weight proportion of 1:1.1 using a mechanical stirring machine (Sinar
et al., 2015a). The prepared mixture was cast into moulds, left to solidify for an hour, and
subsequently post-cured in an oven at 80 °C for two hours. The composites consisted of
5 wt.% BF and 95 wt. % PF as the matrix with different fibre sizes, as shown in Table 1.

Table 1
Composite formulation of various bamboo fibre sizes
Polyurethane Foam Bamboo weight Bamboo Size Designation
(wt. %) (wt. %) (pm)
100 - - Neat
95 5 <150 BFP1
150-300 BFP2
300-425 BFP3
425-600 BFP4

Thermogravimetric Analysis (TGA)

The thermal degradation of the composites was examined with a TGA Q50 analyser (TA
Instruments). Samples were heated from 30 °C to 600 °C at a rate of 10 °C/min under a
nitrogen atmosphere to reduce oxidative effects. The obtained data were then analysed to
determine the composites’ thermal stability and decomposition behaviour.

Flexural Test

Flexural strength and modulus were evaluated following ASTM D790 (2002). The tests
were carried out on a Universal Testing Machine (UTM) fitted with a 5 kN load cell and
operated at a crosshead speed of 5 mm/min. For each composition, five samples with
dimensions of 160 mm x 40 mm % 20 mm were examined.

Compression Test

The compression test was evaluated in accordance with ASTM D1621 (2000), using the
same UTM and testing speed as the flexural test. Five specimens per fibre size category
were tested under a constant rate of 5 mm/min with a 5 kN load cell.

Water absorption Test

The water absorption test was conducted following ASTM D570 (1998). Each sample was
weighed before immersion (o) and then soaked in water for 24 hours. Subsequently, the
samples were reweighed at 24-hour intervals over 7 days (W:). Water uptake was calculated
using the following Equation 1:

Water absoprtion, (%) = % x 100 (1]
0

Pertanika J. Sci. & Technol. 34 (4): 2385 - 2401 (2026) 2389



A.M. Radzi, M.Y.M. Zuhri, S. Ayu Rafigah, R.A. Ilyas, Muhammad Asyraf Muhammad Rizal, Ahmad Safwan Ismail,
A.B.M. Supian, and Agusril Syamsir

Thickness Swelling Test

The thickness swelling test is used to determine the effect of water absorption on the
composite sizes. This test requires 5 samples of each fibre size. The dimensions of the
BF/PF composites were measured before and after immersion (7, and 7;). The following
Equation 2 is calculated for thickness swelling:

Ty

T
Thickness swelling, (%) = ! x 100 [2]

Moisture Content Test

Five samples are required for each fibre size. The samples were weighed to determine their
initial mass (MO), then reweighed after 24 hours of oven drying to record the final mass
(M)). The percentage of moisture was determined using Equation 3:

M; — M,

Moisture content, (%) = o
0

X 100 [3]

RESULT AND DISCUSSIONS
Thermogravimetric Analysis

The thermal stability of BF/PF composites was evaluated using thermogravimetric analysis
(TGA). In general, natural fibres are easily degraded at high temperatures during the
processing of composites. Therefore, understanding the degradation of natural fibres is
crucial to ensure that the thermal stability and usability of the composites are maintained
in the manufacturing process. Natural fibre composites degrade in a few stages. The first
stage is moisture loss occurring at 30-100°C, followed by hemicellulose decomposition
(temperature range: 200-300°C) and lignin decomposition (temperature range: 300-400°C),
and the last stage is residual ash formation.(Azali et al., 2022; Huzaifah et al., 2017,
Norizan et al., 2017).

Figure 2 presents the TGA curves of
the BF/PF composites, whereas Figure 3 100

shows their corresponding DTG curves,
from which the influence of fibre size on
thermal stability can be analysed. The
effect of fibre size on the thermal stability
of the composites can be studied from

Weight Loss (%)
[2]
o

this graph. The results showed that there

is no significant difference in the thermal 0 100 200 300 400 300 600
Temperature (°C)

properties of the composites when fibre sizes
vary. This is due to the similar composition  Figure 2. TGA curve of BF/PF composite.
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of the fibre, where the individual thermal

properties of the materials significantly

(o]
!

[}
1

influence the thermal properties.

All materials, as in the initial stage,
were subjected to moisture evaporation
at temperatures ranging from 30 to 100
°c (Rasheed et al., 2020; Syafiq et al., : : : ‘ : : :

) ) 0 100 200 300 400 500 600
2020). This demonstrates that BF retained Temperature (°C)
more moisture when it started, and the

N
L

Derivative Weight (1/s)
EN

o
!

. Fi 3.DT f BF/PF it
peak degradation temperatures were "¢ G curve o composties

lower. Decomposition of lignocellulose

(hemicellulose) often occurs in the second phase. Observations show that lignocellulose
decomposition occurred between 200°C and 300°C, where a small shoulder peak in the
DTG curve was observed.

The researcher claims that the small shoulder peak before the major decomposition
peak was attributed to the decomposition of hemicellulose (Chee et al., 2017; Ishak et
al., 2012; Lei et al., 2023). During this stage, cellulose and lignin degradation took place
and persisted into the second phase, which was associated with hemicellulose breakdown
(Huzaifah et al., 2019; Jumaidin et al., 2017). The thermal degradation behaviour of
neat samples and BFP composites with different fibre sizes is summarised in Table 2. In
TGA analysis, T,, (initial decomposition temperature) marks the onset of material change
when heat is applied and mass loss occurs, while Tmax (final decomposition temperature)
represents the maximum point of mass change. Among all tested samples, including neat
and composite materials, BFP3 exhibited the highest char residue (25.02%), while BFP1
demonstrated the least char residue (19.45%). The percentage of char residue detected in
the composites is substantial compared to the neat material, indicating that each of the
composite formulations exhibits great heat stability. Thus, the presence of greater lignin
levels in BF plays a significant role in strengthening the composites’ thermal stability.

Table 2
Thermal decomposition behaviour of BF/PF composites with various fibre sizes

Sample First degradation Second degradation Char at
Ton Tmax Ton Tmax 600°c (%)
Neat 235.02 282.49 276.8 32091 20.55
BFP 1 223.84 278.42 297.83 317.25 19.45
BFP2 236.96 270.54 303.42 320.61 21.21
BFP3 229.66 299.07 247.18 321.02 25.02
BFP 4 250.37 296.45 303.48 322.22 21.09

Note. Ton: initial decomposition temperature; Tmax: final decomposition temperature
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Flexural Test

The mechanical characteristics of a material [ Flexural Strength —— Flexural Modulus

are used to determine its composite strength. 0301 I

Figure 4 depicts the flexural strength and |§ 110 g
s 03

modulus of neat and BF/PF composites. % los 8

Overall, both the modulus and flexural |g los g
2]

strength of BF/PF composites decrease |g los ®

when BF is added to PF. Flexural strength |& o2 &

values are 0.261 MPa (neat), 0.119 MPa ] 0.0

(BFP1), 0.151 MPa (BFP2), 0.192 MPa Neat BrP7 B2 BTRS BrR

omposites

(BFP3), and 0.188 MPa (BFP4). 1.077
(neat) was the highest modulus value for
neat PF and BP/PF, followed by 0.735
(BFP4), 0.723 (BFP3), 0.344 (BFP2),
and 0.377 (BFP1). The results indicate that Neat Polyurethane foam exhibited higher
flexural strength than all BFP composites. Although the incorporation of BF reduced the
flexural strength, differences in performance were observed among BFP composites. This

Figure 4. Effect of fibre size on flexural properties of
BF/PF composites

reduction is owing to the relatively poor adhesive surface between BF and PF, as well as the
nonuniform distribution of fibres, as demonstrated by Huzaifah et al. (2019). Furthermore,
the reduction can be attributed to the increase in the BF size and the presence of weak
intrinsic strength of the BF compared to the matrix, which can reduce the performance of the
mechanical performance. The behaviour of BF/PF composites has been found to increase
up to the maximum load. BFP3 excelled over other composites in terms of interfacial
adhesion and fibre dispersion, while BF filled voids in the PF. According to Sair et al.
(2018), the weakness of composite characteristics can be attributed to low fibre dispersion,
fibre breakage at the weakest location, and low distribution of force over fibres and matrix.
Czlonka et al. (2018) verified the same finding, indicating that the weak corporate factor
between fibres and matrix is similarly the main contributor to weak composites. As a result,
the mechanical properties of the composite are crucial and should be optimised so that the
composite material remains strong when an external force is applied.

Compression Test

Compression test results, presented in Figure 5, indicate that fibre size influenced the
compressive properties of the composites. The compressive strength values were 0.203 MPa
(BFP1),0.214 MPa (BFP2), 0.232 MPa (BFP3), 0.221 MPa (BFP4), and 0.282 MPa for the
neat sample. The increase in BF size causes a decrease in compaction strength, which is a
similar phenomenon to the flexural strength behaviour. The increase in BF size causes a
larger dispersion and non-uniform distribution of stress transfer during the compaction test.
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Figure 5. Compression strength of BF/PF composites with various fibre sizes

In addition, the adhesion between BF and PF is weak and leads to uneven force transfer,
thereby causing a decrease in mechanical properties. As compared to the compressive
strength of BF/PF composites, neat composites showed substantial properties. The results
indicate that Neat Polyurethane foam exhibited higher compaction strength than all BFP
composites. Although the incorporation of BF reduced the compaction strength, differences
in performance were observed among BFP composites. The compression strength of the
trend appears to be comparable to the flexural strength graph. Like the flexural behaviour,
composites with larger fibre sizes tended to exhibit higher compressive strength. The low
strength may be due to poor adhesion between the BF and PF, leading to non-uniform stress
transfer, thereby causing a reduction factor on mechanical properties.

BFP3 excelled over other composites in terms of interfacial adhesion and fibre
dispersion, while BF filled voids in the PF. This improvement may be due to better load
transfer between the fibres and matrix at larger particle sizes. The low failure factor at
the lowest values is also related to factors such as poor interaction, fibre agglomeration,
and uneven mixing, which may have reduced the mechanical efficiency in some samples
(Cztonka et al., 2018; Sinar et al., 2015b).

Water Absorption

Water absorption was recorded over 24 hours for seven consecutive days. Due to their
hydrophilic nature, BF tend to absorb moisture compared to PF. Therefore, evaluating
the water absorption properties of BP/PF composites is essential for understanding their
performance under immersion conditions (Radzi et al., 2019). Figure 6 shows the water
absorption assessment of BF/PF composites with different fibre sizes. After 7 days of
immersion, BFP4 has been recorded as having the highest water absorption of 52.92%,
followed by BFP3 (45.97%), BFP2 (43.99%), BFP1 (42.54%), and the neat composite
(24.2%). From observation, the results of water absorption are greatly influenced by
different fibre sizes in this test. Figure 6 shows that an increase in fibre size corresponds
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Figure 6. Water absorption properties of BF/PF composites with various fibre sizes

to higher water absorption. This behaviour is also influenced by the PF, which produces
high and non-uniform voids. The characteristic facilitates an increased water absorption
value, as moisture is easily retained within the foam and by the hydrophilic nature of BF
(Chaydarreh et al., 2017; Radzi et al. 2019). Neat PF shows less water uptake due to its
hydrophobic nature. As stated by Shalbafan et al. (2021) Polyurethane with a hydrophobic
nature can limit water uptake since water primarily penetrates the foam's pores and interacts
minimally with its closed-cell structure.

Thickness Swelling

Thickness swelling tests were carried out to determine the dimensional stability of BF/PF
composites after seven days of immersion in water. Thickness swelling is closely related to
the change in the dimensional stability of the composites. It occurs because the increased
water absorption contributes to the expansion and dimensional stability of the composites.
The low thickness swelling indicates that its dimensional stability is very good, and it's
less susceptible to deformation due to moisture. For 7 days, measurements were recorded
every 24 hours. From the fourth day, the BF/PF composites showed improved stability,
with less variation in thickness compared to the initial measurements on the first day. The
thickness swelling results for BF/PF composites with different fibre sizes are demonstrated
in Figure 7. After 7 days, the highest thickness swelling was observed in BFP4 (4.7%),
followed by BFP3 (4.29%), BFP2 (3.78%), BFP1 (3.66%), and neat PF (2.12%). Figure
7 shows similar trends with water absorption, which increases fibre size and increases the
thickness swelling value. The behaviour of thickness swelling contributed to the same
phenomenon as the factors of water absorption properties. Due to its hydrophilic nature,
BF shows higher water absorption compared to the hydrophobic PF, which shows weaker
interaction between the fibre and matrix. According to Caroline et al. (Rodrigues Pereira
de Paula et al., 2022), who noted that weak interfacial bonding between the matrix and
fibres increases void content, thereby facilitating high water uptake into the composite.
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Figure 7. Thickness swelling properties of BF/PF composites with various fibre sizes

Moisture Content

The moisture content test was conducted [
to measure the amount of water absorbed | <5
by the material. These measurements were é’ ‘3‘
recorded after the BF/PF composites were E ?
immersed for 24 hours. From Figure 8, BFP Zy
4 showed the highest moisture content of = Neat  BFPI c()ill;zszites BEP3 - BEP4

4.79%, followed by BFP3 (4.79%), BFP2
(3.74%), and BFP1 (3.48%). The neat PF Figure 8. Moisture content properties of BF/PF
. . composites with various fibre sizes
(2.26%) was recorded with less moisture
content compared to the BF/PF composites.
The results show a similar trend consistent with the water absorption and thickness
swelling test, where larger fibre sizes contribute to increased moisture content. The graph
trend can be attributed to the weak bonding between fibres and matrix, and the inherent
differences in nature (hydrophilic and hydrophobic) of the physical properties of BFP and
PF. The increase in moisture content percentage is further attributed to the hydrophilic
nature of BFP, which easily absorbs moisture. The excess water either penetrates the PF
matrix (hydrophobic) or is trapped and forms an additional layer within the PF foams. This
behaviour is similar to findings by Chen et al. (2011) who explored the relationship between
moisture content and interfacial strength in bamboo-reinforced vinyl ester composites. The
researchers highlighted that the hydrophilic nature drives higher moisture absorption, and
that residual water can interact with the hydrophobic polymer matrix, forming a surface
layer on the composite materials Chen et. al, 2011; Noori et al., 2021).

CONCLUSION

The influence of the different fibre sizes on the mechanical, thermal, and physical properties
of BF/PF composites has been thoroughly measured. Increasing the fibre size of BF in
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the PF matrix positively influenced the mechanical properties (flexural and compression
tests). Among the different fibre sizes, BF3 showed the highest mechanical strength, with
flexural strength reaching 0.192 MPa and compression strength at 0.221 MPa. The factors
causing the mechanical performance are due to excellent fibre dispersion, mixing uniformity
and crosslinking between BF and PF. In comparison to neat PF and BFP/PF from thermal
properties (TGA), BF/PF composites showed good enhanced thermal stability. However,
physical properties show that increasing the fibre size caused higher water absorption,
which in turn contributed to the highest thickness swelling and moisture content in all
composite samples. Therefore, with its good performance, BF/PF composites with BFP3
show excellent performance for manufacturing applications such as thermal insulation
and acoustic products. Furthermore, the BF/PF composites produced in this study have
good potential as an alternative and environmentally friendly material. The continued
development of natural fibre-based composites, such as those reinforced with BF, can give
further support for combination materials in practical applications, including building parts
(e.g., roofing and acoustic) and thermal insulation systems.
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LIST OF ABBREVIATIONS

BF : Bamboo fibre

PF . Polyurethane foam

MPa : Megapascal

TGA :  Thermal Gravimetric Analysis
DTG :  Derivative Thermogravimetry
ASTM : American Society for Testing and Materials
U™ : Universal Tensile Machine

Wo : Weighed before immersion

W, . Weighed after immersion

T, . measure the thickness before

T, . measure the thickness after

m, : measure the mass before immersion
m, :  measures the mass after

Ton :  initial decomposition temperature
Tonax . initial decomposition temperature
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