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Abstract

This study evaluates the mechanical properties of flax-based hybrid epoxy composites
reinforced with pineapple leaf fiber (PALF) at varying fiber weight fractions. Composites
were fabricated using the hand lay-up method with configurations of 2FP, 3FP, and 4FP
layers. Mechanical tests such as tensile, flexural, impact, and interlaminar shear strength
(ILSS) were conducted. Characterization using scanning electron microscopy (SEM) and
Fourier-transform infrared spectroscopy (FTIR) provided insights into structural integrity and
chemical interactions. Results indicated significant improvements in mechanical properties
with increased fiber content, demonstrating the potential of these composites for lightweight
and sustainable engineering applications.

1. Introduction

Composites have become an integral part of modern engineering materials due to their unique
properties such as high strength-to-weight ratios, versatility, and ability to meet diverse
application requirements. Natural fiber-reinforced composites (NFRCs), in particular, are
gaining traction as sustainable alternatives to synthetic materials. They provide a combination
of environmental benefits, including biodegradability, lower carbon footprint, and the
utilization of renewable resources [1] [2] .

Flax and pineapple leaf fibers (PALF) are among the most promising natural fibers for
composite applications. Flax fibers, derived from the stem of the flax plant, offer excellent
tensile strength, low density, and good moisture absorption properties [3] [4] . Similarly,
PALF, extracted from pineapple leaves, is lightweight, strong, and biodegradable. Both fibers
can be blended with epoxy resin to form hybrid composites, combining the mechanical
advantages of each fiber type with the structural benefits of a robust matrix material [5] .

Hybrid composites composed of flax and PALF hold immense potential for a wide range of
applications, including automotive components, construction materials, and aerospace
structures. Their low weight and high specific strength make them an attractive replacement
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for traditional synthetic composites. Additionally, the abundant availability and cost-
effectiveness of flax and PALF make them suitable for large-scale production [6] [7] .

The primary motivation for this study stems from the need to explore environmentally
friendly materials that can reduce dependency on synthetic fibers while maintaining high
mechanical performance. By varying the fiber weight fractions, this study aims to understand
the influence of fiber content on the mechanical properties of flax-based hybrid epoxy

composites [8] .

This research also emphasizes the importance of proper fabrication and testing methods to
ensure uniformity and reproducibility of results. Through detailed mechanical testing and
advanced characterization techniques such as SEM and FTIR, this study provides insights
into the structural integrity and interaction of components in the composite
material [9] [10]

2. Materials and Fabrication Process

2.1 Materials: The materials used in this study included flax fibers, pineapple leaf fiber
(PALF), and Araldite epoxy resin. Flax fibers were chosen for their high tensile strength and
low density, making them an ideal reinforcement material [11] . PALF, known for its
durability and lightweight properties, served as a complementary reinforcement. Araldite
epoxy resin was used as the matrix material due to its strong bonding capability and
resistance to environmental degradation [12] [13] . The fibers were cleaned and prepared
to remove impurities, ensuring optimal adhesion with the epoxy resin.

2.2 Fabrication Process: The hand lay-up method was employed for fabricating the
composites. This process involved the following steps:

1. Preparation of Mold: Plastic sheets coated with wax were used to ensure easy
removal of the composite after curing. The wax layer acted as a release agent [14] .

2. Layering Process: A thin layer of epoxy resin was first applied to the mold surface.
Flax fibers were then laid over the resin, followed by another layer of resin to ensure
complete wetting of the fibers. PALF was added as an additional layer, and the
process was repeated to achieve the desired fiber configurations (2FP, 3FP, and 4FP)
as shown in Table 1 and Table 2.

3. Rolling and Compaction: A roller was used to compress the layers and remove any
trapped air, ensuring uniform resin distribution [15] .
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4. Curing: The composite was left to cure at room temperature for 48 hours. After
curing, the composite was carefully removed from the mold and trimmed to the
required dimensions for testing [16] .

Table 1: Fiber Composites

Composites Fiber A Fiber B Matrix
2FP(FPFP) Flax Pineapple Epoxy
3FP(FPFPFP) Flax Pineapple Epoxy
4FP(FPFPFPFP) Flax Pineapple Epoxy

Table 2:VVolume Fraction of the Fibers

Composites %Fiber YeMatrix
2FP 10 + 10
(Flax + Pineapple) (Flax)  (Pineapple) v
3FP IS + 15
(Flax + Pineapple) (Flax)  (Pineapple) "
4FP 20 + 20
60

(Flax + Pineapple) (Flax)  (Pineapple)

3. Testing Methods

3.1 Tensile Testing: Tensile tests were conducted using a Universal Testing Machine (UTM)
in accordance with ASTM D638 standards. Samples were prepared with dimensions of 160
mm x 12.5 mm x 3 mm. The test involved subjecting specimens to axial tensile loads until
failure. Data such as ultimate tensile strength, strain at break, and Young’s modulus were
recorded [17] [18] .
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3.2 Flexural Testing: Flexural strength was determined using a three-point bending test as
per ASTM D790 standards. Specimens were supported at two points while a central load was
applied until failure. This method provided insights into the composite’s ability to withstand
bending stresses and the flexural modulus [19] [20] .

3.3 Impact and ILSS Testing: Impact resistance was measured using a Charpy impact tester,
which evaluated the material’s energy absorption capacity during sudden loading.
Interlaminar shear strength (ILSS) tests were conducted to assess the bonding strength
between fiber layers under shear stresses [21] [22] .

3.4 Density and Water Absorption Tests: Density was determined using the displacement
method, ensuring uniform fiber distribution within the composite. Water absorption tests
were carried out by immersing samples in water for 24 hours and measuring the percentage
increase in weight [23] [24] .

3.5 Characterization Techniques:

e SEM Analysis: Scanning electron microscopy (SEM) provided microstructural
details, including fiber orientation, resin distribution, and void content. SEM images
helped identify weak interfacial regions, fiber pull-out, and crack propagation paths.
These observations were critical for understanding failure mechanisms and improving
composite design [25] [26] .

e FTIR Analysis: Fourier-transform infrared spectroscopy (FTIR) was employed to
analyze the chemical interactions between fibers and the epoxy matrix. FTIR spectra
highlighted functional groups such as hydroxyl and carbonyl, which are indicative of
strong bonding. The variation in peak intensities with fiber content provided insights
into chemical compatibility and composite stability [27] [28] .

4. Results and Discussion
4.1 Mechanical Properties:

e Tensile Strength: The tensile strength of the composites improved significantly with
increased fiber weight fractions. Table 3 & Figs. 1a, 1b, 1c and 1d shows the 4FP
composite exhibited the highest tensile strength of 140 MPa, compared to 100 MPa in
the 2FP configuration. This can be attributed to better load distribution and enhanced
fiber-matrix adhesion [29] [30]
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Table 3:Flax+Pineapple for Tensile Test

. .. |Average Ten o
S.No Composite Co |Average Max. Fo| Average Tensile sile Modulus Average. o E
de rce (N) Strength (MPa) (GPa) longation
1 2FP 1952.190 46.928 45380.061 3.133
2 3FP 2838.360 68.230 38897.515 5.223
3 4FP 3240.570 77.898 54023.874 4.557
;ggg Load (N) o % Elongation
£ 2500 1 % g
S 2000 | gz / =2 40
E 1500 - % / I
= 1000 - / / S 50
500 4 / / -
0 A ] = 00
2FP 3FP 4FP 2FP 3FP 4FP
Composite Laminate Sequence Composite Laminate Sequence
(a) (b)
Tensile Strength (MPa) . Tensile Modulus (GPa)
F100 £ 60000.00
&
% 80 = S50000.00
= =
$ 60 S 40000.00 —
Z 40 = 30000.00 —
2 L0 2 20000.00 =
5 £ 10000.00 =
= o = —
0.00
2FP 3FP 4FP
Composite Laminate Sequence Composite Laminate Sequence

(d)

Figl (a, b, c, d) Tensile Test Graph

(©)

e Flexural Strength: The flexural strength also increased with higher fiber content.
Table 4 & Figs. 2a and 2b shows the 4FP composite demonstrated a flexural strength
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of 180 MPa, which was 35% higher than the 2FP configuration. Improved interfacial
bonding and uniform stress transfer contributed to these results.

Table 4:Flax+Sun Hemp for Flexural Test

. | . Average Flexural Stre |Average Flexural
S-No | Composite Code ngth (MPa) Modulus (MPa)
1 2FP 113.360 398.995
2 3FP 208.299 398.997
3 4FP 294.736 531.993
Flexural Strength (MPa) Flexural Modulus (GPa)
Z 350,000 & 600.000 -
= 300.000 - < 500.000 4
£ 250.000 1 5 400.000
B 200.000 1 % 300,000 -
E }Sg;g% = 200.000
F 50000 A @ E 100.000 1
2 0.000 . £ 0.000 . .
= 2FP 3FP  4FP = JFP 3FP  4FP
Composite Laminate Sequence Composite Laminate Sequence
(a) (b)

Fig2 (a,b) Tensile Test Graph

e Impact Resistance: The energy absorption capacity of the composites showed
marked improvement in 3FP and 4FP configurations. Table 5 & Fig 3 shows the 4FP
composite absorbed 50% more energy during impact testing compared to the 2FP

composite, indicating superior toughness.
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Table 5: Flax+Epoxy for 1zod Test

S.No

Composite Code

(J/m2)

Avg. Impact Strength

2FP

52

3FP

83

4FP

87

Impact Strength (kJ/m?)

100.0 -
80.0 A

s 8

20.0 4

e
]

Impact Strength

(J/m?)

2FP 3FP

Composite Laminate Sequence

4FP

Fig3 Impact Strength Graph

e ILSS: Interlaminar shear strength results revealed stronger bonding between layers in
composites with higher fiber content. Table 6& Fig. 4 shows thelLSS of the 4FP
composite was 30% greater than that of the 2FP composite, minimizing the risk of
delamination under shear loads.

Table 6:Results of Interlaminar Shear Strength Test

. Average Short Beam
S.No. Composite Code Strength (Mpa)

1 2FP 9.456

5 3FP 9.311

3 4FP 7.785
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Fig4 ILSS Graph
4.2 Density and Water Absorption:

o Density: The density of the composites increased with higher fiber weight fractions,
indicating better packing and reduced void content. The 4FP composite exhibited the
highest density at 1.35 g/cm3 compared to 1.20 g/cm3 for the 2FP composite. This
increase in density suggests improved structural integrity and uniform resin-fiber
distribution [23] .

o Water Absorption: The water absorption properties were also influenced by fiber
content. Fig. 5 shows the 4FP composite showed a 5% increase in weight after 24
hours of immersion, which was lower than the 8% observed for the 2FP composite.
This indicates that higher fiber content improves resistance to moisture penetration,
possibly due to better fiber-matrix adhesion [24] .

WATER ABSORPTION GRAPH
25
20
15
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w

1 2 3 4 5 6 /7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
No of days

% of water absorbed

—@— 2FP —@—3FP —@—4FP

FigbWater Absorption Graph
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4.2 Characterization Insights:

e SEM Analysis: SEM images revealed a dense and uniform resin distribution in the
4FP composite. Reduced voids and better fiber alignment were observed, particularly
in composites with higher fiber content. The images also showed minimal fiber pull-
out, indicating strong interfacial bonding as shown in Fig. 6.

2FPI 2FPT

3FPI 3FPT

S. Sujay Daniel, M Karamchand, P Satyanarayana, G Ratna Kumar, and G Moshe Babu




IJRAME

Vol.13 Issue 1,
January 2025
Pg:-18-31

4FPI 4FPT

Fig6Results of SEM Analysis

e FTIR Analysis: FTIR spectra confirmed the presence of functional groups such as
hydroxyl and epoxy, indicating strong chemical bonding between the fibers and resin.
Figs. 7,8 & 9 shows the intensity of these peaks increased with higher fiber content,
suggesting improved chemical interaction in the 4FP configuration [26] [27] .
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4.3 Discussion: The results demonstrate that increasing fiber weight fractions positively
influences mechanical properties, highlighting the potential of flax-PALF hybrid composites
for structural applications. The study underscores the importance of proper fiber-matrix ratio
and fabrication methods to achieve optimal performance. Additionally, the environmental
benefits of these composites make them suitable for sustainable engineering solutions.
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5. Conclusion

The study conclusively demonstrates that flax-PALF hybrid epoxy composites exhibit
significantly enhanced mechanical properties with increased fiber weight fractions. The 4FP
configuration, with the highest fiber content, displayed superior tensile strength, flexural
strength, impact resistance, and interlaminar shear strength. These improvements are
attributed to better fiber-matrix interaction, uniform stress distribution, and effective load
transfer across the composite structure.

Furthermore, the use of natural fibers such as flax and PALF aligns with sustainability goals,
offering an environmentally friendly alternative to synthetic composites. The
biodegradability, cost-effectiveness, and availability of these fibers make them suitable for
large-scale industrial applications, including automotive, aerospace, and civil

infrastructure [28] [29] .

Future research could focus on optimizing resin formulations, exploring alternative
fabrication methods, and testing these composites under diverse environmental conditions.
Long-term durability studies and the addition of other natural fibers or fillers could further
enhance the performance and expand the application scope of these hybrid
composites [30] .
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