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Abstract

The coconut fruit is cultivated for fruit in tropical countries, whereas its husk and shell are a potential source of natural fiber,
which is mostly disposed of as waste material. There is an increasing trend in research and innovation to replace synthetic
fiber with natural fiber to reduce the environmental carbon footprint. However, using natural fiber in polymer composite
is challenging because of the lower mechanical strength and hydrophilic nature of the natural fiber. The literature reported
on mechanical and moisture resistance properties of coir fiber polymer composite with different fiber orientations is very
limited. Thus, this research aims to evaluate the mechanical properties (flexural and impact) and moisture resistance proper-
ties of the coir fiber reinforced composite. The fiber ware stacked with three different fiber orientations, namely 0°/0°/0°,
0°/90°/0° and 0°/+45°/0°. The composite was fabricated with the hand lay-up technique. The overall results indicated that
the composite specimens with the orientation of 0°/0°/0° indicated the best flexural properties and water penetration resist-
ance in the composite. The stacking sequence of 0°/+45°/0° gave the best impact properties. However, at this orientation,
it gave the lowest water resistance among the studied configurations.
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1 Introduction

Composite materials play a pivotal role in advancing man-
ufacturing processes, aiming to uphold quality standards
while reducing material weight, especially in industries,
such as aviation, automotive, aerospace, sports goods,
and marine fields [1, 2]. The continual improvements in
these sectors pose a challenge to producing composites
with enhanced physical and mechanical properties [3, 4].
Natural fiber-reinforced polymer composites have gar-
nered attention due to their potential to deliver improved
mechanical characteristics, rendering them promising in
practical applications [5—7]. The rising environmental
consciousness has led to the development of eco-friendly
materials, notably utilizing natural fibers, such as plants
and wood, in place of conventional glass fibers across vari-
ous applications [8§—10]. The appeal of natural fibers lies
in their renewability, biodegradability, cost-effectiveness,
and ready availability. Integrating fibers effectively into
structural designs enhances the mechanical strength of
biocomposites [11-13].

Natural fibers derived from coconut coir [14], sisal
[15], bamboo [16], banana [17], rice husk and straw [18,
19], kenaf [20], pineapple leaf [21], and jute [22] offer an
opportunity to reduce composite density and cost while
retaining strength. Historically used in a wide array of
products, natural fibers, especially in recent times, have
emerged as substitutes for traditional glass and carbon fib-
ers in composite materials. The characteristics of these
composites depend on factors like fiber—matrix adhesion,
fiber length, loading, treatment, and matrix dispersion
[23-25]. Tensile [26], flexural [27], and impact strength
[28] are some of the mechanical properties that have been
studied. Natural fibers are being used as alternatives in
many fields, such as construction, aircraft, medicine, and
electronics manufacturing [29], because they are strong,
resist to rusting, are stiff, are lightweight, and not toxic
[30, 31]. Research by Arun et al. [32] underscores how
polymer composite materials can amalgamate polymer
advantages with reinforced phase strength, establishing
them as a widely used, expanding class of materials.

Coconut coir (Cocos nucifera), a robust lignocellulosic
fiber derived from coconut fruit mesocarp, is extensively
cultivated in tropical regions like Thailand, India, and Sri
Lanka [33, 34]. Coir fibers possess a high lignin content,
endowing them with strength, weather resistance, water-
proofing, and chemical adaptability. Their notable elonga-
tion at break allows further stretching without fracturing.
Literature extensively documents the structural, morpho-
logical, mechanical, and thermal characteristics of coir fib-
ers [34, 35], as evident in Table 1 showcasing the chemical
composition of coir fibers.
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Table 1 Chemical composition

. Components Contents (%)
of coconut coir fiber [36]
Cellulose 434
Hemicellulose 0.25
Lignin 45.8

Coconut coir fibers exhibit unique mechanical proper-
ties, making them promising reinforcements for polymer
composites. Studies by Abdul Khalil et al. [37] highlight
their impressive tensile strength, enhancing composite
structural integrity. Additionally, the durability of coir fib-
ers and its lightweight nature contribute significantly to the
overall strength-to-weight ratio of the polymer composites
[38]. Studies, like those by Munde et al. [39], emphasize
that low fiber loading in coir-PP composites increases
energy absorption due to higher damping characteristics
at higher resin concentrations. Recent investigations and
manufacturing applications of coir fiber-reinforced poly-
mer composites, alongside other natural fibers, are detailed
in Table 2, exemplifying their utilization and manufactur-
ing processes.

The utilization of coconut coir fibers, a byproduct of
coconut husks, has gained recognition for strengthening
polymer composites, primarily due to their significant ten-
sile strength [41, 42]. Research by Abdul Khalil et al. [37,
43] emphasizes natural fibres' tensile strength, positioning
them as reinforcing agents. Favorable integration of coir
fibers with unsaturated polyester matrices for composite
laminates stems from their high tensile strength. However,
a comprehensive analysis of their mechanical and physi-
cal properties concerning compatibility with unsaturated
polyester resin remains essential. Table 3 summarizes the
mechanical and physical properties of coconut coir fibers
and unsaturated polyester, highlighting their respective
characteristics.

Despite extensive research on diverse fiber composites,
insufficient attention has been given to coconut coir fiber-
reinforced unsaturated polyester composites [47, 48]. This
gap is intriguing considering the existing knowledge of
manufacturing techniques and the mechanical properties
of various fiber composites. Addressing this lack of study
is critical, given the rising demand for sustainable and
high-performance materials. Therefore, this research aims
to comprehensively investigate coconut coir fibre's poten-
tial as reinforcement in unsaturated polyester composites.
Understanding the relationship between the mechanical
properties and water absorption characteristics of these
composites is vital for their real-world applicability. By
bridging this knowledge gap, this study aims to signifi-
cantly contribute to the development of environmentally
friendly materials exhibiting superior performance.
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Table 2 Current progress of coir fiber and other natural fibers in composite products and applications [40]

Fibre reinforce- Matrix/Binder Material Application Manufacturing techniques
ment
Coir PP, epoxy resin, PE Automobile structural components, building Extrusion, injection molding
boards, roofing sheets, insulation boards
Ramie PP, Polyolefin, PLA Bulletproof vests, socket prosthesis, civil. Extrusion with injection molding
Window/door frames, automative struc-
ture
Kenaf PLA, PP, epoxy resin Tooling, bearings, automotive parts Compression molding, pultrusion
Flax PP, polyester, epoxy Structural, textile Compression molding, RTM, spray/hand
lay-up vacuum infusion
Jute Polyester, PP Ropes, roofing, door panels Hand lay-up, compression/injection molding
Sisal PP, PS, epoxy resin Tooling, automotive Hand layup, compression molding
Hemp PE, PP, PU Furniture, automotive RTM, compression molding

Table 3 Mechanical and physical properties of coconut coir fiber and
unsaturated polyester [44—46]

Properties Coconut coir fiber Unsaturated
polyester
Density (g/cm?) 1.15-1.46 1.025
Tensile strength (MPa) 131-220 44.40
Elastic modulus (GPa) 4-6 3.54
Elongation at break (%) 15-40 2.15

2 Materials and Methods
2.1 Materials

Fibers from coconut coir (Cocos nucifera) were extracted
in Dungun, Terengganu, Malaysia. CCP Composites Res-
ins Malaysia Sdn. Bhd. The matrix material, an unsatu-
rated polyester resin of RTM grade, was carefully chosen
for its favorable viscosity and reactivity. This resin, with
a density of 1.025 g/cm?®, not only influences the overall
weight of the resulting composite but also ensures com-
patibility with the coir fibers. In order to start the curing
process, the application of methyl-ethyl ketone peroxide
(MEKP), more precisely the Butanox-M50 version, was
used. The MEKP compound functioned as the catalyst,
facilitating the polymerization process of the liquid resin,
resulting in the formation of a composite laminate. The
selection of Butanox-M50 MEKP aids in providing the
polymer matrix to be optimal in both reactivity and sta-
bility. The careful methodology used in the selection and
processing of materials establishes the foundation for a
thorough examination of the mechanical and water absorp-
tion characteristics of the unsaturated polyester composites
reinforced with coconut coir fibers.

2.2 Fabrication of Composite Samples

The coconut coir reinforced polymer composites were devel-
oped using a hand-layup method with a 17:100 ratio of coir
fiber to unsaturated polyester resin. The coir fiber was not
given any treatment during the investigation. First, a silicone
release agent was sprayed into the mold to eliminate the
possibility of the composites sticking to the mold. 1 g of
MEKP, which served as a hardener, was thoroughly incor-
porated into the unsaturated polyester resin. Three layers of
coir fiber were piled in the mold before the resin was poured
over them. The sample was allowed to cure for a week. As
illustrated in Fig. 1, three different stacking sequences were
used to fabricate composite laminates: 0°/0°/0°, 0°/90°/0°,
and 0°/+45°/0° as shown in Fig. 1. The final thickness of
the produced samples approximately 7 to 8 mm. Follow-
ing the guidelines in ASTM 570 (Water Absorption Test),
ASTM 6272 (Four-Point Flexural Test), and ASTM D6110
(Charpy Impact Test) standards, the composite laminates
were divided into numerous dimensions of coupons once
they had cured. Six samples were created for each compos-
ite configuration to investigate each sample's water absorp-
tion, flexural characteristics, and impact properties. Figure 2
shows the overall composite production procedure.

2.3 Density Test

A densimeter (Mettler Toledo (M) Sdn. Bhd, Selangor,
Malaysia) was used in the determination of the density of
acquired three stacking sequences of coconut coir fiber rein-
forced unsaturated polyester composites. The samples were
dried for 7 days. Afterward, the computation of the initial
dry matter of each composite was accomplished. The coir/
UPE composites samples were weighed (m) before immers-
ing hybrid composites into the liquid of volume (V) and the
density denoted as (p), was calculated from Eq. (1). The
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Fig. 2 Fabrication process of coir fibers reinforced UPE composites

samples were set with size of 4 cm X6 cm X 0.8 cm. Each
test was carried out 6 times.

p= v €))]

2.4 Water Absorption Test

An investigation on water absorption was carried out using
the methodology outlined in ASTM D 570. The samples
were dried for 24 h at a temperature of 50 °C, and to stabilize
their weight, the dried samples were cooled in a desicca-
tor. The samples were weighed and immediately soaked in
distilled water at room temperature. After being cleaned off
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with a clean piece of cloth, the samples of the wet film were
reweighed. The initial and final mass were determined, and
Eq. (2) was used to calculate the water absorption (%).

. M; — M;
Water absorption(%) = i x 100, )

1

where M, is the initial mass of the dried sample, M, is the
final mass of the sample after water absorption.

2.5 Moisture Content and Thickness Swelling Test

Moisture content and thickness swelling are pivotal param-
eters used to gage a material's interaction with moisture,
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particularly in composite materials like fiber-reinforced
polymers. Moisture content assessment serves to quantify
the quantity of water absorbed relative to the material's dry
weight or volume, offering insights into its stability and
durability in varying environmental conditions. The mois-
ture content test is performed based on ASTM D4442-92
standards. The procedure entails precisely weighing dry
samples at first, then thoroughly drying them to remove
moisture. The final weight post-drying facilitates the calcu-
lation of moisture content as a percentage (Eq. 3).

Wet ight — D ight
Moisture Content (%) = ( et weig LY Weig ) x 100.

Dry Weight
3)
Conversely, thickness swelling evaluation determines a
material's expansion or swelling when exposed to moisture,
which is crucial for assessing dimensional changes. This
test requires initial thickness measurements, and immersion
of samples in water for a designated period, followed by
re-measuring post-soaking thickness. Test method based on
ASTM D1037 measures the thickness swelling of wood-
based panels or composites after being subjected to water
immersion. The percentage increase in thickness is calcu-
lated to ascertain the extent of swelling. Both tests aid in
material selection, quality control, and assessing a material's
suitability in environments with moisture exposure, provid-
ing critical insights into dimensional stability and overall
durability. Thickness swelling (%) is calculated as follows
(Eq. 4):

material's dimensional stability, durability, and overall behav-
ior when used in real-world conditions where water contact or
humidity are concerns. These tests aid in material selection,
quality control, and ensuring the reliability of materials in vari-
ous applications.

2.6 Four-Point Flexural Test

The ultimate flexural strength was assessed using the four-
point flexural test (Fig. 3) at room temperature at the Material
Laboratory, Universiti Tenaga Nasional, Malaysia. Based on
the ASTM D6272, an international testing standard for the
four-point bending test, the cross-head speed of 3.29 mm/min
was selected. According to ASTM D6272 requirements, the
span-to-depth support and span-to-depth shear ratios were
around 28 and 10.45, respectively, sufficient to minimize shear
effects. The edges of the loading channels were rounded with
a 2.5 mm radius. Each flexural specimen was supported by
steel rollers with a diameter of 12.7 mm over a 280 mm clear
span. A strain gage positioned in the middle of the specimen
was used to measure the flexural strength throughout the test.
The four-point flexural tests were performed three times, the
average results were taken, and then the results were recorded
for evaluation and discussion.

The below illustrates the ultimate flexural strength and flex-
ural strain of a rectangular sample with a loading span of one-
third the ratio of the support loading span. Equations (5) to (7)
shows the calculations of flexural stress, strain and modulus
respectively.

Thickness Swelling (%) 3P( L— Li) s

- <Fina1 Thickness — Initial Thickness ) % 100 @ T T e ©)

Initial Thickness '
Subsequently, the moisture content and thickness swelling 6(L—L;)dA ©)
. . E= ————
measurements are crucial in assessing the performance and 4a3 — 3al?
suitability of materials in environments where exposure to
moisture is expected. Both parameters help in determining a
Fig.3 Composite specimen
subjected to four-point flexural
test: a schematic diagram and
b actual test conducted using a
universal test machine
Force Force
Loading pins

Supporting pins
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E= E. @) Ta!ale 4 Depsity of coconut Sample fiber  Density (g/cm®)
£ coir fiber-reinforced unsaturated orientation
polyester composites with
where P is the load in (N), o is stress in the outer fiber in  various stacking sequences 0°/0°/0° 0.684
(MPa), L, is the loading span in (mm), L is the support span 0°/90°/0° 0.564
in (mm), a is the distance from the support to the nearest 0°/445°0° 0451

loading point in (mm), b is the specimen width in (mm), d
is the specimen thickness in (mm), A is the midspan deflec-
tion in (mm), and E is flexural modulus (GPa) using Hooke's
law equation.

2.7 Charpy Impact Test

At room temperature, the Charpy impact test was carried
out in the Material Laboratory of the Universiti Tenaga
Nasional, Malaysia, to evaluate composites' impact strength
and ability to absorb energy. Zwick Roell Pendulum Impact
Testers used for Charpy impact test following ASTM D6110.
The specimens were 63.5 mm X 12.7 mm in size. An impact
test was carried out to investigate the composite material's
mechanical properties in terms of its ability to withstand
high-speed loading. Results were obtained from an average
of 5 tested specimens for each loading.

3 Results and discussion
3.1 Density

The density values of unsaturated polyester composites rein-
forced with coconut coir fibers when stacked in three dif-
ferent ways are 0°/0°/0°, 0°/90°/0°, and 0°/+45°/0°. These
values show clear differences. The 0°/0°/0° composites
exhibited the highest density at 0.684 g/cm?, followed by the
0°/90°/0° configuration at 0.564 g/cm?, and the 0°/+45°/0°
configuration at 0.451 g/cm®. The transition from 0° fiber
orientation to 90° and +45° orientations appears to decrease
the composite's density, presumably due to the alteration
in fiber orientations creating discontinuities between fiber
stacks, consequently reducing the mass of fibers per unit
volume. Lower density values suggest a lighter composite
material, indicating that stacking sequence and fiber orienta-
tion significantly influence the composite's physical proper-
ties (see Table 4).

In the parallel fiber stacking sequence (0°/0°/0°), the
coconut coir fibers are lined up parallel to each other. This
makes the arrangement denser and more tightly packed,
which increases the overall density of the material. The
perpendicular fiber sequence (0°/90°/0°), where fibers are
aligned at a precise right angle of 90 degrees to one another,
although not as dense as the parallel sequence, still leads to a
relatively dense structure [49]. On the contrary, the off-axis
fiber sequence (0°/+45°/0°) positions fibers at a 45-degree
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angle, creating more voids within the composite, resulting
in reduced overall density compared to other sequences [50].
The positioning and alignment of the reinforcing fibers
in a composite material affect its density. Parallel or tightly
aligned fibers tend to lead to higher densities, whereas more
randomly oriented or off-axis fibers tend to result in lower
densities [51, 52]. Understanding this relationship among
fiber orientation, stacking sequence, and resultant composite
density is crucial in tailoring composite materials for spe-
cific applications while balancing variables, such as strength,
stiffness, and weight [53]. Therefore, these density findings
will be integrated with water absorption and mechanical
characteristics investigations to optimize the performance
of these composites for diverse engineering applications.

3.2 Water Absorption Properties

Biocomposites are usually experience hydrophilic condition,
where they are sensitive toward water molecules due to its
lignocellulosic fiber sources [54]. In this case, water absorp-
tion behavior plays vital role in determining the properties
of the composites and should be prepared for this work.
The experimental work on water absorption characteristics
took place to evaluate the physical ability of a material to
absorbed water in certain time and conditions. Generally,
the physical properties of moisture diffusion are governed
by several aspects, such as humidity, fiber volume frac-
tion, temperature, number of voids, and viscosity of matrix
[55, 56]. In general, the adhesion behavior of fiber with the
matrix was due to reduced water absorption [57, 58]. Addi-
tionally, the high water uptake of natural fiber composites
is due to the presence of amorphous substances, such as
hemicellulose, lignin, wax, and structurally integrated water
molecules [25, 59]. For this test, Fig. 4 illustrates the water
absorption properties for various stacking sequences of
coconut coir fiber reinforced unsaturated polyester compos-
ite (CCFRUPC).

The highest water uptake of CCFRUPC after 360 h was
35.6% (0°/+45°/0°), then trailed by 19.2% (0°/90°/0°) and
16.8% (0°/0°/0°). This phenomenon happened due to the
CCFRUPC with 0°/445°/0° sequence was more amorphous
and structurally integrated with water molecules in its com-
position. The 0°/90°/0° and 0°/0°/0° CCFRUPC have almost
same performance and permit better water resistance than
0°/+45°/0° due to probably less air voids in the composite.



Fibers and Polymers (2024) 25:661-672

667

Fig.4 Water absorption of 40
CCFRUPC with various stack-
ing sequences 35

30
25

20

Water Absorption (%)

According to Remirez et al. [60] and Jumaidin et al. [61],
the lower water uptake in biocomposites was due to bet-
ter interfaces adhesion between fibers/matrix which lesser
voids and provide better resistance toward water molecule
penetration. Other than that, the results displayed that water
uptake was higher in the early period and start to be reduced
as the longer immersion time at 168 h. This observation was
because of water molecules beginning to enter the capillar-
ies of composites and causing the fiber to swell and create
more air cavities [62, 63]. This factor causes water to be
trapped in the void and increases composite weight [64]. The
cavities would induce to micro-crack in the thermosetting
polyester matrix. Occurrence of micro-crack would create
a large surface area at the interface between the fibers and
the matrix and resulting higher water penetration toward the
composite structure.

4 Moisture Content (MC) and Thickness
Swelling Analysis

The investigation focused on assessing the moisture con-
tent and thickness swelling of coir fiber-reinforced polymer
composites with three different fiber orientations: 0°/0°/0°,
0°/90°/0°, and 0°/+45°/0°. The moisture content and thick-
ness swelling were crucial parameters measured during the
experimental analysis, offering insights into the composite's
resistance to moisture and dimensional changes under dif-
ferent orientations. The investigation involved assessing the
moisture content and swelling of various coir fiber orienta-
tions incorporated into polymer composites. The collected
data shown in Table 5 demonstrated notable differences
among the tested samples.

The data obtained revealed varying moisture content
among the different fiber orientations. The composite spec-
imens with a stacking sequence of 0°/0°/0° exhibited the

0°/0°/0° 0°/90°/0° 0°/+45°/0°

96 120 144 168 192 216 240 264 283 312 336 360

Time (Hours)

Table 5 Analysis moisture content and thickness swelling data

Sample fiber orientation Moisture content (%) Thickness
swelling
(%)
0°/0°/0° 2.1 1.5
0°/90°/0° 35 2.8
0°/445°/0° 2.8 2.1

lowest moisture content, recorded at 2.1%. This orientation
demonstrated superior resistance to moisture penetration,
suggesting a more effective barrier against water absorption.
The 0°/+45°/0° stacking sequence showcased the highest
moisture content among the studied configurations, reaching
3.5%. This orientation exhibited increased vulnerability to
moisture, indicating a higher propensity for water absorption
compared to the 0°/0°/0° and 0°/90°/0° orientations. The
0°/90°/0° stacking sequence recorded a moisture content of
2.8%, indicating moderate resistance to moisture absorption.
Overall, the moisture content data highlighted the significant
influence of fiber orientation on the composite's ability to
resist water penetration, with 0°, 0°, and 0° demonstrating
the most favorable moisture resistance.

The thickness swelling data also showcased notable dif-
ferences across the tested orientations. The 0°/0°/0° stacking
sequence exhibited minimal thickness swelling, recorded at
1.5%. This orientation demonstrated remarkable dimen-
sional stability when subjected to moisture, experiencing
minimal changes in thickness. In contrast, the 0°/+45°/0°
configuration displayed the highest thickness swelling
among the tested sequences, reaching 2.8%. This orientation
exhibited increased susceptibility to dimensional changes
when exposed to moisture, resulting in greater swelling
compared to the 0°/0°/0° and 0°/90°/0° orientations. The
0°/90°/0° stacking sequence showcased moderate thickness
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swelling, recorded at 2.1%, indicating a moderate degree of
dimensional change when exposed to moisture. The thick-
ness swelling data emphasized the considerable impact of
fiber orientation on the composite's dimensional stability
under moisture exposure conditions, with the 0°/0°/0° con-
figuration demonstrating the most favorable resistance to
swelling.

Therefore, the moisture content and thickness swelling
data underscored the critical role of fiber orientation in influ-
encing the moisture resistance and dimensional stability of
coir fiber-reinforced polymer composites. The 0°/0°/0° ori-
entation exhibited superior performance in both moisture
resistance and dimensional stability, making it a promis-
ing configuration for applications requiring high resistance
to moisture absorption and minimal dimensional changes.
Conversely, the 0°/+45°/0° orientation displayed higher
susceptibility to moisture, leading to increased moisture
content and thickness swelling. The findings highlighted
the significance of selecting appropriate fiber orientations to
optimize the composite's performance in resisting moisture
and maintaining dimensional stability.

4.1 Flexural Properties

Flexural strength and modulus are critical mechanical prop-
erties that determine a material's ability to withstand bend-
ing or deformation when subjected to external loads. In our
study, these properties were investigated across different
stacking sequences (0°/0°/0°, 0°/90°/0°, and 0°/+45°/0°)
of CCFRUPC. The 0°/0°/0° sequence, characterized by par-
allel fiber alignment, exhibited the highest flexural strength
(24.1 MPa) and modulus (8.65 GPa). This superior perfor-
mance can be attributed to the parallel orientation of fib-
ers, which enables effective stress transmission along the
length of the fibers during loading. When stress is applied
parallel to the fiber orientation, the fibers efficiently bear the
load, resulting in enhanced flexural properties. Likewise, the
0°/90°/0° and 0°/+45°/0° sequences showcased a significant

Fig.5 Flexural strength and

modulus of CCFRUPC with 30.00
various stacking sequences
25.00
20.00

15.00

10.00

Ultimate Flexural Strength (MPa)

5.00

0.00
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decrease in flexural strength and modulus. The 0°/90°/0°
sequence, with fibers arranged perpendicular to each other
in the middle layer, recorded a reduced flexural strength of
11.98 MPa and a modulus of 5.32 GPa. The 0°/+45°/0°
sequence, which used off-axis fibers at a 45-degree angle,
showed even lower flexural strength (4.96 MPa) and modu-
lus (1.71 GPa) (see Fig. 5).

The decline in flexural properties in configurations other
than 0°/0°/0° suggests a notable lack of efficient stress trans-
fer along the composite structure. When stress is applied
perpendicular to or at off-axis angles to the fibers, the load
transmission between layers becomes less effective [65, 66].
This phenomenon leads to a reduced ability of the com-
posite to withstand bending forces, resulting in lower flex-
ural strength and modulus [67, 68]. Hashim et al.'s research
results [51] agree with what we saw. They stress that the
lack of stress transfer, especially in patterns like 0°/90°/0°
and 0°/+45°/0°, can weaken the structure of composites
when loads are put on them. The misalignment or change
in the orientation of fibers in these sequences contributes to
a lack of continuity in load-bearing pathways, reducing the
material's ability to resist deformation.

Therefore, this result confirms that the stacking sequence
and fiber orientation significantly influence the flexural prop-
erties of CCFRUPC. Configurations like 0°/0°/0°, which
favors parallel fiber alignment, have better flexural strength
and modulus. Deviations from this arrangement, on the other
hand, cause mechanical performance to be worse. Under-
standing these relationships is crucial for designing compos-
ite materials optimized for specific applications, balancing
properties like strength, stiffness, and load-bearing capacity.

4.2 Impact and Energy Absorption Properties

The results of the impact properties of CCFRUPC, shown
in Fig. 6, show how the three stacking sequences (0°/0°/0°,
0°/90°/0°, and 0°/+45°/0°) have different effects on the
composites. These stacking patterns show different ways

M Ultimate Flexural Strength (MPa) Flexural Modulus (GPa)

10

8
6
n
©
o 4
o~
™
I u;
. 0

0°/0°/0° 0°/90°/0° 0°/+45°/0°
Composite Configurations

Flexural Modulus (GPa)

N

1.71
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that the coir fibers are arranged in the composite structure,
which changes how it reacts to impacts and how much
energy it absorbs. The stacking sequence 0°/90°/0°, which
looked like a sandwich with a 90° layer between two 0° lay-
ers, had the highest values for both energy absorbed (2.22 J)
and impact strength (23.16 kJ/m2). This configuration dis-
played superior energy absorption capabilities, primarily
due to its arrangement allowing for efficient load distribu-
tion and energy dissipation throughout the composite [69].
The 90° layer facilitates a better spread of impact forces,
thus enhancing the material's ability to absorb and dissipate
energy, resulting in improved impact strength.

Contrastingly, the 0°/0°/0° and 0°/+45°/0° configurations
demonstrated lower energy absorption, mainly attributed to
their orientations that restrict effective energy transfer and
dissipation. These orientations led to localized stress con-
centrations, reducing the composite's ability to uniformly
distribute the applied energy. As a consequence, these
sequences exhibited surface failures, such as fiber break-
age, delamination, and crack initiation, indicating limita-
tions in their impact resistance. The fact that the impact
properties changed when the layers were stacked in differ-
ent ways shows how important fiber orientation is for how
well CFRUP composites can absorb and release energy. The
perpendicular arrangement in the 0°/90°/0° sequence made
it much better at supporting weight and distributing energy,
which made it more resistant to impact.

Besides, a comparative study conducted by Dress et al.
[70], examining impact properties in woven sisal fiber-rein-
forced polyester composites (WSFRPC) with various ori-
entations, corroborate these findings. Similar trends were
observed, highlighting the advantageous impact properties
of orientations resembling 0/90° compared to other angu-
lar configurations and affirming the importance of specific
stacking sequences in governing impact resistance [71]. Fur-
thermore, Fig. 6 shows how the impact strength and absorp-
tion properties change when coir fiber-reinforced UPE com-
posites are stacked in different ways. Understanding how

Fig.6 Impact strength and
absorption properties of various
staking sequence of CCFRUPC

Absorbed Energy (J)
= N
wv N w

i

0.5

stacking configurations influence impact properties aid in
tailoring these composites for applications where resilience
against impact loads is crucial.

5 Analysis of Results from Density,
Water Absorption, Flexural and Impact
Properties due to the Effect of Fiber
Orientations

The stacking sequences used in unsaturated polyester
composites reinforced with coconut coir fibers—namely,
0°/0°/0°, 0°/90°/0°, and 0°/ 4+ 45°/0°—have a big impact on
how the composite material behaves as a whole. Density, a
fundamental attribute, demonstrates a complex interdepend-
ence with fiber orientation and structural configuration. The
0°/0°/0° stacking configuration, characterized by parallel fib-
ers, yields the highest density (0.684 g/cm?), indicative of
a highly compact and condensed arrangement. Conversely,
the 0°/445°/0° sequence, integrating off-axis fibers, results
in the lowest density (0.451 g/cm?), suggesting a less dense
and more amorphous shape. The observed variations in
density can be attributed to the formation of voids between
fiber stacks due to orientation differences, influencing the
mass of fibers within a given volume. Lower density, as
seen in the 0°/+45°/0° stacking sequence, suggests a com-
paratively lighter composite material. This emphasizes the
significant impact of layer arrangement and fiber orientation
on the mechanical and physical properties of the composite
material.

Beyond density, this study investigates the water absorp-
tion characteristics of these biocomposites, a crucial con-
sideration due to their inherent hydrophilic nature. Results
from the 360-h water uptake experiment indicate that the
0°/+45°/0° sequence exhibits the highest absorption rate at
35.6%. This is followed by the 0°/90°/0° sequence at 19.2%
and the 0°/0°/0° sequence at 16.8%. The inclusion of an off-
axis arrangement in the 0°/445°/0° configuration increases
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void presence, rendering it more amorphous and suscepti-
ble to water absorption. Conversely, enhanced adhesion in
the 0°/90°/0° and 0°/0°/0° configurations decreases water
absorption, emphasizing the influence of fiber—matrix inter-
faces on water repellency [41].

Looking at the flexural properties shows that the 0°/0°/0°
sequence has the highest flexural strength (24.1 MPa) and
modulus (8.65 GPa), which is because stress is easily
transferred along the parallel fibers. On the other hand,
the 0°/445°/0° sequence has the lowest flexural strength
(4.96 MPa) and modulus (1.71 GPa), which means that the
change in fiber orientation has caused problems. Hashim
et al. [51] also found out the both side of with 0° outer layers
of coir composite allows principal loading direction aligned
with the ply orientation. Subsequently, it caused degradation
in the composite’s structural integrity to resist the applied
load. Impact and energy absorption characteristics consist-
ently demonstrate that the 0°/90°/0° arrangement has the
highest impact strength (2.22 J) and energy absorption
capacity (23.16 kJ/m?). These findings highlight the signifi-
cance of fiber dispersion and alignment in governing impact
resistance and energy absorption.

Comparatively, the parallel orientation (0°/0°/0°) often
emerges as a preferable option due to its superior quali-
ties in water absorption, flexural strength, modulus, impact
strength, and energy absorption. Off-axis fibers (0°/+45°/0°)
offer reduced density but encounter limitations in water
absorption, flexural characteristics, and impact resistance.
The sandwich configuration (0°/90°/0°) displays advanta-
geous impact properties and energy absorption, making it
suitable for applications prioritizing impact resistance. This
result is consistent with finding made by Dress et al. [70]
in which 0/90° orientation of woven sisal fiber reinforced
polyester composite (WSFRPC) has better impact properties
in comparison to orientations, such as 30°/60° and 30°/ —45°
of WSFRPC. Overall, these observations regarding the inter-
action between stacking sequences and composite properties
offer crucial insights for enhancing performance across vari-
ous engineering applications. They underscore the intricate
connections among fiber orientation, stacking sequence, and
resulting composite characteristics.

6 Conclusions

In this study, the effect of coir fiber orientation was evalu-
ated on the flexural properties which impact performance
and water resistance of the coir fiber reinforced polymer
composite. The outer and the lower layers of the reinforce-
ment were stacked with the same orientation in all composite
specimens, but the middle layer was stacked with three dif-
ferent orientations. In conclusion, it is found that the fiber
orientation had a significant effect on the overall flexural

@ Springer

properties, impact strength, energy absorption, and mois-
ture resistance of the coir fiber reinforced composite. The
0°/0°/0° and 0°/90°/0° exhibited the best moisture resistance
compared to the 0°/45°/0°. Stacking all the fibers in the same
direction of 0°/0°/0° exhibited the best flexural strength and
modulus compared to other stacking orientations of the fiber.
The stacking orientation of 0°/90°/0° showed the highest
impact strength and energy absorption properties among all
the studied configurations. Thus, this experimental inves-
tigation showed that 0°/90°/0°-oriented coir fiber in poly-
mer composite could achieve greater impact strength and
moisture resistance than stacked fiber in the same direction.
However, in application areas of coir fiber polymer com-
posite where structure requires higher flexural strength and
stiffness, it would prefer to use the fiber in the same direction
to achieve higher flexural strength and flexural modulus.
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