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Abstract

Inorganic fillers have been used to improve the out-of-plane mechanical properties of
carbon fiber reinforced polymer (CFRP) composite laminates for decades. Nonetheless, its
associated high cost and environmental unfriendliness is a concern. Biomaterials are currently
being explored as fillers in polymeric materials due to their low cost, wide availability, and
biodegradability. However, the use of coconut shell based biofillers together with carbon fibers in
epoxy matrix has not been investigated. This research seeks to improve the out-of-plane
mechanical properties of CFRP with low fiber volume fraction using carbonized coconut shell
particles (CCSP). Five hybrid epoxy biocomposites with varying concentrations of CCSP were
used to impregnate four plies of woven carbon fabric, making up a fiber volume fraction of 29%.
The tensile, flexural, and impact behavior of the laminated biocomposites were investigated. The
mechanical properties of the biocomposite laminates were enhanced compared to a reference
CFRP without CCSP. This work provides a cheaper and greener alternative to inorganic CFRP
hybrid composite for potential use in automotive and aerospace industries.
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1. Introduction

Carbon Fiber Reinforced Polymer (CFRP) composite laminates are increasingly being
utilized in structural applications because of their superior in-plane characteristics, including high
specific strength and stiffness, low thermal expansion, resistance to corrosion and ease of
processing [1,2]. Nonetheless, they possess poor and unpredictable out-of-plane properties that
translates into weak cracking resistance and delamination, thereby making them susceptible to
failure in the event under out-of-plane or multi-axial loading, particularly, impact or blast [3,4].
To harness the full potential of Fiber Reinforced Composites in the automobile, renewable energy
generation, structural and aerospace industry, it is necessary to improve their out-of-plane
properties to avert catastrophic failure. Past studies which characterize the interphase viscoelastic
properties in a sandwich glass composite [5] and the effect of resin uptake on the flexural properties
of compression molded sandwich composites [6], have demonstrated the importance of enhanced
off-axis properties. These research have shown that the out-of-plane properties are usually matrix
dominant; low interlaminar shear strength, and low bonding strength at the fiber-matrix interface
affect energy dissipation, and could lead to delamination, and subsequent failure from crack
propagation [4,5]. In essence, the matrix properties play a crucial role in the failure mechanism of
Fiber Reinforced Polymer (FRP). Epoxy resin is the most extensively utilized polymer matrix in
the fabrication of composite for structural and automobile applications owing to its ease of
processability, high strength, and chemical resistance [8]. Despite its numerous advantages, it has
low toughness and is susceptible to mechanical failure when subjected to substantial amount of



mechanical load. The brittleness of epoxy results from limited chain mobility due to its highly
crosslinked structure [9].

To overcome the shortcoming of FRPs, researchers have used inorganic and synthetic
particulates of alumina [8-10], titanium oxide [11,12], silica [11,13,14] and various forms of
carbon nanotube (CNT) [3, 15-18] as toughening materials to enhance the mechanical properties
of FRPs. For instance, a study has been reported in literature on the potential enhancement of
interfacial compressive strengths of CFRP composites using scrolling carbon nanotube (CNT)
sheets around individual carbon fibers [21]. Fiber push-out and fiber push-in nanoindentation
experiments were carried out; results showed improved interfacial shear strength of CNT/CFRP
compared to CFRP that bodes well for structural applications. Addition of particulates to polymer
matrices enhances the performance of composite in multiscale by mechanism of crack-pinning and
crack path deflection [3,4,7]. However, the cost involved in processing these fillers is
skyrocketing, their processing is complicated with lots of difficulties, and they are abrasive to
tools.

The main aim of this study is to enhance the out-of-plane mechanical behavior of CFRP
by fabricating a hybrid biocomposite using biofiller as an alternative to synthetic and inorganic
particulates. Organic materials have shown great promise of being used as fillers in polymers for
biocomposites. They are highly desired due to their low cost, good mechanical properties, low
densities, high toughness, biodegradability and good thermal properties [22]. Many studies have
been conducted for the possibility of using organic waste of groundnut shells, coconut shells, jute
fibers, sisal fibers, bamboo and rice husk as reinforcement either in the form of fiber or particle
for biocomposites [25-31].

Coconut shells have gained much interest as biofillers in polymers, for their availability,
and inherent mechanical properties [19,26]. The tensile property and hardness of epoxy resin has
been improved with the addition of 50% and 5% coconut shell powder and tamarind shell powder
respectively [30]. Agunsoye investigated epoxy reinforced with coconut shell particle for car
bumper applications [31]. The biocomposite showed 10% increase in impact energy in comparison
to bumpers from two different car models. Additionally, Uchechi investigated the effect of
carbonized coconut shell particles on polypropylene [32]. The resulted biocomposite showed an
increase in hardness, tensile and flexural properties with an increase in filler concentration and
decrease in particle size.

Coconut shell particles have been used as fillers to toughen and strengthen many polymer
matrices. However, to the best of our knowledge, no work has been done in employing carbonized
coconut shell particle to form a hybrid biocomposite with CFRP. This study endeavors to improve
the mechanical performance of CFRP using carbonized coconut shell particle (CCSP) to form a
hybrid biocomposite. In this investigation, coconut shells were carbonized in an electrothermal
furnace at 400°C to form activated carbon which was used to fabricate a hybrid biocomposite with
four plies of carbon fiber and epoxy matrix. Five hybrid biocomposites were fabricated with
different matrices containing 1, 2, 3, 4, and 5% weight concentration of CCSP in epoxy, and
compared with a reference CFRP based on bare epoxy and 29% volume fraction of woven carbon
fabric. The tensile, flexural, and impact properties of the composites were investigated. The
fractured surface of reference and hybrid composites were characterized by Scanning Electron
Microscopy (SEM).



2. Materials and Methods
2.1. Materials

Coconut shells were obtained from a local shop. Aeromarine-based cycloaliphatic epoxy
resin #300 and hardener #21 were used as reagents supplied by Aero Marine Products Inc., USA.
This type of epoxy was chosen for its low viscosity, excellent chemical resistance, and good
bonding behavior with carbon fibers. 3K plain woven Carbon fabric from Fiber Glast Development
Corp. (Ohio, USA) with an aerial weight of 190 g/m? was selected as base reinforcement, for its
lightweight and high strength.

2.2.  Preparation of carbonized coconut shell particles

The step-by-step process of the preparation of CCSP is shown in Supporting Information
Figure S1. Coconut shells (CS) obtained were crushed to small sizes to allow for easy handling.
The shells were washed in 0.5 HNOs3 acid at a temperature of 60°C/70°C for 8 hours as shown in
the second step of Figure SI. This was necessary to clean CS of any fruit remains and oily
substance. The cleaned CS was rinsed and filtered with distilled water until the pH of the water
filtered was close to 7, to ensure complete wash of acid. It was dried in air for 48 hours and
pulverized into powder. The powdered CS was then heated in an electrothermal furnace for 2 hours
at 400°C. The resulting product was ball milled into fine powder resulting in an average particle
size of 300nm and used in the preparation of the hybrid composite. The precursor before
carbonization (raw coconut particles) and after carbonization (CCSP) were analyzed using
Scanning Electron Microscopy (SEM), Fourier Transform Infrared (FTIR) and X-ray Diffraction
(XRD).

2.3  Fabrication of hybrid composite

The composites were fabricated utilizing the hand lay-up method with a 200mm X 200mm
detachable closed mold. In the Supporting Information, Figure S2 shows a step-by-step process in
the fabrication of hybrid biocomposites. Five hybrid composites with different compositions of
CCSP: 1%, 2%, 3%, 4% and 5% were fabricated. These compositions are weight fractions of the
epoxy used. These proportions of CCSP were weighed and added to 200g of epoxy and mixed
thoroughly using a mechanical stirrer for 5 hours at room temperature to ensure uniformity. 100g
of hardener was then added, and hand stirred for an additional 15 minutes. Four sheets of woven
carbon fabrics, each cut into the size of the mold, were then impregnated with the mixture and laid
in longitudinal direction for each ply using the hand lay-up method. The mold was covered, placed
under a compressive pressure of 700N/cm?, and the composite was cured for 48 hours at room
temperature. The reference sample named ‘bare’ was also fabricated using the same procedure.
However, no CCSP was added to the resin. The matrix used was based on bare epoxy and
hardener, together with four plies of plain-woven carbon fabric. For low velocity impact test, eight
sheets of woven carbon fiber were used (instead of four) in each composite system to achieve a
thickness of 4.10mm.

24 Mechanical characterization

The final rectangular composite laminate of dimension, 228.6mm X 228.6mm and a
thickness of 2mm was cut into required sizes for mechanical testing. Rectangular coupons of
200mm X 25.6mm were cut from the cured composites for the purpose of tensile testing according
to ASTM D 3039 [33], at a displacement rate of 2mm/min. Rectangular samples are usually
preferred over dog-bone in characterizing tensile properties of composites as the dog-bone usually
split at the regions where width changes [34]. Grip tabs of glass fiber/epoxy laminates with
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dimension 25.4mm X 38.1mm was bonded to the ends of the test specimen to minimize large stress
concentrations at these regions, resulting in a gauge length of 125mm.

Flexural testing was performed to investigate the resistance of composites to deflection. A
three-point bending fixture of the MTS universal testing machine was used at a loading rate of
2mm/min. Each specimen has a width of 12.5mm and a thickness of 2mm. A span length of 35mm
was used.

An Instron Dynatup 8250 impact tester was used to perform a low-velocity impact test on
the reference CFRP and hybrid biocomposites. The dimension of each sample is 102mm X
25.4mm with a thickness of 4.10mm. The impact hammer used in striking the specimen weighed
11.22kg and fell from a height of 205mm to achieve a velocity of 2m/s. An instrumental load cell
attached to the instrument was used to collect data of load and energy absorbed.

2.5  Powder characterization

XRD analysis was performed on both precursor (raw coconut) and char (CCSP) to identify
the phase formed. XRD measurement was performed from an angle of 5° to 80° at a step rate of
0.2° using MiniFlex 600. FTIR spectroscopy was used to collect infrared spectrum of transmittance
to identify the different functional groups present in the raw coconut shell particle and carbonized
particle. The technique was employed using Nicolet 6700 FT-IR Spectrometer.

2.6 SEM observation

The surface morphology of the precursor (raw coconut) and char (CCSP) was characterized
using A high-resolution Quanta 3D FEG FIB/SEM Dual Beam system. The raw coconut particle
was coated with a thin layer of gold to make it conductive.

To examine the extent of damage of laminated composites, the fractured surface of
composites after tensile test was sectioned for SEM analysis. A thin layer of gold (~5nm) was
sputtered on the fractured surface and an acceleration voltage of 15kV was used for imaging.

3. Results and Discussions
3.1 Powder characterization results

Figure I shows images obtained from Scanning Electron Microscopy of raw coconut shell
powder (a, b) and carbonized particle (c, d) at different magnifications. The surface morphology
of both samples has distinct characteristics. The SEM image of precursor, referred to as raw
coconut shell particle in Figure I(a, b) show the fibrous nature of coconut shell with no pores.
Carbonized coconut shell particle in Figure I(c, d) show rudimentary pores resulting from the
burning off of volatiles, namely, moisture, hemicellulose, cellulose and lignin in the raw coconuts
during heating [35]. The presence of voids can provide free access of epoxy and promote uniform
dispersion. The special structure of coconut biomass shortens the mass transport path and
minimizes the diffusion resistance of target substances, which can result in significant
improvement in mechanical properties. The darkening nature of the carbonized particle results
from the carbonization process.

Figure 2a shows XRD pattern obtained for raw coconut particles before carbonization. The
predominant peaks are observed between 10° -20 °, 20° -25 and 30° -40° which represents SiO»,
C, and CaO respectively [36], with carbon having the highest intensity of about 7,000 cps. The
higher carbon content in coconut shell compared to other agriculture biomass makes it attractive
for use as biofiller [37]. There are also traces of K»O and Fe>O3 peaks occurring at 260 of 27° and

4



44° respectively[36]. After carbonization, the XRD analysis of carbonized particle is represented
as shown in Figure 2b. The diffraction of sample showed two peaks observed at 26 =23° and 43°;
a characteristic of coconut shell charcoal [35,36].

The diffraction pattern was further analyzed by comparing to literature and it was observed
that the resulting char has the same peak position as reduced graphene oxide [37-39]. The
diffraction peak at 20 = 23°in Figure 2b is related to the (2 0 0) plane of reduced graphene oxide
and its broad nature can be attributed to a randomly arranged crystal phase. A less intense peak
found at 43° in the carbonized particle with (0 0 1) crystal phase is a result of a turbostratic band
that corresponds to diffraction patterns of amorphous graphitic carbon material [43], [44].

Figure 1. SEM images of raw coconut shell particle (a and b) and carbonized coconut shell
particle (¢ and d)
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Figure 2. XRD spectra of (a) raw coconut shell particle (b) carbonized coconut shell
particle

The Fourier Transform Infrared Spectroscopy (FTIR) of the precursor coconut (raw
coconut) and CCSP is shown in Figure 3. The IR spectrum of the raw coconut shows the largest
peak of —OH stretching at a wavelength of around 3350 cm™ as a result of extensive hydrogen
bonding in cellulose and hemicellulose [45]. The band at 2920 cm™ is a characteristic peak of C-
H (alkanes and alkenes) in cellulose and hemicellulose [46]. The band stretching around 1728 cm’
! can be attributed to C=0 group of carboxyl aldehyde in lignin and acetyl ester group in cellulose
and hemicellulose [42,43]. C=C peak is found around absorbance of 1620 cm™' [45]. The band
peak stretching between 1500 and 1535 may represent aromatic ring vibrations in lignin, and that
at 1450 cm! represents O—CHj stretching also found in lignin [45]. The peak found at 1256 cm™
may be ascribed to C-O of acetyl group in lignin and hemicellulose. The sharp peak at absorbance
of 1020 cm™ is associated with C-O and O-H vibrations with respect to polysaccharides in
cellulose [47]. The FTIR spectra of CCSP show band stretching of C=C and C-O at 1600 and 1247
cm’!, respectively, and residual of C=0, which is a characteristic of molecular bonding in reduced
graphene oxide [38,44]. It is observed that the band stretching related to cellulose, hemicellulose,
and lignin occurring at 3350 cm™, 2920 cm™!, and 1728 cm™! in the raw coconut shell powder is
either absent or significantly reduced after carbonization in CCSP. These hydroxyl groups are
hydrophilic and affects compatibility and water absorption properties.
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3.2 Tensile test results
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Figure 4. Typical tensile stress-strain curve of reference (Bare) CFRP and hybrid
biocomposites

Tensile testing was performed using an MTS at a strain rate of 2mm/min. Figure 4 shows
a typical stress-strain curve for reference CFRP and hybrid biocomposites.

All composite systems, both reference (Bare) and hybrid biocomposites exhibit an elastic
tensile behavior; they do not exhibit strain-hardening, and the ultimate strength is the same as
strength at failure which is very typical of brittle materials. However, the fracture toughness is
enhanced at lower concentrations of carbonized particles evident from the increase in strain at
failure. It is observed that, at CCSP concentration of 2% and 3%, the strain at failure is increased
in comparison to the reference CFRP. The percentage strain to failure of the composites is shown
in 7Table 1. The strain to failure is increased by 23% and 36% with 2% and 3% CCSP, respectively.
The enhanced strain to failure with the addition of CCSP is due to enhanced matrix-fiber interfacial
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bond. The stiffness of carbon fiber is significantly higher than epoxy in the reference composite
based on bare epoxy. This disparity at the matrix/fiber interface increases stress concentration and
acts as crack initiation sites leading to early failure. However, with the modified CCSP epoxy
matrix, the difference in stiffness between the matrix and fiber is reduced, leading to reduce
interfacial stress concentration, and thereby, mitigating the propagation of crack along the
fiber/matrix interface [49]. Hence, an increase in strain at failure. 7able 1 also shows the tensile
strength and stiffness of the reference CFRP and hybrid biocomposites with different CCSP
loadings. Tensile strength increased with the addition of carbonized particle with an optimum
strength of 288MPa at 3% CCSP loading—an increase of about 36% more than the reference
composite. The increase in strength is attributed to reduced interfacial stress concentration between
the matrix and the fiber effected by CCSP. This allows for effective transfer of load from the matrix
to the fiber; the main load-carrying component of the composite. At higher loadings above 3%,
the tensile strength decreases, which can be attributed to agglomeration of particles; increasing the
concentration of particles in the matrix resin increases the viscosity of matrix which affects the
cure rate and molecular network formation [3], [12]. Agglomerates instigate early failure at the
matrix-particle interface by acting as stress concentration centers under loading, which cause
significant interfacial stress concentration. The elastic modulus is also increased by 24% and 30%
with the addition of 1% and 2% CCSP. There is a slight decrease from 2% CCSP as the
concentration increases, however, the stiffness of all the hybrid composites is higher than that of
the reference composite.

Table 1 Tensile and flexural test results of reference CFRP and hybrid biocomposites

Tensile Tensile Tensile Flexural Flexural

Strain to Strength Modulus Strength Modulus

Failure (%) (MPa) (MPa) (MPa) (GPa)
Bare 3.5+0.05 211+12 6080+158 87+7 6.54+0.3
1% 3.0+0.08 240+11 7532+176 227+15 11.80+0.6
2% 3.7+0.16 268+14 7897+209 245+9 13.14+0.3
3% 4.1£0.12 288+15 7163+247 233+5 13.68+0.6
4% 3.1+0.07 202+10 6231142 2267 13.86+0.2
5% 2.4+0.23 164+17 6090+83 189+3 14.21+0.5

33 SEM observation of fracture surfaces after tensile tests

The fracture surface of the laminates based on bare epoxy and 2% carbonized particle
composite was comparatively analyzed using SEM as shown in Figure 5 and Figure 6 respectively.
Fiber breakage, fiber pullout, delamination, and fiber-matrix interfacial debonding are observed in
both the reference composite and hybrid biocomposite. However, there is a significant difference
in the matrix deformation and fiber-matrix adhesion in both composites. The river pattern
deformation, and smooth fracture surface observed in Figure 5 (a, b) are indication of brittle
fracture in reference CFRP with bare epoxy matrix. On the other hand, the rough and ductile
deformation of matrix as seen in Figure 6(a, b) are signs of better fracture toughness compared to
the reference composite. The ductile fracture of fiber-matrix interface in /igure 6b shows a good
fiber-matrix adhesion in hybrid composite, thus there is a strong bond between the fiber and matrix.
The smooth fracture and complete fiber-matrix debonding in Figure 5 of the reference composite
shows the poor bonding at its fiber-matrix interface.
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34 Flexural test results

Table 1 also summarizes the flexural strength and flexural modulus of hybrid
biocomposites at different CCSP loadings compared to the reference CFRP based on bare epoxy.
It can be observed that, all hybrid biocomposites have higher flexural strength than the reference
CFRP. The flexural strength of the biocomposites increases with increasing CCSP loading up to
2%, where the optimum flexural strength of 245MPa is obtained and decreases slightly as the
concentration of the CCSP increases.

As discussed early in the tensile test result, good dispersion at lower CCSP loadings
increases the interfacial bonding between the matrix and fiber. Addition of particles to the matrix
causes roughness on the surface of the fiber without causing damage to the fiber surface. Surface
roughness together with good interfacial adhesion provides mechanical interlocking and enhanced
frictional coefficient which leads to increased flexural strength [1]. The particles also help in the
deflection of cracks which increases the resistance to delamination. The decrease in strength at
higher loadings may be due to agglomeration. Another factor contributing to the decrease in
strength may be due to the large surface area available for the entrapment of air bubbles from the
atmosphere, and restriction to the escape of volatile gases [10], [50], which compromises with the
net strength of the composite. The flexural modulus as shown in 7able I is also increased in the
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hybrid biocomposites with increasing CCSP loadings. Addition of carbonized particles to the
epoxy resin increases the stiffness of the matrix which translates into higher stiffness of the hybrid
bio-composite according to the rule of mixtures.

3.5 Low Velocity Impact Test Result

The impact behavior of the composites was analyzed using time to completion of impact
event, deflection, peak load, initiation energy and crack propagation energy. Figure 7 shows the
load-deflection response of the impact event associated with the various forms of composites. It
can be observed that, there is a linear increase in force until a Hertzian failure is experienced. The
Hertzian failure is usually attributed to matrix cracking in the area of contact [5S1]. The reference
CFREP starts to fail at around 780N, consequence of the brittle nature of the epoxy. However, with
addition of biofillers to the matrix of the hybrid biocomposites, the matrix is toughened, and crack
propagation is mitigated which is evident in the higher loads of biocomposites before failure is
initiated.

The slope of the contact force against displacement is called bending stiffness and it
describes resistance to impact loading [ 13,46-48]. Higher slope values are observed for composites
based on CCSP, indication of higher stiffness resulting from increased stiffness of the matrix. After
the maximum force is reached, there is a sudden drop and fluctuations of the contact force. Past
research has attributed this sudden drop and fluctuations to the initiation of failure in the form of
delamination, fiber breakage and/or fiber pullout.
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Figure 7. Load versus deflection curve of the reference CFRP and hybrid biocomposites
with different CCSP loadings

The impact duration, maximum deflection, peak impact force, initiation energy, and
propagation energy are summarized in 7able 2.

The maximum impact force, referred to as peak force in the load-deflection curve,
represents the amount of a load a composite laminate can withstand before undergoing crucial
damage. From the Table, the hybrid biocomposites have higher peak force when compared to the
reference CFRP. The peak load of the reference CFRP has been increased between 46% - 80%
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with the addition of CCSP as shown in 7able 2. The lower peak force in the reference composite
can be associated with early delamination and debonding.

The time to completion of the impact event is also an indication of the stiffness of the
material; compliant materials take longer time to complete an impact event, while the time to
completion for stiffer materials occur earlier [54]. From 7able 2, the reference CFRP takes a much
longer time to complete the impact event relative to the hybrid biocomposites with 1wt, 2wt%, and
3wt% CCSP. This is also echoed by the maximum deflection. The reference CFRP has much larger
deflection than the biocomposites, suggesting that the biocomposites have much higher bending
stiffness, which is also proved by the bending test results as given in 7able 1.

In any impact event, when the striker hits the sample, the initial stage of energy absorption
is through elastic deformation. As the maximum elastic deformation is reached, the excess energy
is absorbed in the form of plastic deformation in ductile materials or damage formation with brittle
materials [54]. In essence, the maximum impact energy is a total of energy absorbed elastically,
energy absorbed in the formation of damages and as consequence of friction between sample and
striker. To better understand the impact tolerance, the initiation energy and propagation energy are
used.

Table 2 Average value of results obtained from low velocity impact test

Time (ms) Displacement Maximum Initiation Propagation

(mm) force (N) energy (J) energy (J)
Bare 14.29+0.88 7.45+0.55 792496 2.42+0.45 8.84+0.96
1% 7.71+0.85 3.92+0.81 1163+77 3.50+0.35 3.72+0.64
2% 7.62+0.57 4.01+0.31 1432439 4.43+0.08 3.20+0.55
3% 7.56+1.02 3.90+1.07 1384433 3.69+0.77 5.09+0.69
4% 8.23+0.94 4.12+0.87 1371452 3.58+0.26 4.06+1.04
5% 8.75+1.07 4.30+1.02 1267431 3.17+0.06 5.12+0.82

Figure 8 shows a typical impact load and impact energy against time graph showing
maximum impact energy and initiation energy. The initiation energy is the energy at the maximum
load while the propagation energy is the difference between the maximum impact energy and
initiation energy [55]. Initiation energy describes the ability for the target to transfer energy
elastically while propagation energy is the amount of energy absorbed by the target in the
generation and propagation of damages [51,52]. Briefly, a higher initiation energy and/or lower
propagation energy suggests a good and higher impact tolerance. On the other hand, a higher
propagation energy and/or lower initiation indicates an enormous impact damage.

Table 2 reports the initiation energy and propagation energy of the hybrid biocomposites
compared to the reference CFRP. The reference CFRP based on bare epoxy matrix has the highest
propagation energy of 8.84J indicating a larger impact damage. The hybrid biocomposite with
2wt% CCSP has the highest initiation energy which suggests that the laminate transfers elastic
energy better than the other laminates. This is because of good dispersion of CCSP particles and
enhanced fracture toughness as discussed in the tensile test results. 2wt% CCSP hybrid composite
also has the least propagation energy of 3.20J which implies a lesser impact damage compared to
other composites. The hybrid biocomposite with 2wt% CCSP gives the optimum impact tolerance.
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Figure 8. Typical impact load and impact energy against time curve of a composite

To corroborate the extent of failure of the hybrid biocomposites compared to the reference
CFRP, the surface of laminates was examined under SEM after impact. Figure 9(a, b) show the
SEM images of the reference CFRP and 2wt% CCSP hybrid biocomposite, respectively. Figure
9a illustrates that, the reference CFRP based on bare epoxy matrix has undergone severe damage
which is evident from the larger openings of delamination. This is commensurate with the
maximum deflection and propagation energy results obtained, because of the poor out-of-plane
behavior of the CFRP. On the other hand, from Figure 9b, delamination opening in the hybrid
composite is narrower, hence lesser damage experienced. This results from the good fiber-matrix
adhesion effected by the addition of CCSP to the matrix of the hybrid composites, thereby
enhancing its out-of-plane performance. This is observed in the higher initiation energy, lesser
propagation energy and lower deflection results obtained for the hybrid biocomposites, 2wt%
CCSP loading.

(a) SEM image of the reference CFRP after impact
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(b) SEM image of the hybrid biocomposite after impact

Figure 9. SEM observation of the composites after the low velocity impact (a) the reference
CFRP and (b) the biocomposite

4. Conclusion

Carbonized particles from coconut shell have been incorporated into the epoxy matrix of
CFRP to fabricate five hybrid biocomposites with different weight compositions of carbonized
particles: 1%, 2%, 3%, 4%, and 5%. The mechanical performance of the hybrid biocomposites
were compared to a reference CFRP which was based on bare epoxy and carbon fiber without
carbonized particles. The following conclusions were drawn after tensile, flexural, and low
velocity impact tests.

e The tensile fracture toughness, tensile strength and elastic modulus were enhanced with the
addition of carbonized particles at lower CCSP loadings compared to the reference CFRP.
However, at higher CCSP loadings, the properties are compromised because of particle
agglomeration.

e SEM analysis of the fractured surface showed better fiber-matrix adhesion in the hybrid
biocomposites relative to the reference CFRP.

e The flexural strength and stiffness were enhanced in hybrid biocomposites in comparison
to the reference CFRP.

e The reference CFRP experienced severe damage during impact test with higher
propagation energy, larger deflection, and lower initiation energy. Addition of 2wt% CCSP
to the epoxy matrix gives optimum impact tolerance with higher initiation energy, lowest
propagation energy, and minimum deflection.
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