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Abstract: The demand for natural fiber hybrid composites for various applications has increased,
which is leading to more research being conducted on natural fiber hybrid composites due to
their promising mechanical properties. However, the incompatibility of natural fiber with polymer
matrix limits the performance of the natural fiber hybrid composite. In this research work, the
mechanical properties and fiber-to-matrix interfacial adhesion were investigated. The efficiency of
methyl methacrylate (MMA)-esterification treatments on composites’ final product performance was
determined. The composite was prepared using the hand lay-up method with varying kenaf bast
fiber (KBF) contents of 10, 15, 20, 25, 30, 35 (weight%) and hybridized with glass fiber (GF) at 5 and 10
(weight%). Unsaturated polyester (UPE) resin and methyl ethyl ketone peroxide (MEKP) were used
as binders and catalysts, respectively. Scanning electron microscopy (SEM) and Fourier-transform
infrared spectroscopy (FTIR) were used to examine the effects of MMA-esterification treatment
on tensile strength and morphology (tensile fracture and characterization of MMA-esterification
treatment) of the composite fabricated. The tensile strength of MMA-treated reinforced UPE and
hybrid composites are higher than that of untreated composites. As for MMA treatment, 90 min of
treatment showed the highest weight percent gain (WPG) and tensile strength of KBF-reinforced
UPE composites. It can be concluded that the esterification of MMA on the KBF can lead to better
mechanical properties and adhesion between the KFB and the UPE matrix. This research provides
a clear reference for developing hybrid natural fibers, thus contributing to the current field of
knowledge related to GF composites, specifically in transportation diligences due to their properties
of being lightweight, superior, and involving low production cost.
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1. Introduction

Hybrid fiber composites are materials that consist of two or more fiber reinforcements
in a composite system. Combining these reinforcements into the polymer matrix procedure
is known as a hybridization process [1,2]. The matrix serves as a binder and gives extra
strength to the composite [3]. Fiber is an important and primary part of the composites
industry. In fiber-reinforced plastic (FRP) composites, fiber serves as reinforcements by
providing strength and stiffness to the structure, while polymer matrices act as the binder
to hold the fiber in place [4–6]. Various inorganic and organic fibers, such as glass, carbon,
graphite, aramid, and polymers, are used to produce lightweight and FRP composites with
high mechanical properties [7–9]. GF is widely used as a reinforcing materials for FRP
composites. The major advantages of GF are cheap, excellent in terms of tensile properties,
resistance to chemical exposure and insulating properties. The disadvantages of GF are
relatively high-density compared to other reinforcing fibers, high sensitivity to abrasion
during handling, relatively low fatigue resistance, and high hardness that cause excessive
wear on molding dies and cutting tools [10–13]. In addition to these synthetic fibers, plant
fibers (also called natural fibers) are also used to reinforce polymers. In fact, they are now
popular as viable alternatives to synthetic fibers, especially as a GF substitute in composite
materials. Many studies have been conducted on hybrid natural fiber and GF [14–19].
Compared with other non-hybrid composite materials, the hybridization of GF and palm
oil fiber leads to increased elongation at break and the highest impact strength [14–16].
Investigation on the mechanical properties of silk (biofiber) mixed with glass also showed
that the performance of glass/biofiber FRP composites has been improved compared to non-
hybrid composites [17]. Investigations subjecting bamboo-fiber-reinforced polypropylene
(BFRP) and bamboo-GF-reinforced polypropylene hybrid (BGRP) composites to hysteretic
tensile loading after hygrothermal aging by Thwe and Liao revealed that BGRP hybrids
outperformed the BFRP composites in both fatigue resistance and retention of tensile
stiffness and strength under environmental aging [18,19].

Generally, the higher performance of natural fiber-based FRP composites is achieved
using fiber that has a higher content of cellulose and with more cellulose microfibrils
aligned in the fiber direction [20,21]. These conditions tend to occur in bast fiber, which
requires a higher structure to provide support for the stalk of the plant [14,22,23]. Besides
fiber type, the interaction between the fiber and the polymer matrix must be considered to
formulate natural fiber as reinforcement in polymer because it greatly affects the mechanical
properties of polymer composites. The strength, stiffness and toughness of natural-fiber-
reinforced polymer composites are hugely influenced by this factor.

An important aspect of the optimal mechanical properties of natural-fiber-reinforced
polymer composites is to optimize the interface compatibility between the fiber and the
polymer matrix [24]. Since the stress is transferred between the matrix and the fiber
through the interface, good interface adhesion is required to obtain the best reinforcement
effect. At the same time, natural fibers are extracted from different parts of the plant; these
parts have different degrees of hydrophilicity, and the chemical properties are different
from the matrix. Therefore, a proper bonding interface between the fibers is required to
transfer effective stress from the matrix to the fibers and to perform effective bonding
distribution across the interface. In addition, the interface is the key element responsible
for the “reinforcement” in polymer matrix composites [25,26].

In general, physical and chemical interactions, chemical bonding, and mechanical
interlocking can be used to explain the adhesion at the composite interface. To obtain
extensive and appropriate interfacial bonding, good wetting between the fiber and the
matrix is required [27–30]. For this purpose, the surface energy of both constituents plays an
important role where the fiber should generally have higher surface energy than the liquid
polymer resin. Besides facilitating good wetting, the surface energy preserves a stable
contact after solidification of the composite [31]. In addition, the fiber–matrix interaction is
also controlled by the functional groups on the surface of the fiber and the matrix in the
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interface contact zone. These functional groups determine the type of interface adhesion
mechanism used [15,32,33].

The effective performance of the polymer matrix composites reinforced by natural
fiber relies on the fiber-polymer matrix interface and its tendency of transferring stress
to the fiber from the matrix [24,34]. Natural fiber inherently has poor compatibility with
polymer matrix, high degree of moisture absorption and poor dimensional stability. All of
these factors are the major hindrance to the perfect interfacial adhesion, which results in
microcracking. This adversely affects the mechanical properties of the produced composites.

In addition, by selecting appropriate bonding system components and changing the
surface topology of the fiber through appropriate treatment, the internal bonding force can
be improved. A number of methods having various degrees of success are available for
physical and chemical treatments of natural fiber to improve adhesion between fiber and
polymer matrices [35].

One of the methods is physical methods, including corona, plasma, ultraviolet (UV),
heat treatment and fiber beating. Physical treatment changes the structure and surface
properties but does not widely change the chemical composition of the fiber [36,37]. In this
way, the interface is usually strengthened by the mechanical bond between the fiber and
the polymer [38]. However, to date, the chemical approaches are more signified within the
literature rather than the physical approaches with better improvements [3,39,40].

On the other hand, chemical or pretreatment methods of the fiber chemically modify
the surface of the fiber surface, reduce the moisture absorption and upsurge the surface
unevenness [8,35]. The properties of cellulose, such as its hydrophilicity or hydrophobicity,
elasticity, water absorption, adsorption or ion exchange capacity, resistance to microbial
attack and heat resistance, can usually be modified through chemical treatments [41,42].
The main methods of cellulose chemical modification are esterification, etherification,
halogenations, oxidation, and alkali treatment [43].

To date, the MMA-esterification of KBF has not been extensively studied. Previously,
surface treatment on KBF with sodium hydroxide (NaOH) had been widely explored
by researchers. However, MMA treatments on natural fibers were focused mainly on
mechanical properties. Therefore, this study focuses on the adhesion of KFB interfacial
adhesion of KBF and unsaturated polyester resin in composite systems, which can further
contribute to the understanding of the improvement of mechanical properties. The initiative
to optimize the potential of natural fiber as reinforce the material in polymer composite
with the inclusion of GF was explored in this study. For this purpose, FTIR spectra and
SEM micrographs of treated and untreated samples are carried out to determine the new
functional group formed after treatment and to determine the adhesion between fibers to
the matrix in composites. The performance of treated MMA-esterification kenaf composites
was further enhanced with the addition of GF into the composite system. This can be used
to reference the expansion technology of high-performance natural/synthetic-based hybrid
composites.

2. Materials and Methods
2.1. Materials

Long KBF bundles used as reinforcements in this study were supplied by National
Kenaf and Tobacco Board (NKTB), Kota Bahru, Kelantan, Malaysia. Electronic glass woven
roving type GF (EWR500) is manufactured by Jiujiang Huirong New Material Co., Ltd.,
(Jiujiang, China) and provided by Hasrat Bestari Sdn. Bhd. Butterworth, Penang. Reversol
P-9565 unsaturated polyester (UPE) resin was used as a polymer matrix in the composites
fabrication. The resin is manufactured by Synthomer PLC and supplied by Dr. Rahmatullah
Holding Sdn. Bhd., Bukit Mertajam, Penang, Malaysia. Butanox M-50, methyl ethyl ketone
peroxide (MEKP), is manufactured by Akzo Nobel and supplied by Hasrat Bestari Sdn.
Bhd. Butterworth, Penang, Malaysia. MEKP acts as a catalyst to initiate the crosslinking
of UPE resins in the production of composite materials. Maleic anhydride (MA) was
purchased from Sigma-Aldrich, Subang Jaya, Selangor. It was used as a chemical reagent
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for the esterification of KBF. N,N-Dimethylformamide (DMF) and hydroquinone were from
Fisher Scientific and purchased from Dr. Rahmatullah Holding Sdn. Bhd., Bukit Mertajam,
Penang, Malaysia.

2.2. Esterification of KBF with Maleic Anhydride

The long KBF was manually cut using a Heavy Duty Guillotine Paper Cutter (Dong-
guan Jiaxi Office Machine Co., Ltd. Dongguan, China), which has been set to cut the fiber
to 10 mm length to ensure uniform length. Ethanol was added to the fiber and washed at
room temperature for 3 h under constant stirring to remove organic soluble substances.
The fibers were then filtered out, and the remaining solvent was removed by evaporation
in an oven at 80 ◦C for 24 h. Maleic anhydride was diluted in N,N-dimethylformamide
with a ratio of 3:7 (weight:weight). 5% of hydroquinone was added as an inhibitor in
esterification treatment based on the weight of MA [44]. KBF with a ratio to the solvent
being 1:20 (weight:weight) was put into the MA solution, making sure that all the KFB
was fully covered with the solution and reacted at 90 ◦C in the reaction flask. The reaction
was conducted with constant stirring for 60, 90 and 120 min. The esterified KBF was then
filtered and rinsed with acetone. After this, treated fiber was refluxed with excess acetone
for 3 h to eliminate unreacted MMA and placed in an oven at 80 ◦C for 24 h to dry. The
weight percent gain (WPG) of the esterified KFB was calculated using Equation (1) [10,45]:

WPG(%) =
Wb − Wa

Wa
× 100 (1)

where Wa is the weight of the fiber before the MA-treatment and Wb is the weight of the
fiber after the MA-treatment.

2.3. Kenaf Mat Preparations

Long strand KBF was cut into 10 mm. The fiber mat was prepared manually using
a deckle box with a nylon sieve mesh at the bottom for water drainage according to the
mat preparation method reported by Rozman et al. [46]. Random orientation of KBF in the
mat was obtained since the mat was manually prepared. Then the KBF mat was drained,
removed from the deckle box and dried in the oven at a temperature of 80 ◦C for 24 h to
remove excess water without degrading the KFB.

2.4. Composites Preparation

The composite material is prepared in a stainless steel mold with a size of 200 mm
× 200 mm × 5 mm by manual lay-up. KBF composites were prepared by placing the
kenaf mat into stainless-steel mold and impregnated with UPE resin-based formulation,
as shown in Table 1. Based on the UPE weight shown in Tables 1 and 2, 2 wt % of MEKP
was added to the UPE resin as a catalyst. The hybrid KBF/GF composites were prepared
with the same method but with an addition of GF. The woven roving GF mat was cut into
150 mm × 150 mm to ensure that each layer of GF is equivalent to 5 wt %. Both kenaf and
woven roving GF mats were alternately stacked and placed in a 150 mm × 150 mm × 5 mm
stainless steel mold. The composite fabrication flow is shown in Figure 1, and the sequence
of KBF with GF (5 wt %) and KBF with GF (10 wt %) for hybrid composite fabrication are
shown in Figure 2. Fiber mats used in composite fabrication are shown in Figure 1a. The
UPE resin and MEKP mixture were then poured onto the stacked fibers mat. A hand roller
was used to ensure good resin impregnation and distribution into the fibers mat. The UPE
impregnated KBF mat was placed in the stainless steel mold, as shown in Figure 1b with
5 mm thickness to achieve the constant thickness of the composite. Two stainless steel
sheets were placed on top and at the bottom of the mold to cover the mold. The molding
was then cold-pressed, as shown in Figure 1c, using a plastic hydraulic molding press, GT
714-P, Gotech Testing Machines, Inc, Taichung, Taiwan at 10 MPa to ensure good resin
impregnation and eliminate void in the composite. Then, the pressed sample was left for
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24 h to cure at room temperature. Composites with different fiber loadings and resins were
prepared using the same methods. Figure 1d shows the cured composite sample.

Table 1. Composition of KBF-reinforced UPE composites.

KBF (wt %) GF (wt %) UPE (wt %)

0 0 100
5 0 95
10 0 90
15 0 85
20 0 80
25 0 75
30 0 70
35 0 65
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Table 2. Composition of hybrid KBF/GF-reinforced UPE composites.

KBF (wt %) GF (wt %) UPE (wt %)

0 0 100
5 0 95
10 0 90
15 0 85
20 0 80
25 0 75
30 0 70
5 5 90
10 5 85
15 5 80
20 5 75
25 5 70
30 5 65
5 10 85
10 10 80
15 10 75
20 10 70
25 10 65
30 10 60
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Figure 2. Sequence of (a) KBF + 5 wt % of GF and; (b) KBF + 10 wt % of GF for composite preparation.

3. Testing and Characterization
3.1. Tensile Test

The composites were cut into dimensions of 100 mm × 25 mm × 5 mm for test
specimens. The tensile test was conducted using the 3382A floor model universal testing
system, US, according to ASTM D3039/ D3039M-17 [47]. Figure 3 shows the tensile load
direction for the hybrid composite sample.

3.2. Scanning Electron Microscope (SEM)

A JEOL 6460LA scanning electron microscope (SEM) of Japan JOEL Company (Tokyo,
Japan), was used to observe the microstructure of the fracture surface of composite materials
through the tensile test. Both the treated and untreated KBF composite materials were
observed. Before observation, the sample was coated with a layer of platinum.

3.3. Fourier-Transform Infrared (FTIR) Analysis

The functional groups of untreated and MA-treated KBF were identified using Fourier-
transform infrared (FTIR) spectroscopy analytical techniques. Perkin Elmer Spectrum RX1
PC Ready, Perkin Elmer, Inc. US (Akron, OH, USA), operated at 4 cm−1 resolution, was
used for the FTIR. The specimens were analyzed in the range of 4000–650 cm−1.
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4. Results and Discussion
4.1. Reaction of Esterification Modification

The chemical reaction will occur with the presence of the OH group from cellulose
and hemicellulose in KBF. The functional relationship between the results of WPG and
the esterification reaction of KBF with MA at 60, 90 and 120 min is shown in Figure 4.
It is shown that with 60 and 90 min of treatment, WPG increases rapidly. Then the WPG
remained constant for the 90 and 120 min treatment time. The fact that the MA and OH
groups in the KBF reached the maximum reaction at 90 min can be explained. As a result,
a minimal reaction occurs, and as the treatment time is extended, the weight increase of the
fiber is suppressed. The increase in WPG value indicates that the KBF has been successfully
esterified by MAA [48].
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Before modification, DMF was used as a swelling agent and catalyst for KBF. The fiber
cell wall swelled and exposed the OH groups on the surface of the cellulose, thereby
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allowing MA to react to form chemical bonds [44,49]. As the reaction time increases, more
chemical bonds would have been formed between the OH groups and MA in cellulose.
Time extension increases the reaction of free OH groups on the cellulose surface to react
with MA and form chemical bonding.

Later, the modification improved the compatibility of modified KBF and UPE resin.
It begins after the reaction between OH groups from the KBF and the anhydride groups
of MA to form ester linkages, forming a covalent bond with the UPE matrix [50,51].
The appearance of the covalent bond is due to the ability of the C=C group in MA to
copolymerize with the C=C site along the polyester chain through a free radical process [41],
and the reaction is illustrated in Figure 5.
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4.2. FTIR Analysis

Figure 6 shows the reduction of OH content as the esterification treatment time
increased. MA reacted with KBF cellulose and freed the OH groups from the hydrogen
bonding, giving the differences at the major peak at around 3330 cm−1, corresponding to
the O–H stretching vibration. The absorption peak at this region is observed to decrease.
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The changes of the peak at about 1720 cm−1, as shown in Figure 6 and Table 3, indicate
the occurrence of esterification reaction. For the untreated KBF, the peak is associated with
carbonyl C=O stretching of acetyl groups of hemicellulose. The absorption of KBF in this
area with MA is greater, which signifies the increase of the C=O due to the attachment of
ester group content. The peak in this region is attributed to the presence of an ester bond
within the carboxylic group of the fiber. Whereas, as the treatment time increased, the
absorption at this region increased significantly, which resembles the extent of esterification.
The incremental appearance of the ester band provides evidence of the esterification of
the OH group from KBF through anhydride modification. This finding is also in line with
those by Khalil et al. [48] and Cantero et al. [52].

Table 3. FTIR analysis for MA-treated KBF at different treatment times.

No. Untreated 60 min
Treatment

90 min
Treatment

120 min
Treatment

Frequency
Ranges (cm−1) Functional Group

1 3326.78 3335.62 3331.48 3338.25 3330 OH– stretching band

2 1728.71 1716.62 1716.50 1721.26 1700–1650 C=C stretching band

3 1605.90 1635.74 1646.43 1637.27 1650–1725 C=O stretching bend

4 1239.43 1239.62 1231.37 1235.76 1200–1150 C–O stretching band

5 1040.67 1032.76 1029.07 1040.32 1050–1000 C–O stretching band

The increase in the absorption band at the 1640 cm−1 feature is due to the presence of
C=C bonds, which is related to the maleate ester of MA that is attached to KBF after the
treatment. At about 1240 cm−1, the absorption bands corresponded to the C–O stretching
of the acetyl group and C=O stretching of the aryl group derived from the aromatic
hydrocarbon ring of lignin. This is also in agreement with research findings by Jonoobi
et al. [53]. As shown for all treatment times (60, 90 and 120 min), the intensity of the band
decreased after the treatment. This could be due to the partial removal of lignin from the
fiber surface. The peak appearing at around 1040 cm−1 is attributed to the C–C, C–OH
and C–H stretching frequency of xylans and C–O–C stretching frequency belonging to the
linkage of glycosidic, which is believed to be originated from hemicellulose in the fiber.
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4.3. Tensile Properties

The effect of different treatment times and KBF content on tensile strength of untreated
and MA-treated KBF-reinforced UPE composites is shown in Figure 7. It can be observed
that the tensile strength increases as the treatment time increases, up to 90 min. As the
treatment time increased (120 min), the tensile strength of the composite was slightly
decreased. The addition of untreated and MA-treated KBF from 5 wt % to 30 wt % into the
UP matrix had continuously increased the tensile strength of the composites.

Materials 2021, 14, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 7. Effect of treatment time and KBF loading on tensile strength of UPE composites. 

The modification of KBF by MA increased the tensile strength, indicating the effec-
tiveness of stress transfer from the UPE matrix and the KBF was enhanced. This is at-
tributed to the increased compatibility due to the formation of a better bridging between 
the fiber and the matrix in the interface area [54,55]. It begins after the reaction between 
the OH group from KBF and the anhydride group from MA to form ester linkages, which 
in turn formed a covalent bond with the UPE matrix [50,51]. This occurrence of covalent 
bonding is due to the copolymerization of C=C groups of MA and C=C sites along the 
UPE chain through a radical process [41], and the reaction is illustrated in Figure 5. The 
result of the bonding has created a better and longer bridging linkage compared to shorter 
ester linkage of untreated KBF and UPE resin. A better and longer bridging linkage leads 
to the enhancement of compatibility between the reinforcement and matrix. 

Tensile strength showed slight decrement as the treatment time is increased to 120 
min. This could be due to the maximum reaction that was reached at 90 min, and the KBF 
was not significantly modified with further treatment time. This is also reflected in Figure 
4, where there is no notable change in WPG at 90 min and 120 min treatment time. In 
addition, longer treatment times or excessive treatment may damage the fibers due to cel-
lulose degradation and fiber cracking [14,16]. This situation will weaken the role of the 
fiber as a reinforcing material, resulting in a decrease in the mechanical properties of the 
composite material. The increment of KFB untreated and treated with MMA-esterification 
reduced the tensile strength of the composite. This is due to insufficient wetting of fiber 
by matrix. It is also believed that the increase of KFB loading to 30% and 35% contribute 
to poor distribution of KBF that subsequently promotes week points within the composite 
and lowers the tensile strength. 

The changes in tensile strength caused by the load of KBF and GF appeared in the 
KBF/GF hybrid composite system treated for 90 min. The performance of composite mate-
rials depends to a large extent on the performance of individual fibers. It can also be seen 
from Figure 8 that the hybrid composite material containing 10 wt % GF shows higher ten-
sile strength compared to 5 wt % GF. For the hybrid composite composition containing 10 
wt % GF, the composites were layered with GF on the outer layer on both sides of the rein-
forcing fiber. The tensile properties of GF have been known to be higher than natural fiber 
[14,56]. 

Figure 7. Effect of treatment time and KBF loading on tensile strength of UPE composites.

The modification of KBF by MA increased the tensile strength, indicating the effective-
ness of stress transfer from the UPE matrix and the KBF was enhanced. This is attributed to
the increased compatibility due to the formation of a better bridging between the fiber and
the matrix in the interface area [54,55]. It begins after the reaction between the OH group
from KBF and the anhydride group from MA to form ester linkages, which in turn formed
a covalent bond with the UPE matrix [50,51]. This occurrence of covalent bonding is due to
the copolymerization of C=C groups of MA and C=C sites along the UPE chain through a
radical process [41], and the reaction is illustrated in Figure 5. The result of the bonding has
created a better and longer bridging linkage compared to shorter ester linkage of untreated
KBF and UPE resin. A better and longer bridging linkage leads to the enhancement of
compatibility between the reinforcement and matrix.

Tensile strength showed slight decrement as the treatment time is increased to 120 min.
This could be due to the maximum reaction that was reached at 90 min, and the KBF was not
significantly modified with further treatment time. This is also reflected in Figure 4, where
there is no notable change in WPG at 90 min and 120 min treatment time. In addition,
longer treatment times or excessive treatment may damage the fibers due to cellulose
degradation and fiber cracking [14,16]. This situation will weaken the role of the fiber as a
reinforcing material, resulting in a decrease in the mechanical properties of the composite
material. The increment of KFB untreated and treated with MMA-esterification reduced
the tensile strength of the composite. This is due to insufficient wetting of fiber by matrix.
It is also believed that the increase of KFB loading to 30% and 35% contribute to poor
distribution of KBF that subsequently promotes week points within the composite and
lowers the tensile strength.

The changes in tensile strength caused by the load of KBF and GF appeared in the
KBF/GF hybrid composite system treated for 90 min. The performance of composite
materials depends to a large extent on the performance of individual fibers. It can also be
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seen from Figure 8 that the hybrid composite material containing 10 wt % GF shows higher
tensile strength compared to 5 wt % GF. For the hybrid composite composition containing
10 wt % GF, the composites were layered with GF on the outer layer on both sides of the
reinforcing fiber. The tensile properties of GF have been known to be higher than natural
fiber [14,56].
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reinforced UPE composites.

Furthermore, a good adhesion at the interface between the UPE matrix with GF and
KBF has increased the load transfer efficiency between these three components. The estab-
lishment of good interfacial adhesion is due to the good compatibility of GF with the UPE
matrix and the covalent bond formation of MA-treated KBF with the UPE matrix. This
has led to the hybrid composites being able to withstand higher tension loads imposed.
However, as the KFB loading increased after 20% with the addition of 5% and 10% GF
into UPE composite, the tensile strength reduced due to insufficient matrix to wet the
reinforcement materials.

4.4. SEM

Figure 9 shows the SEM micrographs of untreated and MA-treated KBF-reinforced
UP composites at 60 min and 90 min, respectively. Obviously, the KBF is firmly fixed by
the UPE matrix, and there are signs of fiber fracture, which occurs during the failure of the
composite material, as shown in Figure 9b,c. This indicates that the interaction between
the fiber and the matrix occurred, which leads to good interfacial adhesion. For the
untreated KBF-reinforced UP composites, the fiber is loosely embedded in the UPE matrix.
The gap formed demonstrates poor adhesion between the fibers and the matrix can also
be perceived in Figure 9a. This shows that the UPE resin has caused poor interaction
on the untreated KBF. Without good interaction, strong interfacial bonds between the
fibers and the matrix are unlikely to be achieved. Figure 10a illustrates the good wetting
between reinforcing materials and matrix for hybrid composite with 20% KBF-treated
MMA-esterification/10% GF. The increase of KBF-treated-MMA-esterification content/
10% GF had reduced the wetting ability due to insufficient matrix polymer in polymer
composite system, as shown in Figure 10b.
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5. Conclusions

The effects of MMA-esterification treatment and fiber loadings (KBF and GF) on tensile
strength and fiber-to-matrix interfacial-adhesion-reinforced UPE composites and hybrid
composites were investigated. SEM was used to observe the tensile fracture surface and
fiber morphologies. The functional group difference of MMA to KBF was also studied
by FTIR. GFs were included in the kenaf bast treated MMA-esterification composite to
further reinforce the hybrid composite. Based on the results obtained from the analysis
and experimental works, the following conclusions can be drawn:
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i. The tensile strength of MMA-esterified KBF-reinforced UPE composites and hybrid
composites increased with the increase of the content of KBF and GF;

ii. KFB treated with MMA showed a new functional group, and the increase of WPG
as treatment time increases indicated the success of kenaf modification;

iii. Compared with untreated KBF-reinforced UPE composite material, MMA-esterified
UPE composite material has a fiber braking effect instead of pulling out the fiber,
and the gap between the fiber and the matrix is smaller (SEM micrographs);

iv. The addition of GFs to natural fiber composite systems shows better mechanical
properties, thus indicating that hybrid composites are more suitable for use as
final products.

In the future, it will be beneficial to expand this research to study the crosslinking
between MA esterified KFB UPE composite and the treated hybrid composite to describe
and evaluate crosslinking of treated MMA KFB with the polymer matrix. This will further
prove the effectiveness of the MMA of natural-fiber-esterification treatment in polymer
and hybrid polymer composites.
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