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A B STR A CT
Durian is Malaysia's most popular seasonal fruit, but less than half o f the durian fruit is 
consumed as food. Durian is a type o f fruit with a high percentage o f waste, which becomes 
an environmental problem when discarded into the landfill site. Therefore, it is important 
to utilise durian waste as a potential natural fibre-based composite reinforcement. Durian 
skin residue is recognised as one o f the potential lignocellulosic materials to replace wood 
in the insulation board industry. The present study aims to develop a low-cost insulation 
board using durian skin residues as reinforcing materials. Single-layer mats were manually 
formed, followed by hot pressing using polymeric methane diphenyl diisocyanate (PMDI) 
resin. The effect o f different percentages of PMDI resin (0, 6, 8 and 10%) on the board's 
physical, mechanical, morphological, and thermal properties was investigated. It was 
found that 6% PMDI resin is the optimised resin amount to produce PMDI/durian skin 
fibre composite, and the board with 6% PMDI has the maximum static bending due to 
enhanced cross-linking by the fibre. In terms o f thermal stability and conductivity, the

incorporation of 6% of PMDI is considered 
the best formulation based on the value 
achieved. The overall results indicated that 
this study addresses a low-cost innovation 
for com m ercial insulation boards as it 
utilises durian waste and a low dosage of 
PMDI for implementation in the building 
and construction industry.
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IN T R O D U C T IO N

Malaysia has a widely planted durian crop o f up to 41%, or over 70,000 hectares (ha) of 
cultivated land (Zakaria, 2020). With such a large production o f durian fruits in Malaysia, 
it is not inconceivable that this country will be affected by a high production o f durian 
residues covering more than half o f the fruit. Durian waste is estimated to be 60-70%  of 
the durian fruit (Manshor et al., 2014). Approximately 40% of durian skin fibre (DSF) may 
be produced from 1 kg o f durian skin residues, or 60-75% of DSF can be obtained from 
a single fruit. From the waste management perspective, excess durian skin residues can 
result in massive disposal costs, environmental problems, and odour and visual pollution 
(Adunphatcharaphon et al., 2020). The alternative approach is to recycle and raise the 
value o f these durian residues into valuable products to lessen the amount o f durian that 
goes to waste (E’Zzati et al., 2018). As a result o f this initiative, the declining amount of 
organic waste disposed o f will reduce environmental pollution.

In recent decades, DSF has been explored in many applications, such as a physical 
adsorbent, m ulti-mycotoxin binder, protective packaging, potential pharmaceutical 
applications, and components o f building materials (Adunphatcharaphon et al., 2020; Ho 
& Bhat, 2015; Khedari et al., 2004; Payus et al., 2021; San Ha et al., 2020). For instance. 
DSF has been identified as a viable agricultural biofiller in the composites sectors due to 
its excellent physical properties, high crystallinity, biodegradable, renewable source, and 
low cost (Aimi et al., 2014; Manshor et al., 2014). Developing composite materials using 
DSF will add value to agricultural waste and minimise pollution by reducing organic waste 
(Aimi et al., 2014; Manshor et al., 2012). Also, Masrifah et al. (2021) transformed DSF into 
organic fertiliser for durian crops. The DSF was mixed thoroughly with dolomite before 
re-mixed with an effective microorganism 4 (EM4). The fermented results from converting 
durian skin waste into fertiliser can be directly harvested and utilised by farmers.

Due to the current focus on utilising available natural resources, this research 
focuses on using agricultural waste as reinforcement in composites (Azman et al., 2021). 
Biocomposites offer numerous benefits, making them an attractive choice in various 
industries (Sabaruddin et al., 2020). Firstly, they contribute to sustainability by utilising 
renewable resources such as plant-based fibres and biopolymers, reducing reliance 
on non-renewable fossil fuel-based materials. This eco-friendly approach helps lower 
the carbon footprint and promotes a more circular economy. Secondly, biocomposites 
can reduce weight due to the lightweight nature of natural fibres, leading to enhanced 
energy efficiency in applications like automotive and aerospace (Ali et al., 2015, 2018; 
Azammi et al., 2020). Additionally, the incorporation o f natural fibres into a biopolymer 
matrix improves mechanical properties, including tensile strength, stiffness, and impact 
resistance, making biocomposites suitable for structural applications (Norfarhana et al., 
2022; Shaker et al., 2020, 2022). Furthermore, biocomposites based on biopolymers can
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be biodegradable, offering advantageous end-of-life options and waste management. The 
versatility of biocomposites allows for customisation and tailoring of properties to meet 
specific requirements, providing a wide range of applications. Overall, biocomposites offer 
sustainable, lightweight, mechanically enhanced, and customisable solutions that contribute 
to a greener future (Asyraf et al., 2022, Asyraf, Syamsir, et al., 2023 & Asyraf, Nurazzi, 
et al., 2023). Much research has been conducted on reinforcing natural fibre as filler in 
polymer to improvise biocomposites' mechanical and physical properties. This research 
examines composites' characteristics based on polymeric methane diphenyl diisocyanate 
(PMDI) reinforced with DSF. In this work, PMDI resin was reinforced with DSF in the 
form of particles to produce a low-cost insulation board. In order to produce a high-quality 
DSF/PMDI board at a reasonable cost, the physical and mechanical properties of the board 
with different resin contents (0, 6, 8 and 10%) will be evaluated and discussed in this 
study. The physical properties of the DS/PMDI board were investigated, where density 
and dimensional stability tests were used to characterise them. Meanwhile, the mechanical, 
thermal, and conductivity properties were also carried out. The study's primary objective 
was to identify the optimal resin content for DSF/PMDI boards with high strength, good 
dimensional stability, and better thermal properties.

M A TER IA LS AND M ETH O D S 

M aterials

Durian skin waste was collected from a fruit stall in Selangor and shredded using a shredder 
machine, as shown in Figure 1, to produce durian skin particles with a range size of 1 x 2 
cm2. The particles were air-dried for a day and dried in the oven at 70°C until the moisture 
content (MC) reached 8-10%. The PMDI resin was provided by Evergreen Sdn. Bhd., 
Shah Alam, Selangor and used in the fabrication process of the boards.

Figure 1. Durian wastes and durian particles
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M ethods

Fabrication of DSF/PM DI Board. The DSF-reinforced PMDI boards were produced by 
hot pressing using a manual hand lay-up technique. A specific amount o f durian particles 
was weighed and placed in a rotary drum blender equipped with a pressurised spray nozzle, 
as shown in Table 1. The PMDI resin was sprayed onto the particles until the entire resin 
and the particles were blended uniformly. The furnish was collected, placed in a 350 * 350 
mm square-shaped mould, and manually formed into a mat. The mats were cold-pressed at 
room temperature followed by hot-pressed at a pressure of 160 kg/cm2 and a temperature 
o f 190°C for 6 min using a computer-controlled press. The targeted density o f the board 
was 0.60 g/cm3. Finally, the single-layer DSF/PMDI boards were conditioned at 23 ± 2°C 
and RH of 65 ± 5% until their equilibrium MC was obtained. The conditioning ensured 
that the resin in the board was cured uniformly.

Table 1
The formulations of the DSF-reinforced PMDI boards

Name of Composites PMDI Resin (%) PMDI Weight (g) DSF Weight (g)
DSF/0PMDI 0 0 983.80
DSF/6PMDI 6 51.45 934.60
DSF/8PMDI 8 67.47 919.30

DSF/10PMDI 10 83.98 904.40

Preparation of Test Specimens

The samples were cut into specimens according to the ASTM D1895 (2003) and ASTM 
D1037 (2020), with 10 mm thickness. Table 2 shows the panel's dimensions for each test 
and the number of test specimens per board. The samples were then placed in the convection 
oven at 80°C for 24 h.

Table 2
Dimensions and number o f test specimens

Test Dimensions (mm) Number of test specimens per board
Water Absorption (WA) 50 * 50 4
Thickness Swelling (TS) 50 * 50 4

Static Bending (SB) 200 * 50 3
Internal Bonding (IB) 50 * 50 4
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Characterisation of Board Sample

Density. The DSF/PMDI board's density was determined by measuring each sample's 
mass and volume. The mass measurement was performed by digital precision balance, and 
dimensions measurement was performed using a vernier calliper. The density, p (g/cm3), was 
then calculated according to ASTM D2395 (2022) at room temperature using Equation 1.

m
(D

where m  is the sample mass (g), and V is the sample volume (cm3).

Dimensional Stability. The test specimens measured the initial weight and thickness 
using a digital precision balance and vernier calliper before being immersed in distilled 
water at room temperature according to ASTM D1037 (2020) Method B. The final weight 
and thickness were measured after 24 h. The percentage o f water absorption (WA) was 
calculated using Equation 2.

W2 -  W,
(2)

where W1 is the weight o f the sample before immersion (g), and W2 is the weight o f the 
sample after immersion in distilled water (g).

The percentage o f thickness swelling (TS) was calculated using Equation 3.
T  — T

(3)
M.

where T1 is the thickness o f the sample before immersion (mm), and T2 is the thickness of 
the sample after water immersion (mm).

Static Bending. A three-point static bending test was conducted over a span length 
of 150 mm at 30 mm/min loading speed according to ASTM D1037 (2020) using the 
Tensile Machine model SHIMADZU AGS-X. The modulus o f elasticity (MOE) value 
was calculated using Equation 4, and the modulus o f rupture (MOR) value was calculated 
using Equation 5.

PL3
(4)

4 f w t 2
where f  is the load-point deflection (mm).

3 PL
<5)

where P  is the maximum load at the point of delamination (N), L  is the span length (mm), 
w  is the width o f the specimen (mm), and t  is the thickness o f the specimen (mm).
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In ternal Bonding. The internal bonding (IB) samples were glued to the heated metal 
blocks having a surface area of 50 x 50 mm with an epoxy resin. Another heated metal 
block with epoxy glue was placed on the other surface of the IB specimen. The specimens 
were kept in a conditioning room for 24 h before testing. All specimens were tested at 
a crosshead speed of 0.7 mm/min according to ASTM D1037 (2020) using an Internal 
Bonding Machine model LLOYD INSTRUMENT EZ20. The IB strength (N/mm2) was 
calculated based on Equation 6.

P '
(6)

where P ’ is the maximum load (N) or force for the test specimen (N), b is the width o f the 
test specimen (mm) and l = length o f the test specimen (mm).

Scanning Electron M icroscope (SEM). Scanning electron microscope (SEM) instrument 
model COMEX EM-30AX was used to observe the IB fracture surfaces o f the test 
specimens to investigate the fracture mechanisms and interface adhesion o f the board. The 
IB test samples were first cut (5 x 10 x 10 mm) at the fracture area before being placed 
in the SEM. The samples were then coated with gold to prevent the build-up o f electron 
charge and to obtain a clear image of the samples. The magnification settings were set to 
100x to investigate the detailed view of the fracture sample.

Therm ogravim etric Analysis (TGA)

TGA was carried out using a TA Instruments TGA Q500 analyser in accordance with 
ASTM E1131 (2020) standards. About 8-10 mg of the composite was used for the TGA 
analysis. The samples were heated at 10°C per min from 25 to 570°C.

Differential Scanning Calorim etry Analysis (DSC)

The DSC analysis was conducted using a TA Instruments DSC Q1000 analyser according 
to ASTM D3418 (2021). About 7-9 mg of the composite was used for the DSC study. The 
glass transition and crystallisation temperatures were measured as functions of temperature 
in the range o f 25-200°C with a heating rate o f 10°C/min, and the results were recorded 
as a function o f time.

Dynamic M echanical Analysis (DMA)

TA instruments in New Castle, DE, USA, made a DMA called a Q800 that was used for 
the tests according to ASTM E1640 (2018). The specimens were cut at 60 mm (length) by 
12 mm (wide) with a thickness o f less than 6 mm. They were done at a frequency o f 1 Hz
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and a height o f 30 m. All the specimens were first heated to 25°C in the DMA chamber. 
Then, dynamic heating scans were done from 25 to 120°C at a heating rate o f 3°C/min.

Therm al Conductivity M easurem ent

Thermal conductivity measurements of each board used in this study were carried out using 
a NETZSCH HFM436 equipped with a ThermoCube cooling apparatus from Solid State 
Cooling Systems, USA. The thermal conductivity tests were performed according to the 
ASTM C518 (2021) standard. Each sample for the dimension o f 300 * 300 mm2 for each 
insulation board type was tested. The measurements were taken at an average temperature 
o f 22.5°C. The temperature o f the upper plate was set at 10°C, and the temperature o f the 
lower plate was set at 35°C. The WinTherm32 software calculated the thermal conductivity, 
and the data was recovered when the system had reached equilibrium. Prior to conducting 
the tests, the specimens were conditioned to a moisture content average o f 12 ± 3%.

RESU LTS AND D ISC U SSIO N  
Density

The density o f the board is one o f the most significant elements of the properties o f DSF/ 
PMDI boards, such that by raising this factor, many of the functional aspects o f boards 
are enhanced. The results in Figure 2 showed that the trend in density increased with the 
PMDI percentage. The density was, however, reduced when the resin content increased 
to 10%. In this comparison, the DSF/8PMDI board possessed the highest density o f 0.581 
g/cm3, while the board without PMDI had the lowest density o f 0.375 g/cm3. The low 
density in DSF/0PMDI was due to the lack o f interaction between DSF particles in the 
DSF/0PMDI board, as no resin filled the space between them. It eventually reduced the 
board’s compatibility, resulting in a low density. The DSF/8PMDI board might have the 
highest density because the PMDI resin filled almost entirely the voids or spaces of the 
DSF particles, making the board less porous, more compact, and stronger. However, as 
the PMDI was increased to 10%, the density o f the board was reduced (0.565 g/cm3). It 
might be the consequence o f an excessive amount of resin that demands a higher pressing 
temperature and longer pressing time to penetrate the resin into the voids o f the particles 
(Kusumah et al., 2017).

Dimensional Stability

W ater absorption (WA) is the DSF/PMDI board’s ability to absorb water, whereas 
thickness swelling (TS) is the thickness change induced by soaking it in distilled water 
for 24 h. These tests measure the dimensional stability o f the DSF/PMDI board, which 
impacts how a board product moves and distorts in service and its suitability for varied
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Figure 2. The density of the DSF/PMDI boards at 
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applications (Sargent, 2019). The results 
obtained in Figure 3 and Figure 4 showed 
similar trends in TS and WA. The results 
exhibited that the WA and TS decreased 
with the increase in resin content. In this 
comparison, the DSF/8PMDI board had the 
lowest WA and TS of 138.79% and 36.13 %, 
respectively, whereas the DS/6PMDI board 
had the highest WA and TS o f 192.88% 
and 73.08%, respectively. Lower WA and 
TS in the DSF/8PMDI board were found 
because o f good adhesion between the DSF 

and PMDI. According to Saad and Kamal (2011), excellent chemical components in the 
resin were effectively cross-linking with the hydroxyl groups o f the fibre, thus reducing 
the board’s hygroscopicity.

In addition, due to the high density o f the DSF/8PMDI board, the PMDI fills spaces in 
DSF, thus reducing void formation (Wong et al., 2000). In their study, a high-density board 
exhibited better flow and cross-linking, resulting in low void formation, less hygroscopic 
and more moisture resistant. It eventually reduced the water’s ability to penetrate the board, 
resulting in less absorption. The DSF/8PMDI board also had higher PMDI content than 
the DSF/6PMDI board. A high PMDI content might cause low WA and TS as the PMDI 
have excellent water-repellence properties. Thus, the optimal PMDI resin was 8% because 
it had excellent dimensional stability.

Meanwhile, the DSF/6PMDI board had the highest percentage o f WA and TS at 
192.88% and 73.08%, respectively. Due to the small amount o f resin utilised in developing 
the DSF/6PMDI board, the resin might not be enough to penetrate the particle surfaces
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Figure 4. The thickness swelling of DSF/PMDI 
boards at different resin content
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uniformly. It resulted in the greater existence o f the void, which provided gaps that promote 
water absorption. Besides, the DSF/6PMDI board had low density. A study by Saad and 
Kamal (2011) discovered that a low-density board had a very porous structure that allowed 
water to penetrate the board and enhanced the WA rate, enabling the board to swell and thus 
increase the TS. Apart from that, DSF is hydrophilic, and PMDI is hydrophobic; therefore, 
water molecules penetrated the DSF when the board was wet, influencing fibre-resin 
interaction (Penjumras et al., 2015). According to a study by Alomayri et al. (2014), this 
penetration caused the fibre to absorb water and swell, causing micro-cracks that promote 
water capillarity and transport, allowing cellulose to absorb more water and penetrate the 
surface (Shaker et al., 2022).

On the other hand, the DSF/10PMDI board had high WA (173.79%) and TS (47.01%) 
due to the poor penetration and cross-link formation between the PMDI and DSF. According 
to a study by Liu et al. (2019), pressing at a higher temperature resulted in stronger 
interfacial adhesion and rapid thermal decomposition o f hydrophilic components such as 
hemicelluloses. Therefore, higher pressing temperatures and time were required to achieve 
excellent adhesion in all layers o f the DSF/10PMDI board (Kusumah et al., 2017). These 
high values may be related to the fact that no wax or other hydrophobic substance was 
used during particleboard manufacture. Water-repellent chemicals such as paraffin could 
be utilised in particleboard production to improve these properties.

Static Bending

The results in Figures 5 and 6 showed that the MOE trend is similar to MOR. In this 
comparison, the DSF/6PMDI board possessed the highest MOE and MOR at 2487.87 MPa 
and 8.53 MPa, respectively, while the DSF/0PMDI board had the lowest MOE and MOR 
of 165.05 MPa and 0.58 MPa, respectively. The low MOE value o f the board indicated 
poor stiffness and rigidity performance, resulting in ductility and flexibility. While the low 
board’s MOR indicated a lower ability to withstand the stresses applied perpendicular to 
its longitudinal axis. The value o f MOE was increased from 165.05 to 2487.87 MPa, and 
MOR was increased from 0.58 to 8.52 MPa when the PMDI percentage in the DSF/PMDI 
board increased from 0 to 6%. The addition of PMDI greatly enhanced the MOE and MOR 
values since cross-linking between the DSF and PMDI improved the board’s resistance to 
stress. This excellent adhesion prevented the DSF from shifting when the samples were 
subject to loading. It might be attributed to PM DI’s effectiveness that coated the DSF 
particle surfaces and boosted chemical bonding via hydrogen bonds and polyurethane 
covalent bonds, as Saad and Kamal (2011) mentioned. In their findings, the isocyanate 
groups of PMDI reacted with water in the DSF particles, creating cross-linked polyureas 
for better mechanical bonding.
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However, the MOE and MOR decreased as the PMDI content increased from 6 to 8% 
to 2035.16 MPa and 6.11 MPa, respectively. Even though a DSF/8PMDI board had a high 
density and promoted better fibre-resin cross-link, a DSF/6PMDI board might contain more 
cellulose due to insufficient PMDI resin generated link with the cellulose fibre, as shown 
in SEM image analysis later. Higher cellulose content increased board stiffness, tensile, 
and impact strength. Way et al. (2013) reported a similar trend in mechanical properties, 
stating that additional fibre increased the board’s mechanical properties due to fibre modulus 
being much higher than the PMDI. The study had also been supported by Alamri and Low 
(2012), in which cellulose fibres increased the fracture toughness o f polymer matrices. In 
their study, increased fibre-rich areas indicated that stress was transferred from the resin to 
the fibres by absorbing more impact energy during fibre pull-out, breakage, and bridging, 
improving mechanical properties. The DSF/6PMDI had a higher presence of lignin than the 
DSF/8PMDI. According to Sahoo et al. (2011), adding lignin reduced the impact strength 
o f composites because it acts as an adhesion promoter. Thus, the DSF/PMDI board with 
6% had the optimal PMDI content due to its excellent MOE and MOR, with the highest 
stiffness and deformation resistance.

MOE and MOR improved when PMDI content was increased from 8 to 10% at 2433.22 
MPa and 7.2 MPa, respectively. DSF/8PMDI exhibited poor MOE and MOR that might 
be due to bonding and fibre breaking, as Nazri et al. (2014) mentioned. Their research 
observed that the bond breakage was generated by the transmitted load surpassing the bond 
strength between the fibre-resin surface. Meanwhile, the fibre breakage was caused by the 
transmitted load surpassing the fibre strength and may have separated the fibres from the 
resin. However, DSF/10PMDI was lower than DSF/6PMDI, possibly due to the resin-rich 
region. According to Alamri and Low (2012), resin-rich regions indicated a lack o f fibres 
that carried the transferred load from the resin, resulting in significant localised strains and 
thus having poor mechanical properties.
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In ternal Bonding

The results in Figure 7 show that the trend in IB increased with respect to their adhesive 
percentage. In this comparison, the DSF/10PMDI board possessed the highest IB, 0.612 
MPa, while the DSF/0PMDI board had the lowest IB, 0.016 MPa. The increase in IB 
from 0 to 6% PMDI resulted from adding PMDI resin to the board, which promoted better 
interfacial bonding between fibres. Additionally, the density of the DSF/6PMDI board was 
higher than the DS/0PMDI board. High density indicated that the DSF/6PMDI board was 
less porous and void than the DSF/0PMDI board. The voids caused the inter-fibre bonding 
to be less effective (Jani & Izran, 2013). In the DSF/6PMDI board, the NCO group in 
PMDI resin reacted with water and OH groups in the DSF, forming a cross-link o f carbon 
dioxide, amine, and polyurethane. In addition, the hydrogen bond further reacted with 
polyurethane, forming a rigid polar network and thus enhancing the chemical bonding of the 
composite. Therefore, it increases the ability to resist the pulling force in the DSF/6PMDI 
board (Jani & Izran, 2013).

It was noted that the IB o f the DSF/6PMDI board was better than those o f the 
DSF/8PMDI board. As mentioned before, although DSF/8PMDI board has a higher density, 
DSF/6PMDI board contains more lignin, which serves as an extra cross-linking agent by 
providing phenolic groups for the reaction with PMDI (Ostendorf et al., 2021). In their 
investigation, the phenolic groups provided by the kraft lignin function as extra cross
linking agents in the reaction with PMDI. Lignin is also a fibre-binding agent (Mossello 
et al., 2010). Therefore, the DSF/6PMDI board has a higher IB (0.471 MPa) than the 
DSF/8PMDI board.

The IB of the DSF/PMDI board was found to increase drastically as the resin percentage 
increased from 8 to 10%, eventually having it as the highest IB among the others (0.612 
MPa) because a higher amount o f resin promoted better interfacial bonding between 
fibres in the boards, prolonging the ability to withstand the pulling force generated by

Figure 7. The IB of the DSF/PMDI board at
different resin content
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the test. A study by Saad and Kamal (2011) 
discovered that for PF-bonded boards, 
im provem ents were observed for IB at 
resin loadings o f 9% and 11%, respectively, 
compared to 7%. They conclude that higher 
resin amounts promoted better interfacial 
adhesion between board particles, boosting 
the boards’ ability to withstand the pulling 
force. Another factor to support the increase 
in IB o f DSF/10PMDI might be the thick 
resin that has developed on the surface of 
the DSF. This thick resin remained on the 
surface and boosted the IB since PMDI
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is known for its excellent bonding strength. Therefore, the DSF/10PMDI board had the 
highest IB.

A scanning electron microscope (SEM) was used to determine the fracture of the IB 
damage in more detail. In this study, the cross-sectional observation of the fracture from 
the testing was magnified up to 100x to focus on the fibre-matrix interfacial, matrix crack, 
and void content. Figure 8 shows the SEM micrograph of the DSF/PMDI board.

(e)
Figure 8. The SEM micrograph images of the DSF/ 
PMDI board at (a) 0, (b) 6, (c-d) 8 and (e) 10% of 
PMDI

(d)

The SEM m icrograph  show ed the 
void, fibre breakage, fibre pull-out, and 
poor interfacial bonding in the overall DS/ 
PMDI board. Figure 8(a) displayed a higher 
void due to no PMDI resin penetrating the 
empty spaces of fibre-fibre interaction, while 
Figure 8(b) displays enhanced interfacial 
bonding between fibres and PMDI due to the 
PMDI coating the fibre well. Fibre bridging 
was visible, and the linked fibres between 
the top and lower layers of the crack plane
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inhibited crack development and reduced crack propagation (Yousefi et al., 2016). There 
was also evidence of fibre breakage and pull-out, indicating that considerable energy was 
used to break and pull out the fibres, increasing the IB. The PMDI was also can be seen 
distributed evenly on the DSF surfaces. This adhesion secured the DSF and prevented 
movement during the IB test (Ibraheem et al., 2011). Their study discovered that kenaf 
fibres were held by polyurethane better under loading due to good adhesion. Thus, it is 
evident that the optimal PMDI content was 6% due to excellent morphological behaviour.

Figure 8(c-d) displays a higher number o f micro-cracks, uncoated fibre on the fibre- 
resin surface, and voids, indicating poor adhesion between the DSF and PMDI. An increased 
number o f micro-cracks in the PMDI resulted in fibre delamination. Fibre breakage and 
pull-out worsened because o f the delamination, which separated it from PMDI (Yousefi 
et al., 2016). A high area o f micro-cracks in Figure 8(e) and a high area o f uncoated fibre 
in Figure 8(d) indicated that the DSF/8PMDI board had bad curing. It might be due to 
a lack o f pressing time and temperature during the hot-pressing process, resulting in the 
DSF and PMDI being left in bulk. It also revealed that the aggregation o f the DSF might 
result from the DSF being pulled out from the PMDI resin. It eventually caused a fibre 
transition, increased void, and poor interfacial adhesion (Yuan et al., 2019).

Furthermore, Figure 8(e) showed that the high IB measured by DSF/10PMDI may be 
attributed to the thick PMDI resin staying on the surface, causing PMDI-embedded fibre 
and low void formation. A low void formation increased the DS/PMDI board's mechanical 
properties, as Ibraheem et al. (2011) mentioned. According to their research, voids have a 
negative impact on mechanical properties, behave as defects, and enhance the formation 
and propagation o f cracks.

Therm ogravim etric Analysis

Based on all the TGA graphs in Figure 9, it can be said that the trend o f the profiles for 
TGA is almost similar even though they were incorporated with different compositions of 
PMDI resin. The profiles for all samples show a double weight loss step, which occurred at 
approximately 43-45°C and 255-262°C. Table 3 shows the summary ofthe TGA test for the 
composites. T1onset indicates the first onset degradation temperature, T1peak indicates the first 
peak degradation temperature, T2onset indicates the second onset degradation temperature, 
T2peak indicates the first peak degradation temperature, W minorloss indicates the percentage for 
minor weight loss, and W majorloss indicates the percentage for major weight loss.

Weight loss that happened at approximately 100°C may be related to the elimination 
o f water from the composites, and degradation at the starting temperature may also be 
related to the breaking o f weak ether bonds between lignin units (-O-4 linkage) (Sahoo 
et al., 2011). Specifically, this showed that the weight loss in composites is related to the 
heat generated during water vaporisation. It has been broadly observed that the primary
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Table 3
Summary o f TGA test for the DSF/PMDI boards
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Sample TA 1onse t
T
A 1peak ^^m in o rlo ss

T
A 2 o n se t T2 p eak ^^m a jo rlo ss Char Residue at

(°C) (°C) (%) (°C) (°C) (%) 580°C (%)
DSF/0PMDI 43.98 60.71 8.71 263.28 308.98 58.64 30.52
DSF/6PMDI 43.88 59.79 7.33 255.86 304.45 57.33 31.60
DSF/8PMDI 43.11 58.41 8.58 259.27 305.98 58.68 30.72
DSF/10PMDI 44.38 59.07 7.21 258.25 305.42 58.56 30.80

(a)

Temperature (°C) 

(b)

Temperature (°C)

(c) (d)
Figure 9. TGA and DTG curves of DSF/PMDI boards for (a) 0, (b) 6, (c) 8 and (d) 10% of PMDI

weight loss describes cellulosic component degradation that occurs largely in amorphous 
areas to eliminate water molecules at 43-60°C (Ramlee et al., 2021).

The best thermal stability can be expressed as high initial and final temperatures and 
a high content o f char residue (Chee et al., 2019). Based on Table 3, it can be concluded 
that DSF/6PMDI has the best thermal stability compared to other composites due to the 
lowest weight loss and highest char residue. When the temperature increased, the final

Sample: 10% 
Size: 18.4850 mg
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degradation temperature for DSF/6PMDI was the lowest due to the weak thermal stability 
o f the composite. It may be supported by the fact that the thermal degradation o f cellulosic 
material, consisting o f cellulose, hemicellulose, and lignin, is initiated at temperatures 
around 200 to 400°C (Aimi et al., 2015). Cellulose started decomposing at the highest 
temperature for second mass loss as it has the highest thermal stability compared to lignin 
and hemicellulose. This reason is related to cellulose having more crystalline chains than 
amorphous ones in their structure (Chee et al., 2019). DSF/6PMDI had the highest (31.6%) 
char residue at 580°C related to highly condensed aromatic structure involvement.

The DTG curves in Figure 9 are crucial as they help determine the maximum 
temperature for the weight loss step. The secondary weight loss involving thermal 
degradation o f hemicellulose followed by cellulose and lignin was initiated at 250-310°C 
(Koay et al., 2018). The percentage of charred residue improved as the lignin percentage 
o f the composite improved. Due to the aromatic components o f PMDI, using a PMDI 
compatibiliser contributed to a modest increase in the percentage o f charred residues in 
the composites (Sahoo et al., 2011). This outcome reflects lignin is flame-resistant ability, 
further boosted by PMDI addition. The increment in this ability will increase the percentage 
o f char residue. Increasing the char residue will reduce the combustible gases and, at the 
same time, will save the environment (Shih et al., 2006). These outcomes were similar to 
the research, which indicated that 6% was the optimum content o f PMDI incorporated into 
kenaf fibre-reinforced thermoplastic polyurethane composites that produced less weight 
loss and high thermal stability (El-Shekeil et al., 2012).

Differential Scanning Calorim etry Analysis

Differential scanning calorimetry (DSC) is a standard approach for polymer analysis, which 
strengthens our understanding o f the microphase structure when combined with other 
supporting methods. DSC has been used to identify the materials' phase transition, which 
could be exothermic or endothermic. For all samples, it was observed that there were similar 
patterns o f profiles, which include double endothermic process and single exothermic. The 
first indicates the glass transition phase, the second indicates the melting phase for the 
endothermic process, and the exothermic process shows the cold crystallisation process. 
Through DSC, the other important thermal properties such as glass transition temperature 
(Tg ), melting temperature (Tm ), cold crystallisation temperature (Tc ), crystallisation entropy 
(AHc), and melting entropy (AHm ) can be achieved based on Figure 10. Table 4 shows the 
summary o f the DSC test for the boards.

Glass Transition Phase. The Tg  in each graph for composites indicates that the energy 
needed to transition the molecular structure within the composites from a low energy state, 
such as a solid or glassy state, to a higher energy level, such as a rubbery state, is specified
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Figure 10. DSC curves of DSF/PMDI boards for (a) 0, (b) 6, (c) 8, and (d) 10% of PMDI.
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Table 4
Summary of DSC test findings for the DSF/PMDI boards

Sample Tg onset 
(°C)

Tg peak 
(°C)

Tc  peak 
(°C)

AHc (J/g) Tm  onset
(°C)

Tm  peak
(°C)

A 
(J

DSF/0PMDI 150.07 150.57 163.60 4.603 182.85 182.85 188.2
DSF/6PMDI 145.62 146.07 160.27 1.102 188.06 190.04 162.1
DSF/8PMDI 144.74 145.30 147.20 0.665 185.64 186.97 160.2

DSF/10PMDI 151.55 152.54 165.88 0.643 186.05 186.88 133.4

as the starting point. By comparing the Tg for the composites, DSF/10PMDI has the highest 
value, which is 152.54°C, followed by DSF/0PMDI (150.57°C), DSF/6PMDI (146.07°C), 
and DSF/8PMDI (145.30°C). At this phase, polymer chains modify their molecular system 
to convert from amorphous to crystalline solid by gradually organising their structures 
(Aisyah et al., 2019). Since the glass transition temperature is higher, a higher temperature 
is required to change the sample from a glass to a rubbery condition (Azlin et al., 2022).
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The glass transition temperature was also modified when the PMDI concentration was 
raised. A polymer-filler interaction and plasticisation triggered by PMDI addition might 
be regarded as the potential explanations o f the findings reported in this work, although 
the impact on the thermal properties o f natural fibre composites incorporated with PMDI 
is not very clear (Sahoo et al., 2011).

Cold Crystallisation Phase

Continuous heating o f the composites led to the exothermic process known as cold 
crystallisation, in which the composites change from glassy to an amorphous state (Azlin 
et al., 2022). It happens between the glass transition and melting phases, which takes place 
in the 140-170°C range for all the composites. By comparing the Tc  for the composites. 
DSF/10PM DI has the highest value, which is 165.88°C followed by DSF/0PMDI 
(163.60°C), DSF/6PMDI (160.27°C), and DSF/8PMDI (147.20°C).

M elting Phase. Apart from that, DSF/6PMDI have the highest value, which is 190.04°C, 
followed by DSF/8PM DI (186.97°C), DSF/10PM DI (186.88°C), and DSF/0PMDI 
(182.85°C) after comparing their value o f Tm . It can be considered the optimum 
concentration o f PMDI as Tm  was increased after DSF had been incorporated with 6% of 
PMDI content and then decreased with 8 and 10%. This trend also has similarities with 
the research by El-Shekeil et al. (2012), where they introduced PMDI into kenaf fibre- 
reinforced thermoplastic polyurethane composites, and the optimum concentration of PMDI 
was 6%. This alteration in melting temperature signifies an alteration in molecular mobility, 
such as an alteration in the interfacial adhesion o f fibre and polymer. Consequently, the 
availability o f stacking or intermolecular bonding in composites may explain the different 
content o f PMDI, which led to the alteration o f the value o f Tm .

AHm  value is also important as it is associated with the degree o f crystallinity o f the 
polymer itself (Manshor et al., 2014). It can be assumed that DSF/0PMDI had the highest 
degree o f crystallinity compared to others as it has the highest value o f AHm . The addition 
of PMDI reduced the crystallinity o f composites, and its further decrement was found 
with the rising concentration o f PMDI. Apart from that, there was a large endothermic 
peak that may be caused by chemical components in natural fibres beginning to degrade at 
around 200°C (Aisyah et al., 2019). The high peaks for this endothermic indicate that more 
heat was required to break the polymer chains in composites, and these peaks decreased 
with increasing concentration o f PMDI. In other words, the fibre-m atrix interaction 
modification occurred when the melting temperature changed. As a result, the effect of 
various percentages o f the PMDI additive may be correlated with stacking or intermolecular 
bonding in composites (El-Shekeil et al., 2012).
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Dynamic M echanical Analysis

Dynamic mechanical analysis (DMA) is a technique that employs a sinusoidal load 
on a specimen and evaluates the resulting deformation while the sample is exposed to 
a set temperature program to determine the material's stiffness and damping qualities. 
The method is especially effective for assessing the influence o f moisture on Tg . Table 5 
summarises the DMA test OF DSF/PMDI boards. The 0% of the PMDI sample did not 
undergo this test due to the failure to get below 6 mm of thickness during the sampling 
process, as the thickness is a crucial requirement for the testing.

Storage M odulus. Figure 11 shows storage modulus curves for all the boards. The storage 
modulus value decreased with the rising temperature and increasing concentration of PMDI. 
The decline in storage modulus with temperature may be related to the polymer matrix's 
enhanced chain mobility at high temperatures, which softens the polymer (Sahoo et al., 
2011). During the phase preceding Tg  (glassy state), the densely packed molecules caused 
the composite structure to become extremely stiff and rigid due to the high rigidity o f the 
polymeric chain. In the glass transition phase, it was discovered that the storage modulus 
fell above Tg , attributable to polymeric chain movement. The movement o f polymeric 
chains influenced both the stiffness and interfacial adhesion. During the third phase 
(rubbery state), which preceded the glass transition phase, there was no big difference 
in storage modulus due to increased polymeric chain mobility at elevated temperatures 
(Jesuarockiam et al., 2019).

DSF/6PMDI achieved the lowest storage modulus values compared to other samples. 
and the value o f storage modulus increased as the concentration o f PMDI increased. 
The decreasing value o f the storage modulus represents the decreasing stiffness value 
for the material (Chee et al., 2019). Storage modulus decreases as temperature increases 
attributable to chain mobility in the polymer matrix, which leads to the polymer being 
softer and less rigid and also may happen due to the strengthening o f fibres within the 
composites (Azlin et al., 2022; Sahoo et al., 2011). The amorphous phase may limit chain 
mobility, reducing the composite's stiffness (Aimi et al., 2015).

Table 5
Summary o f DMA test for the DSF/PMDI boards

Sample Tg Onset—Storage 
Modulus (°C)

Tg Peak—Loss 
Modulus (°C)

Tg Peak—Tan Delta 
(°C)

DSF/6PMDI 82.79 90.48 98.42
DSF/8PMDI 67.89 84.76 100.38
DSF/10PMDI 47.25 67.03 78.79
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Figure 11. Storage modulus curves for DSF/PMDI boards

Loss M odulus. Figure 12 shows loss modulus curves for all the composites. Based on 
the figure, DSF/6PMDI has the lowest loss modulus value compared to other composites. 
The increasing value of loss modulus represents the viscous and damping qualities o f the 
material (Chee et al., 2019). It can be considered that DSF/0PMDI had the lowest loss 
modulus as it was not strong enough and brittle. The loss modulus measures the material's 
viscous component to its complex modulus. In the glass transition area, the loss modulus 
gained a maximum peak, reflecting a large amount o f energy loss related to the internal 
friction and non-elastic deformation in the molecular segmental motion (Chee et al., 2019). 
The glass transition phase in all composites occurred in a temperature region starting from 
60 until 100°C. The Tg  started happening when the storage modulus dropped quickly, and 
the loss modulus reached its maximum value for the loss o f mechanical energy. At higher 
temperatures, the free movement of the polymeric chain caused the loss modulus to fall 
(Nurazzi et al., 2021).

The value o f the Tg  can be observed from the graph by observing the peak of the profiles. 
The Tg  value obtained from the peak value of loss modulus stated that DSF/6PMDI had 
the highest value of90.48°C, followed by DSP/8PMDI (84.76°C), and then DSF/10PMDI 
(67.03 °C). The T g  obtained from the peak o f loss modulus shows that the value decreased 
with the increasing content o f PMDI. The increasing content exceeding 6% decreased 
the glass transition temperature. The greater the value o f Tg , the stronger the interface 
connection between the fibres and the matrix (Nurazzi et al., 2021).
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Figure 12. Loss modulus curves for DSF/PMDI boards

Dam ping Factor (Tan Delta). Figure 13 shows tan delta curves for all the boards. A 
similar trend can be observed in the graph of the tan delta, which shows an increasing 
damping factor with increasing temperature for all boards, and this happened due to the 
chain segments becoming more mobile as the temperature goes up, resulting in a higher 
value for damping factor (Mohammed et al., 2017). By observing the graph of the tan delta, 
the highest value was achieved by 8% (100.38°C), followed by 6% (98.42°C) and then 
10% (78.79°C) (103.06). The highest value indicates the Tg  for the composites. Apart from 
that, the low damping factor indicates that adhesion related to the filler and fibre matrix 
was good and, thus, restricted the mobility of polymer chains (Razali et al., 2021). In this 
case, the increasing content of PMDI decreased the value of tan delta, thus producing good 
interface adhesion between the natural fibre matrix and PMDI resin. The decreasing value 
of tan delta was also directly proportional to the value of Tg , indicating the increasing value 
of interfacial adhesion for the composites (Nurazzi et al., 2021).

There are two explanations for the increasing Tg  that need to be appointed. The first 
reason is due to the formation of an amorphous fraction in the composite structure in 
which the polymer and filler coexisted in a tightly linked form, thus lowering the free 
volume of the composites and increasing their Tg . Possible secondary bonds that operate 
as quasi-crosslinks and constrain the Brownian motion of long-chain molecules may also 
lead to a rise in Tg  (Sahoo et al., 2011). The Tg  for composites increased to 8% and then 
rapidly decreased for 10% of PMDI concentration. The decreasing Tg  of 10% is due to 
the plasticisation of the materials that create free volume between interfacial adhesion of 
the composites, thus decreasing the Tg  (Hetayothin, 2010). Another possible reason for
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increasing Tg is regarding the density of composites. DSF/8PMDI have the highest value 
of density, followed by DSF/6PMDI, DSF/10PMDI and then DSP/0PMDI. The increasing 
density value indicates that interfacial adhesion also increased due to smaller pores and 
thus increased the Tg (Mandal & Alam, 2012).

Figure 13. Tan delta curves for DSF/PMDI boards

Therm al Conductivity M easurem ent
Thermal conductivity m easurements are highly related to heat transfer as thermal 
conductivity is inversely proportional to thermal resistance (Corumlu et al., 2018). Thermal 
conductivity value for the insulation materials is crucial as it could be the key factor in 
choosing the suitable composites used as an insulator in the building. In other words, the 
lowest thermal conductivity value will be concluded as the best composite for the insulation 
purpose. It also shows that the heat will flow slower when the conductivity value is minimal 
(Ramlee et al., 2021). Based on Figure 16, it can be said that DSF/0PMDI had the lowest 
value for thermal conductivity of 0.07892 W/m.k, followed by DSF/6PMDI (0.08275 
W/m.K), DSF/10PMDI (0.08694 W/m.K), and then DSF/8PMDI(0.08940 W/m.K).

Based on Figure 2, DSF/0PMDI exhibited the lowest density, while DSF/8PMDI had 
the highest density compared to other composites. These values of thermal conductivity 
are directly proportional to the board density. In other words, the increasing value of 
density resulted in the increasing value of thermal conductivity (Khedari et al., 2003; 
Luamkanchanaphan et al., 2012). The structure of the boards has several voids, although 
it seems solid in its appearance. Void positions in the fibres are inversely related
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to board density. The air inside the voids decreases the thermal conductivity value 
(Luamkanchanaphan et al., 2012). In addition, it is strongly suggested to utilise natural 
fibres such as DSF, which contain cellulose, hemicellulose, and lignin that are bound 
together to serve as a heat barrier (Ibraheem et al., 2011b).

Apart from that, by comparing the value of thermal conductivity from multiple types 
of materials, DSF/PMDI composites achieved the standard with other materials such as 
oil palm (0.055 W/m.K) (Manohar, 2012), coconut husk (0.046 W/m.K) (Panyakaew & 
Fotios, 2011), and durian combine with coconut coir (0.064 W/m.K) (Khedari et al., 2003). 
Furthermore, all samples' thermal conductivity values were below 0.1 W/m.K, indicating 
excellent thermal insulation materials (Ramlee et al., 2021). Figure 14 shows the thermal 
conductivity, while Figure 15 displays the thermal resistance o f the boards.

Figure 14. Thermal conductivity of the DSF/PMDI Figure 15. Thermal resistance of the DSF/PMDI 
boards boards

Furthermore, thermal resistance is one of the most important factors in choosing the 
best insulation materials. The higher thermal resistance value indicates that the material 
has excellent insulation quality. Based on the values that were achieved and presented 
in Figure 15, DSF/6PMDI gave the highest value o f thermal resistance, which is 0.2387 
m2K/W, followed by DSF/10PMDI, DSF/0PMDI, and DSF/8PMDI.

C O N C LU SIO N

The findings suggest that incorporating durian waste can be an alternative solution for 
utilising the waste management problem. The resin content affects all the board properties. 
The insulation board with 6% PMDI content resulted in ideal mechanical and thermal 
properties. Low resin content produced board with excellent all-bending properties, good 
bonding properties, high thermal stability, and good thermal conductivity compared to other 
composites. Overall, the DSF/6PMDI board has better board properties, particularly their

Pertanika J. Sci. & Technol. 31 (S1): 59 - 85 (2023)



Characterisation of Durian Skin Biocomposite Insulator Board

mechanical properties, as the MOE and MOR are the most crucial aspects in developing 
an insulation board and the thermal properties. It also cut the cost o f producing the board 
as the low resin was used. Although it has average dimensional stability, the board can be 
covered using a waterproof coating. Nonetheless, the potential uses o f these boards have 
enabled the use of agricultural waste composites in construction and building applications.
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