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ABSTRACT

This study aims to develop sustainable composite materials by reinforcing biodegradable matrices with
treated natural fibers, with an emphasis on improving mechanical properties while reducing environmental
impact. Techniques for surface modification, including alkali treatment and cold plasma, were employed
to enhance the adhesion between fibers and the matrix, thereby increasing tensile, flexural, and
compressive strength. Comprehensive characterization using FT-IR, SEM, and XRD confirmed changes
in chemical composition and improved surface morphology after treatment. Mechanical assessments
revealed that hybrids of plasma-processed wool and Periploca laevigata Aiton fiber (PLAF) achieved a
tensile strength of 26.02 MPa and a Young’s modulus of 2.35 GPa, exceeding the performance of the
individual fiber composites. Flexural and compressive tests also showed improved load-bearing capacity,
with the hybrid reaching 253.15 N and a compressive strength of 59.56 MPa. Cold plasma treatment was
shown to be efficient in improving interfacial bonding by eliminating surface contaminants and altering
fiber chemistry.

In addition to the above, we carry out an investigation into the low-velocity impact performance of four
epoxy-based composite materials reinforced with natural fibers: Periploca laevigata Aiton fiber (PLAF),
untreated wool fiber (WLF), NaOH-treated wool fiber (NWLF), and a hybrid composite (PLAWLF) that
merges cold plasma-treated wool fiber with PLAF. The composites were created through vacuum infusion
molding and evaluated at impact energy levels of 5 J, 10 J, 30 J, and 50 J to assess peak load, displacement
at peak load, and energy absorption.

Research conducted on composites reinforced with treated horse tail hair fibers (THHF) demonstrated
remarkable strength and rigidity. Alkaline-treated THHF showed an average single tensile strength of
129.34 MPa and a Young’s modulus of 5.72 GPa. When incorporated into the matrix, the composite
reached a tensile strength of 59.23 MPa and a flexural strength of 63.27 MPa, maintaining consistent
compressive performance (66.14-78.82 MPa).

Keywords: Composites material, natural fiber, epoxy matrix, mechanical characteristic’s,
manufacturing process



Résumé

Cette ¢étude vise a développer des matériaux composites durables en renforcant des matrices
biodégradables avec des fibres naturelles traitées, en mettant I'accent sur I'amélioration des propriétés
mécaniques tout en réduisant 1'impact environnemental. Des techniques de modification de surface, telles
que le traitement alcalin et le plasma froid, ont été employées pour améliorer I'adhésion entre les fibres et
la matrice, augmentant ainsi la résistance a la traction, la flexion et la compression. La caractérisation
approfondie utilisant FT-IR, MEB et DRX a confirmé les changements de composition chimique et
'amélioration de la morphologie de surface apres traitement. Les essais mécaniques ont révélé que les
hybrides de laine traitée au plasma et de fibres de Periploca laevigata Aiton (PLAF) ont atteint une
résistance a la traction de 26,02 MPa et un module d"Young de 2,35 GPa, dépassant la performance des
composites a fibres individuelles. Les tests de flexion et de compression ont également montré une
capacité de charge accrue, 'hybride atteignant 253,15 N et une résistance a la compression de 59,56 MPa.
Le traitement au plasma froid s'est révélé efficace pour améliorer I'adhésion interfaciale en éliminant les
contaminants de surface et en modifiant la chimie des fibres.

En outre, nous avons réalisé une étude sur la performance aux chocs a faible vitesse de quatre matériaux
composites a base d'époxy renforcés de fibres naturelles : la fibre de Periploca laevigata Aiton (PLAF), la
fibre de laine non traitée (WLF), la fibre de laine traitée a la soude (NWLF), et un composite hybride
(PLAWLF) combinant la laine traitée au plasma froid et la PLAF. Les composites ont été créés par
moulage par infusion sous vide et évalués a des niveaux d'énergie d'impact de 5 J, 10 J, 30 J et 50 J afin
d'analyser la charge maximale, le déplacement au pic de charge et I'absorption d'énergie.

Les recherches menées sur les composites renforcés par des fibres de crin de cheval traitées (THHF) ont
démontré une résistance et une rigidité remarquables. Les fibres THHF traitées alcalinement ont présenté
une résistance moyenne a la traction de 129,34 MPa et un module d"Young de 5,72 GPa. Lorsqu'elles sont
intégrées a la matrice, le composite a atteint une résistance a la traction de 59,23 MPa et une résistance en
flexion de 63,27 MPa, tout en maintenant des performances de compression constantes (66,14-78,82
MPa).

Mots-clés : Matériaux composites, fibres naturelles, matrice époxy, caractéristiques mécaniques,
procédé de fabrication
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GLOSSARY

Axial stress difference (MPa) between two points on the curve,

Applied force (N)

Bending stress on the outer surface (MPa).

Change in length of the specimen, measured by the extensometer (mm).
Compressive modulus (GPa),

Corresponding axial strain difference between the two points.
Compressive Poisson’s ratio,

Compressive strength (MPa or N/mm?)

Corresponding axial strain difference on the tangent.
Dashpot viscosity (viscous component).

Density of test liquid (g/cm®)

Density of fiber (g/cm?)

Density of fiber (g/cm?).

Density of cast resin (g/cm?).

Density of fiber (g/cm?)

Density matrix (g/cm?)

Difference in midspan deflections at the corresponding points on the stress—
Strain curves (mm).

Elastic Strain (instantaneous elastic deformation).
Energy absorbed by the material.

Final gauge length (mm).

Final cross sectional area at the fracture.

Fiber weight in air (g)

Fiber weight in the test liquid (g)

Filament’s average cross-sectional area (mm?).
Failure load (N).

Force as a function of displacement

Gauge length (mm).

Gauge length of the specimen (mm).

Glass Transition Temperature

Initial dry weight of the specimen (g)
Instantaneous cross sectional area (mm?)
Initial gauge length (mm).

Kinetic energy of the impacting object (Joules)

Longitudinal tensile strength of fiber (MPa).

Longitudinal Young’s modulus of fiber (GPa).

P
Ao

£,

E absorbed
L,

4,

Wvl

W.
A
F

(%]

F(3)



Linear density of fiber (g/m).
Lower strain limit

Lateral compressive strains.
Lateral strain,

Mass of the glass weighing bottle containing the sample after oven drying (g).

Maximum tensile load (N).

Measured (actual) density of the composite (g/cm?)

Mass of the fiber (g)
Mass of the matrix (resin) (g)

Maximum load the specimen can withstand before failure (N).

Mass of the impacting object (kg)

Maximum displacement reached during the impact.

Normal vector to the surface.
Original cross-sectional area (mm?).
Original cross sectional area.
Poisson’s ratio in tension

Reduction in area.

Stress (MPa)

Spring modulus (elastic component),

Stress (MPa).

Strain.

Stress tensor.

Strain rate (rate of deformation).

Stress vector acting on the surface.

Stress difference on the tangent (MPa).
Shear strength (MPa).

Specimen width (mm).

Specimen length (mm).

Span of the specimen (mm).

Tensile strength (N/mm?)

Tensile modulus of fiber (N/mm?).

True compliance (mm/N).

Tensile load at upper strain limit (N).
Tensile load at lower strain limit (N).
Theoretical density of the composite (g/cm?)
Tensile strength of composite (MPa).
Thickness of the specimen (mm).

Total initial energy of the impacting object.
Tensile modulus (GPa).
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Upper strain limit
Ultimate compressive force (N)
Ultimate force at failure (N).

Viscous Strain or viscous behavior (which accounts for the time-dependent
Deformation of the material).

Void content (%)

Velocity of the impacting object (m/s)
Weight fraction of fiber

Weight fraction of matrix

Weight of the specimen after immersion (g)
Initial dry weight of the specimen (g)
Width of the specimen (mm).
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CMCs : Ceramic matrix composites.
DMA: Dynamic Mechanical Analysis.
FTIR: Transform Infrared Spectroscopy.
FRP: Fiber-reinforced polymer.

LCM: Conventional liquid composite molding.
LFSM: Long Fiber Spray-up Molding.
MMCs: Metal matrix composites.
NWLF: NaOH-treated wool fiber.
PLAF : Periploca laevigata Aiton.
PMCs : Polymer matrix composites.
PVC: Polyvinyl chloride.

SEM: Scanning Electron Microscopy.
TMA: Thermomechanical Analysis.

Tg: Glass transition temperature.

THHEF: Horse tail hair fibers.

WLF: Wool fibers.

XRD: X-ray diffraction.
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General Introduction

I. General Introduction

The growing interest in sustainable and ecologically friendly materials has led to an increasing focus on
natural fiber-reinforced polymer composites (NFRPCs). These composites are a desirable replacement for
synthetic materials due to their biodegradability, renewability, affordability, and excellent mechanical
characteristics[1, 2]. Natural fibers have been incorporated into composite materials for millennia, with
initial uses traced back to approximately 7000 BC and more organized applications documented by 2800
BC [3]. Their attractiveness is attributed to characteristics including low density, high specific strength,
resistance to corrosion, superior tensile performance, and compatibility with the environment [4, 5].

Industries including automotive, construction, aerospace, and packaging have progressively substituted
synthetic reinforcements, such as glass fibers, with natural alternatives [6]. While glass fibers are known
for their remarkable strength, their manufacturing process is energy-consuming, depends on finite
resources, and lacks biodegradability. On the other hand, natural fibers offer numerous benefits, including
affordability, abundant availability, better thermal insulation capabilities, opportunities for energy
recovery, and improved safety for human health and the environment[7, 8].

The incorporation of natural fibers into polymer composites poses specific challenges. A significant
issue is the hydrophilic nature of these fibers, primarily due to the presence of hydroxyl groups in
cellulose, hemicellulose, and lignin. This property leads to insufficient interfacial bonding with
hydrophobic polymer matrices, which ultimately results in reduced mechanical performance [9, 10].

Various surface modification techniques have been explored to enhance the adhesion between fibers and
the matrix. Common chemical treatments, such as alkali (NaOH), silane, and acetylation, are often
employed to clean the fiber surface and increase its roughness. In contrast, physical treatments like plasma
or corona discharge are used to elevate surface energy [11, 12].

In this study, sheep wool was used as an animal fiber, and Periploca laevigata Aiton served as a plant
fiber. Periploca laevigata Aiton is a heat-loving, perennial, deciduous shrub widely distributed across the
Mediterranean region, including countries such as Spain, Algeria, Libya, Tunisia, Karpathos, Egypt,
Crete, Malta, and Sicily. The plant is distinguished by drooping, arrow-shaped leaves and narrow,
lanceolate branches. Its flowers are arranged in short axillary cymes, with reddish-brown lobes bordered
in greenish-yellow and interspersed with incurved purplish filaments. The fruit is dry and consists of two
smooth, fissured follicles containing anemocorous seeds.

In Algeria, Periploca laevigata Aiton is found in the GHARDAIA region, particularly in the arid valleys
near METLILI, close to SIDI MEZGHISH (coordinates: 32°03'11" N, 3°34'36" E). The shrub typically
grows to a height of 1-2 meters, with heavy branches and semi-lunar lobes. Each lobe encloses seeds
covered with natural fiber that is short, lightweight, and disperses readily in the air once the lobes dry and
split naturally.

Due to its delicate structure, the fibers were carefully extracted manually by opening the lobes and
separating the seeds. The extracted fibers were then washed thoroughly with distilled water at 25°C, a
temperature selected to preserve their structural integrity. After washing, the fibers were filtered and
subjected to a 24-hour drying process at room temperature (25°C), ensuring that their natural properties
were maintained for subsequent use.
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NaOH treatment is distinguished by its high efficiency and cost-effectiveness. It effectively eliminates
amorphous substances like hemicellulose, lignin, waxes, and pectin, thereby revealing cellulose fibrils
and enhancing the mechanical interlocking with the surrounding matrix. [13, 14]. Additionally, cold
plasma treatment has the capability to chemically modify the fiber surfaces without influencing their
overall properties, resulting in improved wettability and adhesion. However, it is important to manage
these treatments with precision, as excessive alterations may compromise fiber strength and jeopardize
the composite's performance [15].Utilizing these fibers improves waste valorization and sustainability
while also contributing to the development of cost-effective materials suitable for various structural and
semi-structural applications[12]. However, studies on the mechanical characteristics and optimal
treatment methods for these fibers obtained from arid regions remain limited.

This research intends to fill the current gap by examining both mono and hybrid composites that are
strengthened with particular natural fibers obtained from the Algerian area. It highlights the creation and
characterization of epoxy-based composite materials that integrate horse tail hair fibers (THHF) and wool
fibers (WLF) in both their untreated and treated versions, as well as fibers from Periploca lacvigata Aiton
(PLAF). Additionally, the study investigates the collaboration of hybrid composites that combine plasma-
treated wool with PLAF, referred to as PLAWLF. To remove surface impurities and enhance fiber texture,
NaOH treatment was performed at concentrations ranging from 0.1% to 5% on WLF. Furthermore, cold
plasma treatment was utilized to activate the fiber surface, thus improving its attachment to the epoxy
matrix. Fourier Transform Infrared Spectroscopy (FTIR) was used to identify chemical alterations in both
treated and untreated fibers, while Scanning Electron Microscopy (SEM) was applied to examine surface
morphology and assess the interfacial bonding between the fibers and the matrix.

The findings indicated that hybrid composites, particularly PLAWLF, demonstrated the most superior
overall performance. PLAWLF achieved an impressive tensile strength of 26.02 MPa, a Young’s modulus
of 2.35 GPa, a flexural load capacity of 253.15 N, and a compressive strength of 59.56 MPa. The THHF-
based composites performed well across all mechanical tests, achieving tensile strengths up to 59.23 MPa
and flexural strengths over 63 MPa. Their compressive strength averaged 71.97 MPa, making them
suitable candidates for applications requiring both strength and flexibility. These findings emphasize the
efficacy of merging suitable surface treatments with hybridization methods to significantly enhance the
characteristics of natural fiber-reinforced composites. Additionally, the effective use of underutilized
desert-based fibers highlights their importance in promoting sustainable material alternatives. This study
backs the creation of biodegradable, environmentally friendly composites with potential uses in numerous
industries, such as automotive components, building panels, consumer products, and other engineering
fields.

This study introduces a third investigation that builds upon two essential explorations into the
mechanical characteristics of epoxy composites reinforced with untreated wool fiber (WLF), NaOH-
treated wool fiber (NWLF), and Periploca laevigata Aiton fiber (PLAF). The emphasis of this new
research is on a hybrid composite material (PLAWLF) that merges cold plasma-treated wool fiber with
PLAF. All composites were fabricated using a uniform vacuum infusion molding technique to ensure
consistency throughout the studies. The main objective of the third investigation is to evaluate the low-
velocity impact performance at energy levels of 5J, 10 J, 30 J, and 50 J. Critical performance metrics such
as peak load, displacement at peak load, and absorbed energy were thoroughly analyzed. The PLAWLF
composite displayed improved performance, achieving as much as 30% higher peak load and energy
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absorption than NWLF, and a 24% enhancement over PLAF at an impact energy of 10 J. At 50 J,
PLAWLF maintained its structural integrity and showed the highest load-bearing capability among all
tested composites. These results highlight the substantial influence of hybridization and physical surface
treatment (cold plasma) on enhancing fiber-matrix adhesion, crack resistance, and energy dissipation.
Unlike the brittle failure seen in WLF and the restricted deformation of PLAF under high-impact
conditions, PLAWLF showcased a balanced failure mode distinguished by both flexibility and toughness.
This final phase of the research verifies that the combination of chemically and physically treated natural
fibers within a hybrid design approach significantly boosts the impact resistance and mechanical
endurance of bio-based composites. The findings provide insightful guidance for tailoring composite
formulations for structural uses where strength and energy absorption are crucial, such as in automotive
panels, protective enclosures, and aerospace interiors.

This thesis is organized into the following chapters:
Chapter I (Bibliographic Research and General Concepts)

This chapter provides a comprehensive review of the existing literature and the fundamental concepts
relevant to this study.

Chapter II (Mechanical Properties of Composite Materials)

This chapter focuses on the mechanical behavior of composite materials reinforced with natural and/or
animal fibers. It includes:

- Definition and significance of key mechanical properties such as tensile strength, compressive
strength, shear strength, flexural strength, and impact resistance.

- Experimental techniques for evaluating mechanical properties (tensile, compressive, shear, and
bending tests).

- Analysis of stress-strain behavior, modulus of elasticity, and failure mechanisms.

- Discussion on load transfer efficiency between matrix and fibers.

- Effect of fiber treatment, fiber length, and fiber dispersion on mechanical performance.

- Evaluation of performance differences between composites reinforced with Periploca laevigata
Aiton, sheep wool.

Chapter III (Testing of Composite Materials)

This chapter presents the experimental evaluation of the composite materials developed in this study. It
focuses on the methods and procedures used to characterize the mechanical, physical, and thermal
behavior of the composites.

Chapter IV (Materials Employed, Methodologies Applied, and Characterization Approaches)
This chapter presents a detailed description of the materials used in this study, the experimental

methodologies applied for composite preparation, and the characterization techniques employed to
evaluate the physical, mechanical, and thermal properties of the composites.
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Chapter V (Results and Discussions)

This chapter presents the experimental results obtained from the characterization of the developed
composite materials and provides a detailed discussion of the findings. The analysis focuses on
understanding the influence of fiber type, fiber content, and processing methods on the mechanical,
thermal, and physical properties of the composites.
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Chapter I: Bibliographic Research and General Concepts

I. Introduction

A composite material is formed by merging two or more separate materials that have different properties
to create a new material that displays improved characteristics. The elements maintain their unique
properties and collaborate to boost the overall effectiveness of the composite[16].

Composites are extensively utilized in aerospace engineering because of their beneficial attributes,
including low weight, high strength, and remarkable fatigue resistance. With the growing need for lighter
and more efficient structures, composite materials now account for more than 50% of the overall weight
in commercial aircraft[17].In addition to aerospace uses, green composites, which originate from
renewable resources, have gained importance. These materials provide substantial advantages for both the
industry and the environment, especially considering the decreasing availability of petroleum.

Natural fibers, especially, are acknowledged for their environmentally friendly characteristics, ability to
be recycled, and beneficial traits in comparison to synthetic fibers[15].Green composites provide various
benefits compared to traditional composites, such as reduced weight, enhanced flexibility, and sustainable
manufacturing methods. Green composites are biodegradable, minimizing the potential for ecological
damage [18]. The green composite lifecycle is represented in Figure L.1.
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Figure 1.1: Life cycle of green composites [18].



Natural fiber composites are becoming increasingly significant because of their outstanding mechanical
characteristics, ability to biodegrade, and broad accessibility, rendering them essential elements in
sustainable manufacturing and environmentally friendly engineering solutions [19]. The utilization of
non-biodegradable substances derived from non-renewable sources greatly adds to environmental
contamination during the textile manufacturing process. In order to be eco-friendly, there is a growing
interest in using biodegradable biopolymers obtained from leftover biomass, along with economical
production methods, to replace or minimize the use of synthetic petrochemical-derived polymers [20].

Biopolymers, commonly referred to as bio-based polymers, are sustainable materials that can break
down biologically. Derived from living entities, they break down quickly and provide several benefits,
such as being lightweight, economical, plentiful, and renewable. They are divided into three primary
categories according to their chemical makeup: (i) polysaccharides, (ii) proteins, and (iii) polyesters.
Biopolymers may additionally be classified based on their origins, as shown in Figure 1. 2[18].

Natural fiber composites provide a variety of benefits when compared to synthetic options, such as
lighter weight, lower expenses, potential for recycling, and greater environmental sustainability. However,
they also present significant challenges, including low impact resistance, restricted thermal stability, and
high moisture uptake. These constraints can influence the long-term longevity and effectiveness of the
composites, especially in severe environmental situations [21].0One major problem with natural fiber
composites is thelack of compatibility between hydrophilic fibers and the hydrophobic
matrix. This incompatibility may lead to inadequate interfacial bonding, causing unfavorable
characteristics in the composite. To address this issue, fiber surface treatments are commonly employed
to improve their adhesion to the matrix and enhance the overall performance of the composite material
[22].

Surface treatments are frequently used in the fabrication of natural fiber-reinforced composites to
strengthen the interfacial bonding between the fiber and matrix. These treatments not only boost adhesion
but also improve the mechanical characteristics of the fibers, including tensile strength, modulus, and
elongation, thereby further enhancing the overall performance and longevity of the composite material
[23]. Alkaline treatment is among the most frequently used methods for surface treatment. This approach
works by breaking the hydrogen bonds in the fiber's network structure, resulting in a rise in surface
roughness [24]. During the alteration process, alkaline treatment eliminates specific quantities of lignin,
wax, and oils from the fiber's outer surface. It also breaks down cellulose into smaller units and reveals
short-length crystallites, which boosts the fiber's engagement with the matrix and enhances the composite's
overall effectiveness [25].

Some alteration techniques might be constrained by aspects such as inadequate mechanical
performance, elevated equipment expenses, limited industrial scalability, and the requirement for
specialized technology. Cold plasma treatment has garnered attention as a viable, durable, and
environmentally friendly solution[26]. The engagement of cold plasma with the material surface can
trigger surface etching and grafting, enhancing wettability, roughness, and adhesion. This improvement
fortifies the fiber-matrix connection without adversely impacting the overall mechanical characteristics of
the composite [27].
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Figure 1.2:Classification of biopolymer [18].

II. Composite material

Composites consist of materials that are formed from two or more phases that are chemically and
physically distinct, which are separated by a clearly defined interface. These phases are intentionally
combined to obtain enhanced structural or functional characteristics that the individual components alone
cannot deliver [28]. Composites have emerged as an essential element in construction technology,
providing notable benefits in strength, weight, and adaptability. By combining materials with unique
physicochemical characteristics, they offer performance that exceeds that of conventional materials [29].
The matrix functions as the continuous phase that holds the reinforcement in a specific orientation,
whereas the reinforcement provides strength to the matrix. The matrix and reinforcement are either
chemically bonded or mechanically fastened together. The properties of a composite are determined by
the combination of the matrix, reinforcement, and their interface [30].Composites are defined broadly to
include contemporary synthetic composites like fiber- or particle-reinforced plastics, traditional materials
like concrete, and natural materials like wood. These materials are now essential in engineering,
particularly in areas where structural designs need to be both lightweight and extremely strong and stiff
[31].

I1.1. Classification of Composites

Composites are classified according to the kind of reinforcement and the matrix that is utilized. Types
of reinforcement consist of fiber-reinforced, particle-reinforced, whisker-reinforced, and structural
composites. The matrix phase divides composites into three primary categories: metal matrix composites
(MMCs), polymer matrix composites (PMCs), and ceramic matrix composites (CMCs), as illustrated in
Figure I. 3[18].
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Figure 1.3:Classification of composites based on matrix[18] .

I1.1.1 Metal Matrix Composites (MMCs)

In metal matrix composites (MMCs), lightweight metals like aluminum, titanium, and magnesium, along
with their alloys, are frequently employed as matrices. Of these, aluminum is the most commonly utilized
because of its blend of outstanding strength, toughness, and resistance to corrosion and wear. These
attributes render aluminum-based MMCs particularly useful in numerous engineering applications [30].

I1.1.2 Ceramic Matrix Composites (CMCs)

For ceramic matrix composites (CMCs), silicon carbide (SiC) is commonly utilized as both the matrix
and the reinforcement. Silicon carbide is preferred due to its remarkable thermal stability, strength, and
wear resistance. In CMCs, silicon carbide reinforcements can exist in various forms to customize the
composite’s characteristics for particular applications, improving aspects such as toughness, thermal
conductivity, and resistance to degradation at high temperatures [30].

I1.1.3 Polymer Matrix Composites (PMCs)

The properties of Polymer Matrix Composites (PMCs) are affected by several elements, including the
type of matrix, the reinforcement materials, the conditions under which they are processed, the
microstructure, the composition, and the interfacial layer that exists between the matrix and the
reinforcement. Typically, PMCs consist of thermoplastic or thermosetting plastics serving as the matrix,
which is augmented with materials like carbon, glass, steel, or natural fibers. The advantages of polymers,
such as ease of processing and low weight, render PMCs suitable for a wide range of applications with
diverse characteristics [32].

a. Thermoplastic matrix

Thermoplastics consist of linear or branched chain molecules characterized by robust intramolecular
bonds along with weaker intermolecular bonds. These substances can be reformed when subjected to heat
and pressure, and they may be structured as either semi-crystalline or amorphous. Common instances of
thermoplastics consist of polyethylene, polypropylene, polystyrene, nylons, polycarbonate, polyacetals,
polyamide-imides, polyether ether ketone, poly-sulfone, polyphenylene sulfide, and polyether imide [33].
Thermoplastic resins, like polyethylene (PE), nylon, and polyvinyl chloride (PVC), are additionally
utilized in PMCs for purposes that necessitate flexibility and simple processing [30].
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Table I.1: The general characteristics of thermoplastic polymers [34].

Characteristics PP LDPE PS Nylon 6  Nylon 6,6
Density (g/cc) 0.899-0.92 0.910-0.925 1.04-1.06 1.12-1.14 1.13-1.15
Water abs (%) 0.01-0.02 <0.015 0.03-0.10 1.3-1.8 1.0-1.6
Tg (°C) -10 23 —-125 48 80 —
Tm (°C) 160-176 105-116 110-135 215 250-269
Heat deflection T (°C) 50-63 32-50 Max. 220 56-80 75-90
Tensile strength (MPa) 2641.4 40-78 25-69 43-79 12.4-94
Elastic modulus (GPa) 0.95-1.77  0.055-0.38 4-5 29 2.5-3.9

b. Thermoset matrix

In polymer matrix composites (PMCs), the matrices are usually thermoset polymers that are cross-
linked, like epoxy, polyester, and phenolic resins, which offer strength and durability. Glass fiber-
reinforced thermoset polymers are especially appreciated for their superior strength-to-weight ratio and
stiffness, rendering them perfect for application in automotive components [32].

Thermosets possess cross-linked or network structures in which covalent bonds link all molecules
together. Unlike thermoplastics, they do not become soft when exposed to heat but rather break down.
After they go through the cross-linking process and harden, they cannot be reformed. Typical examples
of thermosets encompass epoxies, polyesters, phenolic, urea, melamine, silicone, and polyimides [33].

Table 1.2: Characteristics of thermoset polymers [34, 35].

Characteristics Polyester Vinyl-Ester Epoxy
Density (g/cc) 1.2-1.5 1.2-1.4 1.1-1.4
Elastic modulus (GPa) 2-4.5 3.1-3.8 3-6
Tensile strength (MPa) 40-90 69-83 35-100
Compressive strength (MPa) 90-250 100 100-200
Elongation (%) 2 4-7 1-6

Water absorption (24 h @ 20°C) 0.1-0.3 0.1 0.1-0.4




c. Elastomers

An elastomer is a type of polymer noted for its viscoelastic properties, usually displaying a low Young’s
modulus and a high yield strain in comparison to other substances. The word "elastomer," which comes
from "elastic polymer," is frequently used synonymously with "rubber," although "rubber" is more
frequently utilized when discussing vulcanized materials [33].

I11. Natural fiber as reinforcement material

Natural fibers are classified into three primary groups: plant fibers, animal fibers, and mineral fibers
(Figure 1. 4). Plant fibers, a major category of natural fibers, mainly comprise cellulose, hemicellulose,
lignin, and pectin. Famous plant fibers consist of cotton, jute, flax, ramie, sisal, and hemp. Cellulose fibers
are mainly utilized in making paper and textiles. These fibers are additionally divided into seed fibers, leaf
fibers, bast (stem) fibers, fruit fibers, and stalk fibers [36].
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Figure I 4: Classifications of natural fibers [36].

Fiber-reinforced polymer (FRP) composites, identified as one of the most promising contemporary
materials to substitute traditional metals and alloys in numerous structural applications, have garnered
considerable interest in recent years [37]. Reinforced composites are currently the most frequently utilized
form of polymer composite. These materials are made up of a polymer matrix that completely surrounds
the reinforcing elements. In the absence of these reinforcements, the polymer would display considerably
lower mechanical properties [38]. They provide advantages such as reduced tool wear, environmental
sustainability, and easier disposal. However, they also have disadvantages, including insufficient thermal

10
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and moisture resistance, lower durability, and weak adhesion to the matrix. Researchers are working to
improve the adhesion between fibers and the matrix, as well as to enhance the mechanical properties of
composites, by modifying the surfaces of natural fibers [36].

Figure L5 illustrates natural fibers sourced from their primary origins: bast, leaf, seed, wood, and grass.
A wide variety of fibers can serve as reinforcements in structural applications, these fibers can be classified
based on several criteria, including their length (short, long, or continuous), their strength and/or stiffness
(low modulus, medium modulus, high modulus, or ultrahigh modulus), and their chemical composition
(organic or inorganic) [39]. The inorganic fibers most commonly used in composites include glass, carbon,
boron, ceramic, mineral, and metallic fibers. In contrast, the organic fibers typically utilized are primarily
polymeric. When selecting a type of fiber, it is often necessary to balance mechanical properties,
environmental durability, and cost considerations [40].
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Figure L.5:Types of plant fibers [39].

II1.1. Chemical Composition of Lignocellulosic Fibers

Lignocellulosic fibers consist of cellulose, hemicelluloses, lignin, ash, and various other components.
The ratio of these constituents varies based on the fiber's source. Fibers that are rich in these components
are known as lignocellulosic fibers [41]. Tablel.3 presents the composition of frequently used
lignocellulosic fibers.

Plant biomass mainly consists of a lignocellulosic structure, which is characteristic of the majority of
biomass materials. Within the cell walls of vascular tissues present in higher terrestrial plants, cellulose
fibers are situated in an amorphous matrix made up of lignin and hemicellulose. These three polymers
cellulose, hemicellulose, and lignin are linked together by both physical and covalent bonds, creating



lignocellulose, a composite substance that represents over 90% of the dry weight of plant cells, as
illustrated in Figure 1. 6 [20].

Figure 1.6:The Lignocellulose Matrix: Structure, Composition, and Function in Plant Cell Walls [20].

II1.1.1 Cellulose

The fiber is composed of multiple cell walls made up of aligned, reinforcing, semi-crystalline cellulose
microfibrils embedded within a matrix of hemicellulose and lignin, exhibiting various compositions.
Typically, these microfibrils have a diameter ranging from 10 to 30 nm and consist of 30 to 100 cellulose
molecules arranged in an elongated chain configuration, which contributes to the mechanical strength of
the fiber [42].Figure 1.7 illustrates the structure of fibrils, micro fibrils, and cellulose within the cell walls
of a plant fiber.
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Schematic of plant fiber structure [43].

As illustrated in Figure L. 8, cellulose (a-cellulose) serves as the main element of the majority of plant

fibers. It is a linear macromolecule

composed of consecutive D-anhydro-glucose (C6H1105) units,

connected through B-1,4-glycosidic bonds, with a degree of polymerization approximately 10,000. Each
repeating unit contains three hydroxyl groups, which play a vital role in establishing hydrogen bonds.
These bonds assist in defining the crystalline structure and greatly affect the physical characteristics of

cellulose-based materials [44].
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Figure 1.8:

Molecule structure for cellulose [45].




I11.1.2. Hemicellulose

As illustrated in Figure L. 9, hemicelluloses consist of polysaccharides composed of a combination of
sugars with 5- and 6-membered carbon rings. In contrast to cellulose, their polymer chains are shorter
(having a degree of polymerization ranging from 50 to 300) and are branched, featuring side groups that
enhance their non-crystalline nature. Hemicelluloses act as the supportive framework for cellulose
microfibrils. They exhibit high hydrophilicity, dissolve in alkali, and are readily hydrolyzed under acidic
conditions [44].

O
X

Figure 1.9: Molecule structure for Hemicelluloses [21].

I11.1.3. Lignin

As depicted in Figure I.10, lignin is an aromatic biopolymer that plays a crucial role in providing
structural integrity to plant cell walls. However, its complex structure can impede microbial enzymatic
processes, as it restricts the transport of sugars and ions across microbial cell membranes. Although the
high concentration of aromatic compounds in lignin offers potential benefits for the bio-product industry,
the challenge lies in identifying a suitable catalyst capable of effectively breaking the random chemical
bonds in lignin without causing re-polymerization [46].
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Figure 1.10: Molecule structure for Lignin[21].
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Table 1.3: The chemical constituent content in different natural fibers.

Fiber Type Cellulose (wt%) Hemi-Celluloses (wt%) Lignin (wt%) Ref.
Flax 62-72 18.6-20.6 2-5 [41]
Hemp 55-90 12-22.4 2-10 [43]
Jute 45-72 13.6-24 9-26 [43]
Kenaf 31-72 8-21.5 8-21.5 [41]
Sisal 60-78 10-14.2 8-14 [47]
Abaca 53-68 17.5-25 5-15.1 [43]
Henequen 77.6 4-8 13.1 [34, 44]
Banana 63—-64 10 5 [44]
Coir 26.2-43 17.2-37 22.2-45 [47]
Cotton 82.7-98 3-5.7 0.75 [43]
Bamboo 26 31 30 [47]

I11.2. Mechanical properties of natural fibers

The mechanical properties of fibers are affected by factors including fiber quality, composition, and the
age of the plant, which can lead to difficulties in achieving uniform results. While natural fibers may not
attain the strength levels of graphite or aramid fibers, those derived from flax, jute, bamboo, and hemp
demonstrate increased stiffness, with some also exhibiting comparable strength. The strength and stiffness
of plant fibers are mainly influenced by the cellulose content and the spiral angle of the microfibrils found
in the inner secondary cell wall of the fiber [37]. The mechanical properties of different natural fibers are
provided in Table 1.4.

Table 1.4: Properties of natural fibers derived from plant and animal [15, 18, 34, 37, 42].

Fiber Density Diameter TS (MPa) Elongation at E (GPa)
(g/cm’) (um) Break (%)
Flax 1.5 17-20 300-1500 2.7-32 27.6
Jute 1.44-1.49 14-20 393-800 1.16-1.5 13-26.5
Sisal 1.45 200-400 400-938 3.7 9.4-22
Kenaf 1.2 13-33 930 1.6 53

Pineapple 0.8-1.6 20-80 413-1627 1.6 34.5-82.51




Banana 135 80-280 529-754 1-3.5 7.7-20.8

Coir 1.15-1.46 100450 131-175 15-40 4-6
Ramie 1.51-1.55 40-60 400-938 1.2-3.8 61.4-128
Hemp 1.48-1.49 15-30 690 1.6 70
Wool 1.3 15-30 50-315 - 2.3-34
Cotton 1.5-1.6 11-22 287-800 3-8 2.3-5
Camel hair - 20.04 212.15 - 5.79
Henequen 1.2 - 430-570 3.7-5.9 10.1-16.3
bamboo 0.6-1.1 - 140-230 2 11-17
Alfa 0.89 - 850 5.8 22
Abaca 1.5 - 400 3-10 12

II1.3. Fiber extraction methods

Extraction denotes the process of moving a compound from its initial state, regardless of whether it is
solid or liquid, into another phase. This process includes isolating the compound from a matrix for
subsequent use or examination. Cellulosic fiber extraction can be accomplished in nano or micro forms
through a range of chemical or mechanical methods. There are numerous techniques to extract cellulose
from plant components that contain high cellulose content. The process generally consists of three primary
steps: pre-hydrolysis, pulping, and bleaching. Pre-hydrolysis treatment employs either mineral acid or
alkali to disrupt the matrix, aiding in the extraction of cellulose [48]. Extraction techniques are selected
according to the particular plant sections from which the fiber is intended to be extracted. The choice of
these techniques directly affects the features and qualities of the resulting composites made from the fibers
[49].

I11.3.1. Mechanical Decortication

As depicted in Figure 1. 11, the extraction process starts by cutting the plant stalk with a slicer, which is
then placed onto a transmission belt. The fibers move through an extrusion and feeding apparatus where
the stalks slowly soften. These softened fibers are subsequently moved into a space between the scraper
and the holding plate. A motor powers the scraper's rotating blades at high velocity, compressing and
hitting the stalks to detach the fibers from the adjacent colloidal materials. The purified fibers are
transported through the conveying device for additional processing [50].
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Figure I.11: Structure of the Banana Stalk Fiber Extracting Machine with Scraping Type [50].

II1.3.2. Water Retting

Water retting is the predominant technique for generating natural fibers, where stalks are submerged in
water to enable moisture to penetrate the roots and induce the outer layer to rupture. This procedure, which
depends on damp air and decaying bacteria, generally spans several months in an oxygen-free setting. It
is commonly performed in still or sluggish water bodies such as ponds, streams, and rivers. The timing of
the harvest is vital for guaranteeing premium fibers for textile production [49]. Water retting is a widely
employed method for extracting high-quality fibers. During this process, bacteria and moisture break
down the cellular tissues and binding agents surrounding the fibers, which aids in the separation of
individual fibers from the plant. Typically, this process lasts between 7 to 14 days, depending on the type
of fiber being processed [51].

II1.3.3. Degumming process

The industrialization of natural fibers involves eliminating non-cellulosic materials, a process referred
to as degumming. Fibers obtained from plants like jute, ramie, kenaf, and hemp have been thoroughly
researched and utilized for degumming and the creation of value-added products[52]. Degumming
techniques for natural fibers encompass methods such as acid, alkali, steam explosion, ultrasonic,



microwave, bacteria, fungus, and enzyme treatments. Among these techniques, microbial degumming has
proven effective in decreasing the chemical and energy use that is usually linked to conventional
degumming approaches [53].

111.3.3.1. Chemical degumming

Chemical degumming is an intricate procedure that entails the elimination of contaminants such as
pectin, hemicellulose, and lignin from fibers, usually employing alkali, inorganic acids, or oxidants. The
process depends on the hydrolysis or oxidation of these contaminants, facilitating their removal while
limiting harm to the cellulose. This procedure is intended to preserve the mechanical and physical
attributes of the fiber to the greatest extent possible. Pectin and hemicellulose can be easily hydrolyzed in
concentrated alkali solutions, whereas cellulose stays unaffected. Chemical degumming is classified into
conventional and modern methods based on the reagents utilized [54].

111.3.3.2. Biological degumming

In the biological procedure of degumming, fiber gums are eliminated with the help of microorganisms
that do not degrade cellulose or their extracellular enzymes. The two biological methods for degumming
fundamentally adhere to the same degradation process, in which non-cellulose elements are decomposed
by a sequence of polysaccharide-degrading enzymes. This method assists in eliminating impurities while
preserving the integrity of the cellulose fibers [54].

a. Microbial degumming

Microbial degumming involves a process of microbial growth, metabolism, and enzymatic
degradation[55]. Throughout this process, microbial strains use a portion of the gum hydrolysates as a
carbon source for their metabolic functions [56]. This inhibits feedback inhibition of the degumming
enzymes resulting from hydrolysis products like oligosaccharides or other low molecular weight sugars.
Consequently, the gum is completely eliminated, improving the efficiency and effectiveness of the
biological degumming process of ramie fibers [54].

b. Enzymatic degumming

Enzymatic degumming of ramie fibers requires the coordinated activity of multiple polysaccharide
hydrolases, such as pectinase and hemicellulose-degrading enzymes like mannanase and xylanase [57].
Pectinase serves an essential function as a primase in this process. During the early phases of biological
degumming, pectinase degrades the outer pectin materials, which loosens the cellular structure and
facilitates improved access for hemicellulose and other degumming agents [53].

c. Biochemical degumming

A combination of biological and chemical processes has been suggested to reduce chemical and energy
usage while maximizing the rate of gum removal from ramie fibers. This biochemical degumming method
leverages the benefits of both biological and chemical techniques to achieve thorough gum removal[58].
However, it has significant disadvantages, including possible fiber damage and severe processing
conditions. Furthermore, the technique entails intricate and time-consuming procedures associated with
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chemical treatments and the cultivation of bacteria or enzymes, resulting in increased expenses and more
complex operations [54].

IV. Surface modification of natural fibers

The main drawback of utilizing natural fibers as reinforcement in composites is the inadequate
compatibility between the fiber and the matrix due to the hydrophilic nature of the fibers and the
hydrophobic nature of polymer macromolecules [59]. To address this issue, methods for altering natural
fibers are employed to improve their surface properties and strengthen their adhesion to various matrices
[60]. The main techniques for modifying fiber surfaces are summarized as follows:

IV.1. Chemical treatments

IV.1.1. Alkaline treatment

Sodium hydroxide (NaOH) is the chemical most frequently utilized for bleaching and/or cleansing the
surface  of  natural  fibers. It leads  to the creation and breaking  down of  short-length
crystallites, altering the fine structure of native cellulose I into cellulose III [61]. The main goal of
chemical treatment is to roughen the fiber surface, improving its adhesion to the binder matrix. This is
achieved by ionizing the hydroxyl group and removing the hydrogen bonding from the fiber structure[62].

IV.1.2. Silane treatment

Chemical processing of natural fibers entails soaking them in a solution that contains silicon, referred to
as silane treatment. This is accomplished by combining a silane agent with ethanol or distilled water. The
silane coupling agent, possessing its hydroxyl groups, attaches to the hydroxyl groups on the fiber surface,
enabling the silane to engage with the matrix resin and create robust bonds [63] As a bonding agent, silane
aids in forming connections between inorganic and organic substances. This process enhances the bonding
between the fiber and matrix, improving the mechanical characteristics by fortifying the interface bonds
and offering reinforcement [64]. Silane treatment has emerged as an efficient supplementary approach to
biological pre-treatment for surface alteration. While ruminant digestion eliminates non-cellulosic
elements and generates active sites on fiber surfaces, silane coupling treatment further improves the
interfacial adhesion between the fiber and matrix [65].

IV.1.3. Benzoylation treatment

Benzoylation is a method used to reduce the hydrophilic properties of fibers while improving the
adhesion between the fibers and the matrix, thereby increasing the overall strength of the composites. In
this process, the fibers are first subjected to treatment with sodium hydroxide (NaOH) and then exposed
to benzoyl chloride (CsHsCOCI) for a period of 15 minutes [66]. Subsequently, the fibers are separated,
exposed to ethanol for 1 minute, and rinsed with distilled water. Ultimately, the fibers are dried in an oven
at 80°C for 24 hours. This process yields fibers that exhibit greater thermal stability in comparison to
untreated fibers[67].



IV.1.4. Acetylation Treatment

Acetylation is a process that involves the addition of an acetyl group to the surfaces of natural fibers,
which reduces their affinity for water and enhances the stability of the resulting composites. This treatment
strengthens the adhesion between the fibers and the matrix, resulting in more durable connections and
improved characteristics for composites derived from natural fibers [68]. The hydroxyl (OH) groups found
in the fibers interact with acetyl groups, causing the fibers to become more hydrophobic[69]. Generally,
lignin and hemicellulose, which have hydroxyl groups, engage with acetyl groups during this process.
Before the acetylation takes place, the fibers are typically treated with alkali. The alkali-treated fibers are
subsequently immersed in glacial acetic acid for 1 hour and then soaked in acetic anhydride with two
drops of concentrated sulfuric acid for 2-5 minutes [67].

IV.2. Physical treatment
IV.2.1. Cold plasma treatment

The term "plasma" was introduced by Irving Langmuir in 1928 to describe ionized gas characterized
by an equal presence of ions and electrons. He noted that this gas resembled blood plasma due to its strong
interactions and diverse constituents. While plasma in physics differs from blood plasma, a relationship
exists between the two concepts in the context of plasma-assisted blood coagulation [70].Atmospheric-
pressure plasma jets are gaining recognition for their ability to generate plasma in open environments,
particularly in applications such as plasma medicine that require low gas temperatures. However, the high
density of neutral atoms and molecules at atmospheric pressure leads to an increased frequency of
collisions between electrons and atoms, which raises the gas temperature. To mitigate this issue, noble
gases are often utilized. Recently, advancements have been made in the development of cold atmospheric-
pressure air plasma jets, with some achieving gas temperatures that are nearly at room temperature[71].

Plasma treatment modifies the surface energy of polymers and natural fibers, resulting in crosslinking
and the addition of reactive groups that can improve fiber strength. This process involves the bombardment
of plasma, which causes chemical changes to the fiber surface, including surface erosion and an increase
in functional groups like carboxyl and carbonyl. However, the effects of plasma treatment can vary across
different types of fibers due to differences in their composition. Plasma reactions occur under non-
equilibrium conditions, where various plasma species interact with the fiber surfaces, altering their
structure [72].

The non-equilibrium atmospheric pressure, low temperature (cold) plasma jet, illustrated in Figure
1.12.Cold plasma surface treatment modifies polymer surfaces by enhancing adhesion and wettability
without damaging bulk properties. It improves mechanical strength by increasing the bonding potential
between fibers and the matrix. The effects of plasma treatment depend on factors like gas composition,
plasma conditions, and the presence of ions, electrons, radicals, and vacuum ultraviolet radiation, which
contribute to etching, chemical activation, and cross-linking [73].
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Figure L.12: Cold Plasma illustrate process [73].
V. Manufacture of Composite Materials

Selecting the appropriate manufacturing method is essential for converting raw materials into a superior
final product. Key considerations when determining a composite manufacturing process encompass the
dimensions and shape of the finished component, the required material characteristics, the manner in
which raw materials are treated, the production rate, and the overall cost efficiency of the manufacturing
method [74]. These techniques include a range of sophisticated methods like spray-up, resin transfer
molding (RTM), vacuum infusion, vacuum-assisted RTM, compression molding, pultrusion, and filament
winding, with each presenting distinct benefits for creating high-performance composite materials [75].

V.1. Vacuum-Assisted Resin Infusion (VARI)

One well-known technique for producing composites is the Vacuum Resin Infusion (VARI) method. In
VARI, fibrous materials are set on a sturdy surface, encased with a net-shaped mold and bagging film. A
vacuum pump extracts air from the space between the mold and bagging film, thereby compressing the
fibers. This reduces air voids and results in composite components with enhanced mechanical properties
[76]. VARI is a process that offers reduced costs for mass production, the ability to produce complex
components in one step, and the potential for larger fiber volume fractions [77]. Nevertheless, there are
certain limitations to consider: fluctuations in compaction pressure result in varying thicknesses, the
surface finish is compromised due to creases in the vacuum bag, achieving high temperatures during the
assembly process is challenging, and there is waste generated from non-reusable auxiliary materials [76].
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Figure I.13: Vacuum infusion molding process [77].

V.2. Compression molding

Compression molding is frequently utilized to produce structural components, where the mechanical
characteristics are significantly affected by process variables like pressure, temperature, and compression
speed. The movement of material during molding dictates the fiber orientation, which is crucial for
maximizing the material's high stiffness and strength [78].Compression molding is acknowledged for its
benefits, such as affordability, high efficiency, reduced internal stress, slight buckling deformation, strong
mechanical stability, and outstanding repeatability in product production [79].Compression or hot-
pressing methods require fewer tools compared to alternative techniques, offering both advantages and
disadvantages. This approach allows for the production of complex shapes with outstanding dimensional
precision, uniformity, mechanical strength, and spark resistance [75].The compression molding apparatus
consists of the upper and lower heated platens, the upper mold section (core), the lower mold section
(cavity), base plates, a moving plate, a hydraulic system, slide rods, and an ejector unit, as illustrated in
Figure 1. 14[80].
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Figure I.14: Schematic View of the Major Components of a Typical Compression Press [80].
V.3. Hand lay-up

Hand layup is a widely used open molding method generally utilized for thermoset-based polymer
matrix composites. It is preferred due to its straightforwardness, minimal tooling expenses, ease of
manufacturing, and capacity to create a broad spectrum of part dimensions[81].However, this technique
also has several disadvantages, including low production efficiency, extended cycle times, and possible
fiber misalignment. In the hand layup procedure, fiber reinforcements are manually positioned into a mold,
followed by the application of the polymer to the fibers using a brush or roller. The finished product is
formed by stacking the materials in separate stages. At the beginning of the process, an anti-adhesive agent
is applied to the mold surface to stop the polymer from adhering to it [82].Dry materials, including woven,
knitted, stitched, or bonded textiles, are carefully positioned in the mold by hand. Next, a polymer matrix
is applied to the reinforcing fibers with a brush or roller. Hand rollers are then utilized on the wet
composite to improve the adhesion between the fibers and the matrix, ensuring uniform resin distribution.
Ultimately, the composite goes through a curing phase, and when demolded, it is prepared [18].
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Figure I.15: Hand lay-up technique [83].
V.4. Filament Winding

Filament winding is a widely used out-of-autoclave manufacturing technique for producing continuous
fiber-reinforced thermoplastic composites. Filament winding serves as an efficient, single-step production
process for continuous fiber-reinforced polymer composites. It enables the rapid manufacturing of
intricate shapes, including both axisymmetric and non-axisymmetric forms, along with closed-form
structures. This method can be utilized for both thermoset and thermoplastic composites, although it is
primarily used with thermosets [84]. The approach is largely automated, which serves as a significant
benefit. While creating the product structure, it is essential to take into account the intricate impacts of the
winding method’s technological parameters, including helical winding on a sturdy mandrel or continuous
winding on a supply mandrel. For example, to regulate the volumetric filling of the structure, it is vital to
uphold the proper fiber tension by adding transverse layers. The tension present in both the external and
internal layers may fluctuate considerably as a result of the helical winding process, causing variations in
the stress-strain condition from the desired design values [85]. Axisymmetric elements like pipes, tubes,
drive shafts, and pressure vessels are frequently made using the filament winding technique. This approach
is especially appropriate for axisymmetric components, providing numerous benefits compared to other
production methods, such as the capacity to create parts with a high fiber volume fraction (60-80%) and
exceptional specific strength. In filament winding, continuous fibers soaked in resin are wrapped around
a spinning mandrel at a designated winding angle. Figure I. 16 depicts the filament winding process [86].
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Figure I.16: The filament winding process [86].
V.5. Spray-Up

Spray-up is a composite molding technique where a resin matrix is applied through a spray gun utilizing
compressed air. Concurrently, fiber or yarn reinforcement is trimmed, and the sprayed resin covers the
trimmed fibers or yarn, which subsequently drop into the mold or board. This procedure can be repeated
to reach the preferred thickness, enhancing its efficiency and flexibility for design modifications [87].

Long Fiber Spray-up Molding (LFSM) is distinct from conventional liquid composite molding (LCM)
techniques as it utilizes exceptionally long chopped fiber strands as the primary reinforcement material.
In LFSM, the chopped fibers are saturated with resin and sprayed vertically downward onto the surface
of the mold. The spraying apparatus is attached to an actuator, enabling it to spray in any preferred pattern
or direction. The experimental arrangement features a fiber chopper gun positioned at an angle, which
sprays chopped glass fibers into a stream of resin. This stream of resin is propelled by a piston within a
cylindrical tank, as illustrated in Figure I. 17[88].
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Figure L.17: Spray-up Molding Schematic Diagram [88].

V.6. Injection molding

Injection molding ranks as one of the most frequently used manufacturing methods for producing
thermoplastic composite products, delivering high efficiency for industries such as transportation and
energy [89]. Injection molding is characterized as a nonlinear, multivariable, and cyclical unsteady
process, which makes it the most widely adopted molding method in plastics. It presents significant
benefits regarding production efficiency and processing adaptability. The selection of process parameters
for injection molding, generally determined through trial and error rooted in the expertise and practical
experience of professionals, is an essential factor in ensuring the quality of the molded products [90]. The
injection molding of thermoset composites is known as reactive injection molding; this method is quite
intricate and is influenced by various factors, including material properties, mold design, and processing
parameters. To predict the outcomes of the molding procedure and identify possible risks, simulation
software is often utilized. Rheological modeling is particularly crucial in thermoset injection molding, as
the material's flow properties significantly impact the entire molding operation [91]. Plastic injection
molding serves as an excellent solution for lightweight automotive connector designs, proficient at
managing complex geometries and structural features. This method provides advantages like cost-
effectiveness and improved production efficiency, enabling the creation of complex structural components
in a single step while ensuring high-quality finishes [92].
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I. Introduction

The reinforcements establish a non-continuous phase within the material. Different shapes and sizes of
reinforcements can be utilized, resulting in various structural forms for the resulting composite.
Consequently, based on the geometry of the reinforcement, its shape, and the overall configuration of the
composite, the following categories can be identified as illustrated in Figure IL.1[93].

Phased composites are materials that combine multiple phases to enhance their performance. These
composites include particulate, short fiber, flake, and unidirectional types, each offering unique benefits
such as increased strength, stiffness, or barrier properties. Layered composites, such as laminated and
sandwich composites, employ a layered structure to achieve superior strength, stiffness, and a reduction
in weight.

In a composite material, the main structural components are the fiber reinforcements, which significantly
increase the material's strength and stiffness. These reinforcements also enhance thermal stability and can
either conduct or insulate heat and electricity, depending on the design specifications. On the other hand,
the matrix binds the fibers together, giving the composite its shape and rigidity. It distributes loads among
the fibers, protects them from damage, and influences the surface finish and transverse properties of the
composite, making it essential to the overall performance of the material [93].

Composite materials have various mechanical behaviors that are distinct from those found in
conventional engineering materials. Certain behaviors reflect merely adaptations of traditional
characteristics, while others are entirely new and necessitate the creation of novel analytical and
experimental methods. In contrast to the majority of typical engineering materials, which are
homogeneous and isotropic, composite materials frequently display more intricate properties [94].

A homogeneous material has uniform properties throughout its entirety, although the properties may
vary locally at different points within the material. For instance, a rubber or plastic containing a well-
dispersed particulate filler may display uniform isotropic properties overall, but the individual properties
of the polymer and the filler differ, which becomes apparent at a small scale [95].

An isotropic material exhibits the same characteristics in every direction from any point within the
substance. A notable example of this is window glass, which demonstrates consistent behavior regardless
of the direction in which its properties are assessed [95]. An isotropic body exhibits uniform material
properties in all directions at any given point, demonstrating independence from orientation. Even when
temperature affects these material properties, the body is still classified as isotropic if the characteristics
remain consistent in every direction at each point. However, it is not considered homogeneous when
subjected to a temperature gradient [96]. For isotropic materials, when a normal stress is applied, it results
in extension along the direction of the stress and contraction in the perpendicular directions, without
causing any shearing deformation. Similarly, when a shear stress is applied, it induces only shearing
deformation, with no resulting extension or contraction in any direction [94].An orthotropic material, like
a sheet, displays three mutually perpendicular planes of symmetry, with its characteristics varying in three
orthogonal directions from any particular point [95].
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An inhomogeneous object, conversely, does not possess uniform characteristics, with its properties
differing based on location within the substance. Anisotropic substances refer to those whose
characteristics change in various directions from any specific point, indicating they are not isotropic. A
prime illustration of this is a woven or knitted fabric [95].

A ply or lamina refers to a flat sheet of material. Typically, a ply is characterized as a flat, unidirectional
arrangement of fibers that are uniformly spaced and securely bonded to a matrix. Other variations of plies
may include random fiber arrangements, such as chopped strand mat or foam sheets. Some plies may also
display isotropic characteristics, as seen in foam-cored sandwich structures or packaging foils. A laminate
consists of multiple plies or laminae that are adhered together [95].

A main classification of materials that can be described by fewer than 21 independent parameters
includes monoclinic materials. These materials, characterized by 13 independent coefficients, demonstrate
a solitary plane of elastic symmetry. This classification consists of three principal types of materials,
categorized according to the arrangement of values within their compliance and stiffness matrices [97].

Composite material mechanics shares similarities with uniform materials like metals, particularly in
equilibrium and compatibility, which remain unchanged regardless of material traits. However, the
relationships that define material behavior differ; metals are usually isotropic, while composites with
aligned fibers are often very anisotropic. The mechanical behavior of fiber-reinforced structures can be
studied at two levels: micro mechanics focuses on the material properties from fibers, matrix, and their
arrangement, while macro mechanics examines the overall stiffness and strength of the entire composite
structure [98]. In micromechanical analysis, different parts of a composite material, like the matrix and
fibers, are usually seen as uniform and the same in all directions. The composite is viewed as a mixed
material with constant properties. Since fibers or particles are much smaller than the overall material
volume, the whole composite can be treated as uniform at a larger scale. This simplification is important
for studying the strength of components made from composite materials. Generally, composite materials
face loads that cause linear elastic deformation, which can be explained using a modified version of
Hooke's law[98].

The key distinction lies in the fact that isotropy remains unchanged by any dimensional scale, with the
exception of atomic levels, which are not addressed in this chapter. In contrast, homogeneity is scale-
dependent. Homogeneity refers to the uniformity of material properties across the entire volume of a
material, which can vary depending on the size or scale of the analysis. On the other hand, isotropy ensures
that material properties are consistent in all directions, regardless of the scale involved [95].
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Figure I1.1: Classification of Composites Based on Reinforcement Shape and Composite Form

[93].
I1. Viscoelasticity

The phrase "viscoelastic" has come into use to refer to materials that exhibit characteristics of both
viscous fluids and elastic solids. Polymeric substances, recognized for their viscoelastic characteristics,
can act as either fluids or solids based on the timescale or temperature [99]. Polycarbonate, a thermoplastic
polymer, behaves like molten liquid at high processing temperatures but typically solidifies under normal
conditions. Slightly above its glass transition temperature (Tg), it behaves like rubber, while below Tg, it
can still show considerable deformation over a sufficiently extended testing duration. Ideal Hookean
elastic solids accumulate energy when under load without losing it, whereas ideal Newtonian fluids release
energy without retaining it under nonhydrostatic stress. In comparison, viscoelastic materials can both
retain and release energy when under load [100].

I1.1. Linear Viscoelasticity

A linear elastic solid exhibits a proportional connection between stress and strain that remains stable
over time. Conversely, a linear viscoelastic solid also upholds a linear stress-strain relationship; however,
this dependence fluctuates according to the load's time history. The mathematical conditions for linear
viscoelasticity resemble those that dictate the linear behavior of different systems [100]. For a substance
to display linear viscoelastic behavior, its reaction must meet two essential criteria. Firstly, proportionality
has to be upheld, indicating that the connection between stress and strain is linear; if the applied stress is
increased twofold, the resulting strain also increases twofold. Secondly, the substance must adhere to the
principle of superposition, in which the overall response to various applied stresses or strains is equal to
the total of the separate responses to each input[101, 102].
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The tensile creep test, depicted in Figure II. 2, is the most frequently utilized technique for assessing
viscoelastic properties. This testing process consists of applying a steady tensile stress to a sample and
recording the resulting strain as a function of time [100, 103].

Constant applied stress (G,)

t Total strain = €, + £(t)

Strain
gage

TCreep strain ((t))

Strain (g)

Initial elastic strain (g,)
Test A
specimen

Time (t)
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Figure I1.2: Tensile creep testing of a viscoelastic material involves applying a constant stress
to the specimen and measuring the strain over time [100]

Common models like the Maxwell and Kelvin-Voigt models merge these components to forecast
material behavior. This method is effective for examining polymers, biological tissues, and foams,
where both elastic and time-related responses hold significance [100].

I1.1.1. Maxwell Model

The Maxwell model provides a simple depiction of linear viscoelasticity by combining an elastic spring
and a viscous dashpot in a series configuration. The spring represents the material's elastic (immediate)
response, while the dashpot illustrates the viscous (time-dependent) response. This model is employed to
describe materials that exhibit both elastic and viscous characteristics, such as polymers [104, 105]. The
Maxwell model of viscoelasticity is composed of two essential elements linked in series: a spring and a
dashpot. The spring symbolizes the immediate elastic response of the material, adhering to Hooke’s Law,
which states that stress is directly proportional to strain. The dashpot symbolizes the viscous, time-
dependent flow characteristics, dictated by Newton’s law of viscosity, where stress is proportional to the
rate of strain. This integration enables the Maxwell model to represent both instant elastic deformation
and gradual viscous flow in response to applied loads[105, 106].
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Figure I1.3: The Maxwell model [104, 105].

As shown in Figure I1.3, the Maxwell model has:

A spring (Hooke's Law):
0=E€2:82=g (IL1)
£
d 1d
@299 1)
dt E dt
A dashpot (Newton's Law of viscosity):
Gznﬁ:ﬁzd_‘f (IL.3)
dt dt n

Since the spring and dashpot are in series:

The total strain is the sum of strains from both elements:

E=¢g +¢&, (IL4)
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The stress is the same in both elements:
o=0,=0, (IL5)
The final Governing Differential Equation of the Maxwell Model:

de _ldo o (IL6)
dt E dt 7

Where:

o : Stress (MPa),

&, : Elastic Strain (instantaneous elastic deformation).

&, : Viscous Strain or viscous behavior (which accounts for the time-dependent deformation of the

material).
E: Spring modulus (elastic component),

n : Dashpot viscosity (viscous component).

II.1.2. Kelvin-Voigt Model

The Kelvin-Voigt model is a fundamental representation of linear viscoelasticity, employed to describe
materials that exhibit both elastic and viscous characteristics. Unlike the Maxwell model, which arranges
the spring and dashpot in a series configuration, the Kelvin-Voigt model aligns them in parallel. This
arrangement makes it suitable for materials that primarily exhibit recoverable deformation and immediate
stress resistance. The model is represented by a spring-damper system, as shown in Figure I1.4[107].
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Figure I1.4: Kelvin—Voigt model element used for representing viscoelastic materials [105,
107].

The spring represents the elastic component of the material, where stress is proportional to strain
(Hooke’s law). The dashpot represents the viscous component, where stress is proportional to the rate of
strain (Newton's law of viscosity). In the Kelvin-Voigt model, both components work together, and the
material resists deformation both instantly (elastic) and gradually (viscous)[104, 107].

In the Kelvin-Voigt model, the two components: a spring and a dashpot are connected in parallel.
Spring represent elastic element and follows Hooke’s Law:

o,=E¢ (IL7)

Dashpot represent viscous element and follows Newton’s Law:

o = ,7% (IL8)

Because they are in parallel, they share the same strain:

E=¢,=¢ (IL9)
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But the total stress is the sum of stresses from both elements:

de
oc=o0,to,=Ee+n—

Governing Differential Equation of Kelvin-Voigt:

Where:

O'(t) = E.g(t)+ n

O'(t) : Stress (MPa).

&(t): Strain.

E: Elastic modulus of the spring (elastic component).

7n : Viscosity of the dashpot (viscous component).

1110
5 (11.10)

del0)

.11
” (IL1T)

delt
2—5) : The strain rate (rate of deformation).
Table II.1: Comparison between Maxwell Model and Kelvin-Voigt Model.
Aspect Maxwell Model Kelvin-Voigt Model
Configuration Spring and dashpot in series Spring and dashpot in parallel

Total Stress

Total Strain

Governing
Equation
Behavior

Recovery

Applications

Same in both elements: o =0, =0,
Sum of strains: ¢ =¢, +¢&,
de _ldo o
dt E dt 1@
Stress Relaxation constant strain leads to

decreasing stress

No full recovery, may experience
permanent deformation

Materials that show viscous flow under
stress (polymers)

Sum of stresses: o =0, +0,
Same strain in both elements: ¢ =¢, = ¢,

de(t)
dr

Creep Behavior constant stress leads to
increasing strain

G(z‘) = E.e(t)+ n

Full recovery, no permanent deformation
after stress removal

Materials that show creep and recovery
(rubbers)
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I1.2. Mechanical Behavior

The mechanical properties of a material outline how it deforms or reacts when subjected to an external
load or force. Important mechanical characteristics consist of strength, hardness, stiffness, and ductility.
Forces can be applied in three main types: tension, compression, and shear, illustrated in Figure I1. 5. A
variety of tests for mechanical properties have been created to assess how materials react to these loads.
As these test outcomes are frequently relied upon by regulatory organizations, it is vital that the
methodologies are uniform and standardized. In the U.S., ASTM International serves as the primary
authority for standardized testing protocols [108].
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Figure IL.5: Stress source [108].
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X

lad

Figure I1.6: Stress components [109].

A body is generally considered a deformable continuous medium. The main objective of the analysis is
to identify the stresses and strains induced by external loads. At any location within a continuous body,
regardless of being in equilibrium or in motion due to external forces, the stress state can be depicted by
the stress components on three mutually perpendicular planes intersecting that point[110].If an
infinitesimally small volume element surrounding the point is shaped like a rectangular parallelepiped
with faces aligned to the coordinate planes, the stress components o;;are as illustrated in Figure I1.6[109].

The initial subscript of o signifies the direction perpendicular to the plane, whereas the following
subscript represents the direction of the stress component. The components gy, 025, 033, Which act
perpendicular to the surfaces, are known as normal stresses, whereas the remaining components, which
act parallel to the surfaces, are referred to as shear stresses. When the body's movements are overlooked,
the stress components will display symmetry. By examining the stress components on planes that are
orthogonal to the coordinate axes, it is possible to ascertain the stress vector t on any surface defined by a
unit outward normal vector n that intersects the point, employing Cauchy’s formula [109].

t,=0,-n, (IL.12)

Or in vector notation:

t=o-n (IL13)
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Where:

T: The stress vector acting on the surface.
o : The stress tensor.

n : The unit normal vector to the surface.

o, The components of the stress tensor.

And i indicates the direction of the stress vector and j corresponds to the direction of the surface's normal.

11.2.1. Hook’s Law

The essential relationship between stress and strain was initially presented by Robert Hooke in 1678.
Consequently, the basic relationship between stress and strain in the elastic region is often referred to as
Hooke’s law. This principle asserts that strain (€) in an elastic substance is directly proportional to the
applied stress (o) [144].For axial loading, the proportionality constant is known as Young’s modulus, E.
In the case of shear loading, the proportionality constant is termed the shear modulus G. For triaxial or
pressure loading, the constant is generally referred to as the bulk modulus K [111].

(a) Normal stress (b) Shear stress (c) Mixed stress

Figure I1.7: Stress types: (a) Normal stress, (b) Shear stress, and (d) Mixed stress [112].

In continuous media, the stress tensor o;; fully defines the state of stress, while the strain tensor ¢&;;
describes the state of deformation. A substance is categorized as elastic if it changes shape when a load is
applied but reverts to its initial dimensions once the load is removed. In other terms, elastic substances
demonstrate a direct analytical correlation between stress and strain. When this correlation is linear, it is
typically called the generalized Hooke’s law, and these substances are known as linear elastic materials.
If a linear elastic substance is maintained at a stable temperature and undergoes no stress in its unstrained
condition, the generalized Hooke’s law can be formulated as follows [109, 113]:
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o; =Céy (I.14)
I1.2.2. Definitions of stress and strain

Load and displacement information may suffice for certain product assessments; however, a thorough
analysis of material properties requires size-independent factors like stress and strain. These fundamental
concepts are typically defined in two widely accepted formats, the first of which is predominantly used in
engineering applications [96]:

O = Ai (I1.15)
0
And
L —L
Eong = fL 0 (11.16)
0
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Figure IL8: A schematic representation shows a rectangular tensile specimen before loading,
during loading, after loading [96].

Cylindrical specimens with circular cross-sections are also commonly used, and the same definitions
apply to both shapes. As shown in Figure IL.8, stress and strain can alternatively be defined as[96]:

G, = L17)
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true

=In—L I1.18
7 (IL.18)

The formula for true strain is obtained by integrating the engineering strain expression over the length
change from Ly to Ly, ensuring that the accumulated strain is considered for each infinitesimal increment.
The primary distinction between the definitions of true stress and true strain exists in recognizing the
connection between gauge length (L) and the alterations in cross-sectional area (AA) throughout plastic
deformation. When a specimen undergoes tensile deformation, its cross-sectional area generally reduces.

Where:
P : The load (N)

A, : The instantaneous cross sectional area (mm?)
L, : The final gauge length (mm).

L, : The initial gauge length (mm).

I1.2.3. Tensile Properties

The tensile test is the predominant method used to assess the mechanical properties of materials. This
test provides crucial insights into a material's ductility and fracture behavior. By applying a tensile force
to a specimen and measuring its deformation or elongation using a load frame, the tensile properties of
the material can be determined. The load can be converted into engineering stress (6) by dividing it by the
specimen's original cross-sectional area (Ao)[108]:

s (IL19)
0

S =
A
Where:
P: The load (N).
Ao: The original cross-sectional area (mm?).

The engineering strain ¢ is calculated by dividing the change in gauge length by the original gauge
length:
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g=L=Lo (11.20)
LO
Where:
L: The gauge length (mm).
L, : The original gauge length (mm).
Ullimate
Tensile
Strength
Failing
i Stress

Stress ; :

(8] - :

A Modulus AG |

; of E = :

/ Elasticity
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: Strain € —» ailing
Offset Strain

Figure I1.9: Stress-strain curve. Source [108].

As illustrated in Figure I1.9, the maximum tensile strength represents the highest stress attained during
a tensile test. While this figure is commonly referenced, it is rarely utilized in design applications. In the
case of ductile metals, static design is primarily based on yield strength, as the objective is to prevent any
plastic deformation. In contrast, for brittle metals, which exhibit minimal plastic deformation, tensile
strength can be used as a design reference, adjusted with a suitable safety factor [108].

41



Chapter II: Mechanical Properties of Composites Material

I1.2.4. Ductility

Ductility measures derived from the tension test include the engineering strain at fracture (er) and the
reduction of area at fracture (q), both typically expressed as percentages. The engineering strain at failure
is often reported as percent elongation. These properties are determined after fracture by reassembling the
specimen and measuring its final length (Ly) and the final cross-sectional area at the fracture (4;). Percent
elongation is calculated using:

L, -1L,
£, =— x100% (I1.21)

Where:
L, : The final length after fracture (mm).
L, : The original gauge length (mm).

The reduction in area can be determined using the formula:

A, -4,
R==——Lx100(11.22)

0

Where:
R: Reduction in area.

A4, The final cross sectional area at the fracture.
A, : The original cross sectional area.

Poisson’s ratio (v) is defined as the ratio of the lateral strain (¢,) to the longitudinal strain (&, ):

y=2t (11.23)

The slope of the initial linear portion of the stress-strain curve, as shown in Figure I1.9, represents the
modulus of elasticity, also known as Young’s modulus:

E="" 11.24
Az (1L.24)
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The modulus of elasticity (E) quantifies the stiffness of a material. An elevated modulus signifies
reduced elastic strain for a specific stress, indicating that materials with greater moduli are stiffer than
those with lesser moduli. Since it is vital for determining deflections in beams and various structural
components, the modulus of elasticity serves as an important design factor. It is derived from the atomic
binding forces, which cannot be modified without altering the intrinsic characteristics of the material,
rendering the modulus of elasticity one of the mechanical properties least influenced by microstructure
[108].

I1.2.5. Glass Transitions

The glass transition temperature (Tg) is a critical threshold at which polymers transition from a hard,
brittle, and rigid glassy state to a more flexible and rubbery state. This phenomenon occurs because, at
temperatures below Tg, the polymer chains are effectively "frozen," displaying limited mobility. In

contrast, when the temperature exceeds Tg, molecular motion increases, allowing for greater flexibility
[114].

Polymers may be categorized as amorphous or crystalline depending on their structure, which
profoundly affects their mechanical, thermal, and optical characteristics. Amorphous polymers: These
polymers do not possess a consistent, repeating molecular arrangement, indicating that their chains are
organized in a random manner [115, 116]. Polymers in crystals exhibit a more uniform molecular
structure, with their chains aligning in alternating patterns and forming areas of crystallization. Crystalline
polymers also feature a melting point, beyond which the structured crystalline form transitions into a more
amorphous state [117].Below the glass transition temperature (Tg), polymers behave as rigid glasses. In
this state, the polymer chains have limited molecular motion, resulting in a solid and brittle material [118].

When the temperature surpasses Tg, the polymer chains acquire increased mobility, and the material
shifts into a rubbery condition. In this condition, the polymer becomes pliable and soft. The material might
display elastic properties, akin to rubber, allowing it to experience reversible deformation when subjected
to stress. This indicates that the polymer can revert to its initial form once the deformation is alleviated,
which is characteristic of elastomers [93].

I1.3. Stress-Strain Properties of Fiber-Reinforced Materials

The assessment emphasizes the differences found within a small material element made up of many
fibers arranged in a single layer. This method allows for a seamless transition into the study of composite
materials, which consist of fiber-reinforced substances. It is unrealistic to evaluate the behavior of each
single fiber during an extensive structural evaluation, given that existing computational resources are
inadequate for such detailed analysis. However, composite materials often fail due to broken fibers,
compromised connections between the fibers and the matrix, or the breakdown of the matrix itself [119].

I1.3.1. Isotropic material

An isotropic material is a material that exhibits identical mechanical and physical properties in all
directions. This means that its response to applied forces, such as stress and strain, remains the same
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regardless of the direction of loading. In the context of elasticity, an isotropic material has uniform elastic
properties, meaning its stiffness, strength, and deformation behavior are independent of orientation[114].

I1.3.2. Anisotropic material

An anisotropic material is a material whose mechanical and physical properties vary depending on the
direction of measurement. Unlike isotropic materials, anisotropic materials do not exhibit uniform
behavior when subjected to stress or strain from different directions. This directional dependence is due
to the material’s internal structure, such as the arrangement of fibers, crystals, or layers [114].

I1.3.3. Orthotropic material

An orthotropic material is a specific type of anisotropic material that has three mutually perpendicular
planes of symmetry, meaning its mechanical properties vary along three distinct axes but remain constant
within each plane. These materials have different stiffness, strength, and elasticity in each of the three
principal directions [120].

I1.3.4. Homogeneous material

A homogeneous material is one that has a uniform composition and consistent properties throughout its
entire volume. This means that its mechanical and physical characteristics, such as strength, density, and
elasticity, remain unchanged regardless of the location within the material. Homogeneous materials can
be either isotropic, exhibiting the same properties in all directions, or anisotropic, where properties vary
based on direction [120].

I1.3.5. Monoclinic material

A monoclinic material is a type of anisotropic material that has a single plane of elastic symmetry,
meaning its mechanical properties vary in different directions but remain consistent within that plane. It
is characterized by 13independentelasticconstants, making it more complex than orthotropic or isotropic
materials. Examples of monoclinic materials include certain crystals, minerals like gypsum, and some
composite materials with layered structures [120].

I1.4. Stress and Strain in Fiber-Reinforced Materials

In the evaluation of fiber-reinforced materials, an orthogonal coordinate framework referred to as 1-2-3
is utilized. In this framework, the 1-axis corresponds with the orientation of the fibers, the 2-axis is at a
right angle to the fibers within the layer, and the 3-axis is at a right angle to the layer itself. The 1-axis
indicates the fiber orientation, while the 2 and 3 axes are regarded as matrix directions. The phrase
"transverse direction" denotes the orientation that is at right angles to the fibers. The specific matrix



Chapter I1: Mechanical Properties of Composites Material

direction, whether it is 2 or 3, will be specified in the appropriate context. Stresses, strains, and strengths
are indicated within this main material coordinate system [119]. Figure I1.10, illustrates an isolated layer
and the orientation of the principal material coordinate system.:

- The 1-axis is aligned with the fiber direction (longitudinal direction).
- The 2-axis lies in the plane of the layer, perpendicular to the fibers (matrix direction).
- The 3-axis is perpendicular to the plane of the layer, also perpendicular to the fibers.

3 - Matrix direction <

Figure I1.10: Material coordinate system [119].

The effect of fiber reinforcement is uniformly distributed throughout the material, leading us to consider
the fiber-matrix system as a single homogeneous entity. This assumption aids in the analysis of fiber-
reinforced composites. However, it is crucial to note that this composite does not display consistent
properties in all directions. Typically, it exhibits greater strength and stiffness along the 1 direction
(parallel to the fibers) compared to the 2 and 3 directions (perpendicular to the fibers). A material that
demonstrates varying properties in three mutually perpendicular directions is classified as orthotropic.
Therefore, a layer made from such a material is considered orthotropic [119].

The 1-2, 1-3, and 2-3 planes are mutually perpendicular to one another, and the material's properties are
symmetrical with respect to each of these planes. A material that demonstrates uniform properties in all
directions, indicating that it behaves consistently regardless of orientation, is referred to as isotropic [119].

Figure I1.11 depicts a small element of smeared fiber-reinforced material subjected to stresses on its six
bounding surfaces. The small volume is considered to be taken from a layer. The normal stress on the face
of the element with its outward normal in the 1 direction is denoted as o1. The shear stress acting in the 2
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direction on that face is labeled as 112, and the shear stress in the 3 direction on that face is labeled as 1.
The normal and shear stresses on the other faces are similarly designated.

Figure IL11: Stresses in element [119].

The extensional strain responses of the element, as referenced in the 1-2-3 coordinate system, are
represent as &,,&, and &, while the engineering shear strain responses are denoted as y,,, 7,;, and y,;.

In this notation, &1 represents the stretching of the element in the fiber direction, yi2 refers to the change in
angle in the 1-2 plane, and so on. The stress-strain relationship for the small element will be developed
by analyzing the response of the element to each of the six stress components. Since only linear elastic
behavior is considered, the superposition principle will be applied to determine the overall response of the
element under a complex or combined stress state [119].

Figure I1.12.a shows the element subjected to a tensile normal stress in the 1 direction, denoted as ci.
Figurell.12. b and Figure I1.12.d depict three different views of the element, illustrating how it deforms
under this tensile stress.

The tensile normal stress o1 causes the element to elongate in the 1 direction. Due to Poisson's effect,
there is also a contraction in the 2 and 3 directions. However, there is no inherent reason to assume that
the contractions in the 2 and 3 directions are equal. Furthermore, nothing has been expressed to suggest
that the element has to contract; it might actually expand. Although contraction is common for a single
layer, laminates can be engineered to expand instead of contracting. Laminate Poisson's ratios, which
dictate this behavior, will be examined later [93].The extensional strain in the 1 direction is related to the
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tensile normal stress in the 1 direction by the tensile modulus of the equivalent smeared material in the
fiber direction, e:. The relationship between these quantities i1s[119]:

& =— 11.25
" (IL25)
S =171
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(c) As viewed in 1-3 plane (d) As viewed in 2-3 plane

Figure I1.12: Deformation of an element [119].

The Poisson's ratio, often denoted by v,,, is a material property that describes the relationship between

the longitudinal strain (in the direction of the applied force) and the lateral strain (in the perpendicular
direction to the applied force). When referring to the contraction in the 2-direction and extension in the 1-
direction, the Poisson's ratio is defined mathematically as:

v, = -2 (I1.26)

&
The negative sign indicates that an extension in one direction (the 1-direction) typically causes a
contraction in the perpendicular direction (the 2-direction). This relationship is essential in understanding
material deformation under stress. The Poisson’s ratio v;, can indeed be related to Young's modulus E.

The relationship between these quantities is fundamental in materials science and mechanical engineering.
The general relationship is:

£y ==V & ==V, —- (IL27)

47



Chapter II: Mechanical Properties of Composites Material

Given that the second subscript in v,, refers to the direction of contraction (or lateral strain), the Poisson's

ratio refers to the contraction in the 3-direction due to extension in the 1-direction. Specifically:

v, = _i_s (I1.28)
1

=& =V, -8 = -V, % (I1.29)
1

If a tensile normal stress is applied in the 2-direction instead of the 1-direction, the element of smeared
material will deform as shown in Figure I1.13. Due to the material's softness in the direction perpendicular
to the fibers, it will elongate more easily in the 2-direction than in the 1-direction. However, the rigid
fibers resist lateral contraction, significantly minimizing the contraction in the 1-direction, counteracting
the typical Poisson effect.

(b} As viewed in 1-2 plane
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(c) As viewed in 1-3 plane {(d) As viewed in 2-3 plane

Figure I1.13: Deformation of an element [119].

In contrast, the contraction in the 3-direction will be significant because only the matrix and the soft
diametral direction of the fiber are resisting deformation. For the loading scenario shown in Figure I1.13,

the tensile normal stress in the 2-direction o, , and the extensional strain in the 2-direction are related by

another extensional modulus through the following relationship:

g, =22 (IL.30)
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Using the subscript convention established for Poisson's ratios, the contraction in the 1-direction is
related to the extension in the 2-direction by another Poisson's ratio, which is defined as:
&
v, =—— (IL31)
82

As a result, due to the tensile normal stress o, applied in the 2-direction:

o,
E, =—V cE, ==V - — (11.32)
1 21 2 21 E2

This means that as the material extends in the 2-direction due to the applied stress, it will contract in the
3-direction by an amount determined by v,;.

T T (I1.33)
6‘2
Rearranging the expression, we get:
o
£y =—Vyy &, = —Voy E_2 (11.34)
2

Finally, if only a tensile normal stress o, is applied, the strains in the three directions can be determined
using the general relationships for Poisson's ratios and the material's behavior in response to stress. The
strain in each direction is related to the applied stress in a way that accounts for both the longitudinal strain
in the direction of the applied stress and the lateral strains in the perpendicular directions. The strain in
the 3-direction is the direct extension due to the applied stress o, which can be written as:

o 03 1135
S (IL.35)
o
& =~V -& =—Vy, E—3 (IL.36)
3
c
£, =V & =V, E—3 (1.37)

3

E; is the extensional modulus in the 3-direction, v3, relates the contraction in the 2-direction to the
extension in the 3-direction, and v3; connects the contraction in the 1-direction to the extension in the 3-
direction. This applies when only the stress o, is applied. Due to the differing stiffness between the fibers

and the matrix, the o, stress causes minimal contraction in the 1-direction. However, as shown in Figure

I1.14, the contraction in the 2-direction will be much more significant.
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g,

(c) As viewed in 1-3 plane (d) As viewed 1n 2-3 plane

Figure II.14: Deformation of an element [119].

If all three tensile stresses are applied simultaneously, the strain in any one direction is the result of the
combined effects of each applied stress. The total strain in any direction can be expressed as a sum of the
individual strains caused by each of the applied stresses, taking into account the material's Poisson's ratios
and moduli. Mathematically, this can be written as:

1
& :_(0-1 Vi 0, 7V '0'3) (I.38)
E,
1
& __(O'z_vzl'o'l_"23'o'3) (I.39)
E,
1
&= E_(O-S ~V3 0 " Vy ‘O'z) (I1.40)

The strain in any direction due to the simultaneous application of tensile stresses in all three directions
can be expressed in matrix form as:
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e R Y
g E, E, E, o,
Vi 1 “Vy
g, |= — ‘| o, (I1.41)
c E, E, E, o
: —Vy vy 1 :
E, E, E,

The effects of shear stress in an orthotropic material are less complex compared to the normal stresses,
as there is no coupling among the three shear deformations. This means that the shear strain in one
direction is independent of the shear stresses applied in the other directions. In an orthotropic material,
each shear stress only affects the corresponding shear strain in its own plane, without influencing the shear
deformation in the other planes.

As illustrated in Figure I1.15, when shear stresses are applied in one direction (t1,, Tp3andTszq), the

correspond shear strain (y,,, 7,,, and y, ) is calculated independently, based on the material’s shear

moduli. The shear strain y,, due to the shear stress T3 is given by:

723

V23 :G—B

(11.42)

Where G,3 is the shear modulus in the 2-3 plane, and similarly for the other shear moduli in their
respective planes. Thus, in an orthotropic material, each shear stress is only responsible for its
corresponding shear strain, and there is no interdependence between the shear strains in different
directions.
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{c) As viewed in 1-3 plane (d) As viewed in 2-3 plane

Figure I1.15: Deformation of an element [119].

The convention for shear in the 2-3 plane can be straightforwardly applied to the 1-3 and 1-2 planes as
well. As shown in Figure II.16, a shear stress 7,, alters the right angles in the 1-3 plane, while all other
angles in the cube stay orthogonal.

]
EE I

{b) As viewed in 1-2 plane

s —
e

(c) As viewed in 1-3 plane {d)y As wviewed in 2-3 plane

Figure I1.16: Deformation of an element [119].
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Similarly, as depicted in Figure II.17, a shear stress 7,, affects only the angles in the 1-2 plane, causing

them to deform. As a result:

73
=— 11.43
73 G, ( )
And

T

Vi =—— (11.44)
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(c) As viewed in 1-3 plane (d) As viewed in 2-3 plane

Figure I1.17: Deformation of an element [119].

The quantities G, and G, represent the shear moduli in the 1-3 and 1-2 planes, respectively. The

different extensional moduli, Poisson's ratios, and shear moduli are collectively known as engineering
constants, or engineering properties. The analysis of fiber-reinforced composites relies on understanding
the numerical values of these engineering constants, as they are crucial for predicting the material's
behavior under various loading conditions. Before we proceed, it is important to note that implicit in the
discussion so far is the assumption that:

Ty =Th15031 = T13503 =T (IL.45)

33



Chapter II: Mechanical Properties of Composites Material

This means that the shear stresses in the off-diagonal directions are symmetric, with the stress in one
plane being equal to the stress in the corresponding plane, but with the indices swapped. This symmetry
simplifies the analysis of shear stresses and their corresponding strains. Also, in the application of the
theory of elasticity to the analysis of composite materials, the definitions of the tensor shear strains are
given as:

ou. +6uj

1

:gj Ox,

Yy (11.46)

Where y, represents the shear strain tensor, u; and u; are the displacement components in the I and j
directions, respectively. These definitions allow the shear strains to be expressed in terms of the changes
in displacement in the directions normal and parallel to the plane of shear. The shear strain components
describe the deformation of the material under shear stress, which is essential for understanding the
behavior of composite materials. The shear strain components can be written as:

vy =2¢&; (11.47)

y

Where y, is the shear strain and ¢, is the engineering shear strain (also sometimes referred to as the

strain in the material under shear stress). The factor of 2 comes from the definition of shear strain in the
context of tensor analysis, where the total shear strain is twice the engineering shear strain. This
relationship helps simplify the calculations in the analysis of composite materials, especially when
considering the behavior of the material under shear stress.

3P :%5813 :%,523 :% (I1.48)

Finally, it will be assumed that the elastic properties of the composite in compression in the 1, 2, and
3 directions are the same as those in tension. This assumption simplifies the analysis, as it means that the
material behaves symmetrically under both tensile and compressive stresses. When considering the elastic
properties of a composite material in both tension and compression, and assuming that the material
behaves symmetrically under both tensile and compressive stresses, the relationships between the stresses
and strains can be expressed in a matrix form that includes 9 components. This includes normal stresses,
shear stresses, and their corresponding strains. The matrix form of the relationships between the 9 stress
components ¢, and the 9 strain components ¢, is:
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i _Yu Vs 0 0 0
E, E, E,
Via 1 Vo3
- —_— - 0 0 0
O-l EI E2 E3 01
72 M3 Vs L 0 0 0 72
% || E  E K | (I1.49)
V23 0 0 0 L 0 0 T
713 G { 713
712 0 0 0 0 G_ 0 Ty
13
1
0 0 0 0 0o —
G12

The square 6x6 matrix of material properties that describes the relationship between the stresses and
strains in a composite material is called the compliance matrix. This matrix relates the applied stresses to
the resulting strains, and it incorporates the material's elastic properties, such as the Young's moduli,
Poisson's ratios, and shear moduli. Typically represented by S, the stress-strain relationships are expressed
in terms of S for an orthotropic material, the compliance matrix is represented as:

0, Sy Sy S 00 0o
0, Sy §y» S 0 0 0o
O3 | _ Sy 8u S 00 0o (I1.50)
V23 0 0 0 S, 0 0 fzy
Vi3 00 0 0 S5 07,
712 00 0 0 0 S/)\7,

The inverse of the compliance matrix is the stiffness matrix, also known as the modulus matrix or
elasticity matrix, denoted as C. This matrix relates the stress components to the strain components and
describes the material's response to applied forces. For an isotropic material, the stiffness matrix is the
inverse of the compliance matrix. The stress-strain relationship, using the stiffness matrix, is given by:

0, ¢, G, CG; O 0 0 (o
o, ¢, ¢, C; 0 0 0| o
O | _ Gy G, G 00 0 ' O3 (IL51)
T3 0 0 0 C 0 0|y
Ty 0 0 0 0 Cs 0 |r;
T2 0 0 0 0 0 C)\r
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For an anisotropic material, the material properties vary in all directions, and there is no symmetry in
the material's behavior. This type of material requires a full 6x6 compliance matrix to account for the
varying properties in all directions, including the interactions between normal and shear stresses and
strains. The compliance matrix for an anisotropic material relates the strains to the stresses in all directions.
It is generally written in the following form:

0, Sy S Sy Sy Sis S o
0, Su Sn Sy Su Sy Sy || 0,
05 | _ Sy Sn Sy Sy Sy Sy || o3 (IL52)
T3 Sa S Sis Su Sis Sie || 7
T3 Ssi Ss Ss3 S Sss Sse || 713
T Sei S Ses Sa Ses Ses )\ V2
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Chapter I11: Mechanical Testing of Composite Materials

I. Introduction

Composite materials and products are developed from raw constituent materials, with testing conducted
at various levels, as explored in this chapter. Unlike isotropic materials, composites are inherently
anisotropic, requiring a broader set of material parameters for design, analysis, quality control, and quality
assurance. Consequently, composite testing is more complex, and significant research has been conducted
in this field. However, the test methods discussed here are not exhaustive. The primary goal of testing is
to generate valuable data on the mechanical and non-mechanical properties of a material or structure.

The most common objective of testing is to generate data for product design and analysis. Material
selection and preliminary design calculations are typically based on material properties available in the
literature. Another key objective of testing is quality control and quality assurance, ensuring that materials
and products meet specified standards and performance requirements. It is crucial to identify the materials
actually used in product manufacturing, and some level of testing may still be necessary for quality control
and quality assurance purposes.

The third key objective is materials research, aimed at enhancing existing materials and developing
new, more efficient material systems. Tests can be broadly classified into different levels: coupon-level
tests (including constituent-level tests on fibers and resin, lamina-level tests, and laminate-level tests),
structural element-level tests, and component-level tests. Component-level tests are further divided into
subscale and full-scale component-level tests.

Composite laminates may contain holes, cutouts, bonded interfaces, and other discontinuities. Tests for
designing such structural elements or ensuring quality control fall under this level. While standard test
coupons exist for certain cases, such as lamina or laminate tensile strength with a hole and interface
adhesive strength, specially designed subscale test components are sometimes used for specific testing
needs. Following these guidelines helps manufacturers and researchers develop and assess materials and
products, ensuring results that are accurate and consistent with industry practices.

Standard test methods are essential for evaluating the mechanical and non-mechanical properties of
materials such as fibers, resins, laminae, and laminates. These methods ensure consistency, accuracy, and
reproducibility across tests, which is crucial for material performance evaluation and product
development. A typical standard test method covers several key components to define the parameters and
procedures for testing. These include the scope of the test, test specimen and sampling, apparatus,
equipment, and machinery, physical principles, test procedure, and calculation and reporting of results.

The scope of the test defines the purpose and application, specifying the material or product being
tested and the conditions under which the test is applicable. It clarifies the specific property being
measured, whether mechanical, thermal, or another characteristic. The test specimen and sampling section
specifies how the test specimens should be prepared and how they represent the material or product being
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tested. It includes the dimensions, number of specimens, and how to sample the material to ensure
uniformity and fairness in testing.

The apparatus, equipment, and machinery section outlines the specific equipment required, including
machines, instruments, and other devices. It defines calibration, setup, and operation procedures to ensure
accurate results, and may specify tolerances for equipment performance. The physical principle section
explains the scientific or physical principles behind the test, describing how the material’s behavior is
measured and providing context for understanding the test results.

The test procedure section provides step-by-step instructions for conducting the test, including how to
apply the load or stimulus, the environmental conditions to maintain (e.g., temperature, humidity), the
duration of the test, and how to handle the specimens during and after the test. This ensures consistent
testing, regardless of the tester. Finally, the calculation and reporting of results section outlines how to
process raw data, including formulas for calculations and statistical methods. It also defines the format for
reporting results, ensuring clarity and consistency, which is essential for comparing results across different
tests or labs.

Various organizations, such as ASTM (American Society for Testing and Materials) and ISO
(International Organization for Standardization), work to develop, revise, and promote these standards.
They collaborate with industry experts, researchers, and manufacturers to ensure that standards remain
up-to-date and reflect current technology. These organizations also provide certifications and guidelines
to ensure that testing is conducted in accordance with established norms. Standards play a crucial role in
ensuring the quality, consistency, and reliability of testing methods for composite materials [93].

II. Tests on Reinforcement

I1.1. Non mechanical Tests on Reinforcement

Non-mechanical tests are used to evaluate properties like thermal stability, moisture absorption,
chemical resistance, and other environmental factors that could impact the performance of reinforcement
materials. Table III.1show the common test methods for these parameters[93].

Table II1.1. Standard Testing Procedures for Non-Mechanical Properties of Reinforcements

[93].
Parameter Description Principle of Testing ASTM Standard
Density Mass per unit volume Method of displacement ASTM D792
Archimedes principle ASTM D3800
Density-gradient column ASTM D1505
Moisture content Mass of moisture per unit ~ Moisture removal by oven ASTM D123
mass of reinforcement drying and weighing
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Filament diameter Diameter of individual Plan metering, indirect ASTM D3379
filament method based on density
and linear density
Tex Mass per unit length Direct measurement and ASTM D1577
vibroscope procedure
Fabric construction  Filament count and weave Direct counting ASTM D3775
Fabric areal density Mass per unit area Direct measurement ASTM D3776

II.1.1. Density

The density of both continuous and discontinuous high-modulus fibers can be measured according to
ASTM D3800 using either the buoyancy method, based on Archimedes' principle, or the sink—float
method [125]. The fiber density calculated by dividing its mass by this volume:

W,
! (IIL.1)

Where:

W, : Fiber weight in air (g)

W, : Fiber weight in the test liquid (g)
p,: Density of fiber (g/cm?)

p,: Density of test liquid (g/cm?)
I1.1.2. Moisture content

A standard test method for measuring the moisture content of roving, yarns, or fabrics typically involves
using a small fabric piece or a roll of roving weighing around 2 g. The process starts by drying and
weighing a glass weighing bottle. The sample is then placed in the bottle, weighed at room temperature,
and heated at 105-110°C to remove moisture[93]. After heating, the sample and container are reweighed,
and the moisture content is calculated based on the difference between the initial and final weights. The
moisture content (M.C) of the sample is calculated using the following formula [8]:
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W, —W.
M.C(%) =—2—"2x100 (111.2)
Wy -m

Where:

W, : Mass of the empty glass weighing bottle (g).

W,: Mass of the glass weighing bottle containing the sample before moisture removal (g).
W, : Mass of the glass weighing bottle containing the sample after oven drying (g).

I1.1.3. Filament diameter

The diameter of an individual filament can be determined using two methods: direct measurement
through photomicrography and an indirect calculation based on linear density and material density.

a. Direct Measurement (Planimeter Method)

This method involves capturing a high-magnification photomicrograph of the filament cross-section at
2000-3000 times magnification. The cross-sectional area is then measured using a planimeter, a device
designed to determine irregular areas. The filament diameter is then derived from the measured area,
ensuring a precise and accurate determination of individual fiber dimensions.

b. Indirect Calculation Method

An alternative approach estimates the filament’s cross-sectional area ( F, ) using its tex value
(weight in grams per kilometer) and density (g/mm?). The formula used is:
Tex

F..=— 111.3
s Density ( )

Since this method relies on measuring a bundle of fibers, it provides only an average filament diameter
rather than the exact measurement of a single filament. Proper unit conversion is crucial to ensure accuracy

in this approach. While the direct method offers greater precision, the indirect method is useful for
obtaining a quick estimate of filament dimensions, especially when handling large fiber bundles. Then, the

average filament diameter is given by:
|4
d,=2x|— (I11.4)
V4
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I11.1.4 Tex

Tex is a commonly used unit for measuring the linear density of fibers, representing the mass per unit
length of either an individual filament or a fiber bundle (such as strand or yarn). It is defined as the mass
in grams per 1000 meters of fiber. ASTM D1577 prescribes two primary methods for determining the tex
of fibers: the direct mass measurement method and the vibroscope procedure[121]. In the direct mass
measurement method, a fiber of a known length, typically 1000 meters, is cut and weighed using a
precision balance. The tex value is then calculated by dividing the mass of the fiber (in grams) by its length
(in kilometers). This method is straightforward and commonly used for coarser fibers or fiber bundles.
The vibroscope procedure is a non-destructive method that measures the natural frequency of vibration of
the fiber to determine its mass per unit length. This method is especially useful for delicate or fine fibers,
where direct weighing might not be feasible. Both methods provide accurate measurements, with the
vibroscope being preferred for fine fibers and the direct method typically used for coarser fibers or fiber
bundles.

In the direct method, tex is easily calculated by dividing the mass (in milligrams) by the length (in
millimeters) of the fiber and multiplying the ratio by 1000. However, this method is not suitable for
individual filaments shorter than 30 mm, as it may not provide accurate measurements for such small
lengths. In the vibroscope method, the fundamental resonant frequency of an individual fiber is measured
using a vibroscope. By applying known conditions, such as the length of the fiber and the tension applied,
the linear density (tex) can be calculated from the fiber's fundamental resonant frequency of transverse
vibration. This method is particularly useful for staple fibers with low linear density, as it allows for
precise measurements without needing to directly weigh the fibers.

I1.1.5. Fabric construction

Two key parameters that define fabric construction are filament counted weave. These factors are
essential because they directly affect various fabric characteristics, such as handleability, drapeability,
stability, fabric thickness, and how the fiber properties transition into fabric properties. ASTM D3775
outlines the standard procedure for measuring filament count in fabrics, which involves directly counting
the filaments under suitable magnification. This measurement plays a significant role in determining the
overall structure and behavior of the fabric.

I1.1.6. Areal density of fabric

Fabric areal density, or mass per unit area, can be determined through the tests prescribed by ASTM
D3776. The procedure involves directly measuring the mass of a fabric specimen with specified
dimensions. To calculate the areal density, the net mass of the fabric is divided by the product of the
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specimen's length and width. This method provides a straightforward way to determine the fabric's mass
per unit area.

I1.2. Mechanical Tests on Reinforcement

The test methods for the following mechanical properties of reinforcements are covered:

- Tensile strength and modulus of a single filament
- Tensile strength and modulus of a tow
- Breaking strength of fabric

Table II1.2 provides a summary of the test methods for these mechanical properties.

Table I11.2. Standard Test Methods for Mechanical Parameters of Reinforcements [93].

Parameter Principle of Testing ASTM Standard
Tensile strength and modulus of a single filament Loading till failure ASTM D3379
Tensile strength and modulus of a bundle of Loading till failure ASTM D4018
filaments
Breaking strength of a fabric Loading till failure ASTM
D7018/D5034/D5035

I1.2.1. Tensile Properties by Single-Filament Tensile Testing

Single-filament tensile testing is used to measure the tensile strength and modulus of individual fibers.
This method involves applying a gradually increasing load to a single filament until it breaks, allowing
for the measurement of the force required for failure as well as the deformation of the fiber under stress.
The tensile strength and modulus of fibers can be determined using the single-filament tensile testing
method in accordance with ASTM D3379.

In single-filament tensile testing, the test specimen consists of an individual fiber of adequate length,
carefully separated from a dry strand to avoid damage or stress concentrations. To facilitate handling and
ensure accurate alignment during testing, the filament is mounted on a slotted cardboard tab, as illustrated
in Figure IIL.1.
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Figure IIl.1: Single-Filament Tensile Testing Method (ASTM D3379-75): (a) Schema of
tensile test equipment) [93], (b) Zwick/Roell Z10 machine, (c) sample under tensile force, (d) Specimen
after failure.

This mounting technique helps maintain the filament's straightness and prevents premature failure due
to misalignment. The tabbed specimen is then clamped into a tensile testing machine, where the filament
is subjected to a gradually increasing tensile load until failure. The applied load and the corresponding
elongation are continuously recorded during the test. To ensure statistically meaningful results, a large
number of specimens are tested. Tensile strength is calculated by dividing the failure load by the average
cross-sectional area of the filament. This can be expressed as:

(IIL.5)

Where:

T, : Tensile strength (N/mm?)

F: The failure load (N).

A: The filament’s average cross-sectional area (mm?).
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11.2.2. Determination of Filament Cross-Sectional Area and Tensile Modulus

a. Filament Cross-Sectional Area Measurement

The cross-sectional area of a filament is essential for accurate tensile property calculations. ASTM
D3379 prescribes two methods for its determination:

The direct method for determining filament cross-sectional area involves capturing a photomicrograph
of the filament at a magnification of 2000-3000%, followed by measuring the cross-sectional area using a
planimeter to ensure precise assessment of the filament’s actual shape.

The filament’s linear density Ld (g/mm) is divided by its material density d (g/mm?) to estimate the
cross-sectional area (mm?):

4= (I1L.6)

b. Tensile Modulus Determination

The tensile modulus of a filament is derived from load-elongation data through the following process:
Multiple specimens with different gauge lengths are tested under controlled tension. The elongation per
unit load (apparent compliance) is calculated for each specimen. A gauge length—compliance curve is
plotted, typically showing a linear relationship. The intercept at zero-gauge length represents system
compliance, which is subtracted from apparent compliance to determine true compliance. Finally, the
modulus is obtained by dividing the specimen gauge length by the product of true compliance and filament
cross-sectional area.

The tensile modulus of a filament is determined through compliance analysis by testing multiple
specimens with varying gauge lengths under controlled tension. A gauge length vs. compliance curve is
plotted, which generally shows a linear relationship. The intercept of this curve represents the system
compliance, which accounts for the deformation of the testing apparatus. To obtain the true compliance,
the system compliance is subtracted from the apparent compliance, which is the elongation per unit load.
Finally, the tensile modulus is calculated by dividing the specimen gauge length by the product of the true
compliance and the filament's cross-sectional area. The tensile modulus is calculated using the following
relationship:

E, =— (111.7)

Where:

E , : Tensile modulus of fiber (N/mm?).
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L: Gauge length of the specimen (mm).
C: True compliance (mm/N).
A: Average filament area of cross-section (mm?).

I1.2.3. Tensile Properties by Tow Tensile Testing

Selecting individual filaments and mounting them on tabs can be a challenging process, often leading
to inaccuracies, particularly when determining modulus. As an alternative, the tensile strength and
modulus of fibers can be determined using the tow tensile testing method prescribed by ASTM D4018.
This method provides a more reliable and efficient way to obtain these properties, as it involves testing a
bundle of fibers rather than individual filaments. In addition to tensile strength and modulus, this method
also allows for the determination of other important parameters such as the fiber’s density and linear
density (mass per unit length). The specimen for this test is a bundle of fibers that are impregnated with a
suitable resin and then consolidated. The resin must be compatible with the fiber and any applied sizing.
The impregnation and consolidation processes ensure the specimen is easier to handle and allow for
uniform loading of the individual filaments during the test. Depending on the specimen configuration,
tabs may or may not be used. For tabbed specimens, the gauge length between tabs is set to 150 mm, while
untabbed specimens are designed with sufficient length to achieve a 150 mm gauge length between grips.
The tensile test involves pulling the resin-impregnated and consolidated fiber bundle in a calibrated tensile
testing machine until failure occurs. To accurately determine the fiber modulus, an extensiometer is
attached to the specimen during testing. This method not only provides accurate measurements of tensile
strength and modulus but also gives important additional data such as density and linear density, which
are critical for evaluating fiber performance in composite materials. The tensile strength and modulus of
the fiber are calculated using the following formulas:

oy =| L | p 1.8
] (111.8)
Pr
P —
E, =| 2| 2zl (ITL.9)
. p p gu _81

Where:
o7 : Longitudinal tensile strength of fiber (MPa).

p,+ Density of fiber (g/cm?).
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p',: Linear density of fiber (g/m).

P: Maximum tensile load (N).

E,, : Longitudinal Young’s modulus of fiber (GPa).
P : Tensile load at upper strain limit (N).

P, : Tensile load at lower strain limit (N).

¢, Upper strain limit

&, Lower strain limit

I1.2.4. Breaking Strength of Fabric

The breaking strength of a fabric refers to the tensile failure load per unit width, typically expressed as
N per 25 mm. ASTM D5035 provides a method for determining the breaking strength and elongation of
fabrics using strip specimens of width 25 mm or 50 mm, with a minimum length of 150 mm. The
specimens are often cut along the warp and fill directions, depending on the requirements. The breaking
strength is calculated by recording the load at failure during the test [135].

Additionally, ASTM D5034 outlines an alternative method known as the grab test, which is commonly
used to measure the breaking strength and elongation of fabrics. In this method, a specimen of fabric with
a width of 100 mm and a length ranging from 200-250 mm is tested. Two slits are made in the fabric,
located midway between the two ends, leaving a central 25 mm section uncut [136]. This approach is
particularly useful for evaluating the strength of fabrics that are subjected to real-world conditions. The
breaking strength is determined by the load at which the fabric fails during testing.

I1.3. Tests on matrix

11.3.1. Non mechanical Tests on Matrix

The density of cast resin and the viscosity of liquid resin are two essential non mechanical parameters
of matrix materials, providing crucial information for the design and processing of Polymer Matrix
Composites (PMCs). Another significant parameter is the glass transition temperature (Tg), which plays
a critical role in determining in-process thermal cycles and the service temperature range of the material.
Beyond these, other factors such as volatile content also hold importance, especially in specific resin
systems where they can affect the overall performance. In the upcoming sections, we will explore the
standard test methods used for determining resin density, viscosity, and Tg.
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I11.3.1.1. Density

The liquid displacement method (ASTM D792) is used to determine the density of cast resin based on
Archimedes' principle. The process involves weighing the resin specimen both in air and in water. The
weight difference between the specimen in air and water gives the weight of the displaced water [137].
Knowing the density of water (approximately 1 g/cm?), the volume of the resin sample is calculated.
Finally, the density of the resin is obtained by dividing the specimen's weight in air by its calculated
volume. The formula for calculating the resin density is:

(I11.10)

Where:

p,, - Density of cast resin (g/cm?).
W, : Weight of the cast resin sample in air (g).

W,: Weight of the cast resin sample fully immersed in water (g).

In the density-gradient method, a specimen is cut from the cast resin into a suitable shape and size,
ensuring the center of volume is identifiable. The specimen is placed in a density-gradient column, which
contains a solution of linearly varying density, created by mixing two suitable liquids and maintaining a
precise temperature. A standard glass float of known density is first placed into the column to record its
equilibrium position relative to a reference plane. The glass float is removed without disturbing the
gradient, and then another glass float with a different known density is introduced, followed by the
specimen. The equilibrium positions of each are recorded. The density of the specimen is determined by
linear interpolation between the known densities of the floats, using the following formula:

pn == p,) +p, (I.11)

Where:
P, >, and p, : densities of the cast resin sample and the two standard glass floats, respectively (g/cm?)

Zm, 21, Z, distances, w.r.t. an arbitrary datum, of the cast resin sample and the two standard glass floats,
respectively (mm).



Chapter III: Test of Composites Material

11.3.1.2. Viscosity

Viscosity is a crucial property of liquid resins, directly influencing the proper impregnation of
reinforcement materials during manufacturing. It is a key parameter evaluated for quality control and
acceptance processes in resin-based composite production. There are several methods for measuring
viscosity, with three commonly used instruments being:

a. Rotational-Type Viscometers (Brookfield viscometers)

These are based on the principle that the torque required to turn a spindle in a viscous fluid is
proportional to the fluid's viscosity. In these instruments, a spindle is immersed in the fluid, and a
calibrated spring measures the torque, which is displayed as a viscosity reading. ASTM D2393 outlines
the standard method for measuring resin viscosity using this type of instrument[93].

b. U-Tube Viscometer (Ostwald’s)

This device works on the capillary principle. It consists of a U-shaped glass tube with precise
dimensions. The fluid is drawn through one arm and allowed to flow through the other. The time it takes
for the fluid to pass between two marked levels is used to determine the viscosity of the liquid.

c. Flow-Cup Viscometer

This instrument comprises a cup with an orifice through which the fluid is allowed to flow. The time
taken for a known volume of the fluid to pass through the orifice is used to determine its kinematic
viscosity.

11.3.1.3. Glass Transition Temperature (Tg)

Tg refers to the temperature at which a polymer matrix undergoes a transition from a glassy state to a
rubbery state as it is heated. In the glassy state, the molecular segments of the material can only move
vibrationally, with no relative movement between them. In contrast, in the rubbery state, the molecular
segments can move relative to each other. This transition occurs at a specific temperature, known as Tg.

When the material is heated and reaches this temperature, its modulus (rigidity) decreases significantly,
often by several orders of magnitude. This change is accompanied by a shift in heat capacity and
coefficient of thermal expansion (CTE). Tg is crucial because it indicates the maximum service
temperature for the resin matrix, beyond which the material may lose its structural integrity and
performance.

Tg is influenced by the molecular structure of the resin and the curing conditions. Specifically, the Tg
of a resin matrix cured at a higher temperature tends to be higher than that of the same material cured at a
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lower temperature. This property is critical in determining the suitability of the resin for specific
applications where temperature resistance is essential.

a. Differential Scanning Calorimetry (DSC)

DSC is the most widely used method to determine Tg. It measures the heat flow into or out of a sample
as a function of temperature. When a polymer transitions from the glassy to the rubbery state, there is an
endothermic heat absorption due to the molecular motion starting. This results in a change in the heat
flow, which can be used to determine the Tg[93]

b. Dynamic Mechanical Analysis (DMA)

DMA measures the mechanical response of a polymer sample as it is subjected to oscillatory stress over
a range of temperatures. The storage modulus (which reflects the material's elasticity) and loss modulus
(which reflects the material’s viscosity) are measured, and the Tg can be identified as the temperature
where there is a significant drop in storage modulus.

Tg is identified in DMA as the temperature where the storage modulus drops significantly, and the loss
modulus reaches its peak. This point marks the transition from a rigid (glassy) state to a more flexible
(rubbery) state[93].

¢. Thermomechanical Analysis (TMA)

Thermomechanical Analysis (TMA) is a technique used to measure the dimensional changes of a
material as it is heated or cooled under a controlled force. This method is particularly useful for
characterizing how materials expand or contract with temperature, which can be correlated with specific
thermal transitions, such as the glass transition temperature (Tg). TMA measures the dimensional changes
of a material as it is heated or cooled under a controlled force. The glass transition temperature (Tg) can
be identified as the temperature where there is a sharp increase in the dimensional change, marking the
transition from a rigid (glassy) state to a more flexible (rubbery) state[93].

11.4. Mechanical Tests on Matrix

Mechanical testing of the matrix material in composites is crucial for evaluating its performance and
suitability for various applications. These tests assess key properties such as strength, stiffness, and
durability, which are essential for ensuring the matrix can effectively support and bond with reinforcing
fibers. Common mechanical tests include tensile, compressive, flexural, and impact testing, each
providing insights into how the matrix behaves under different loading conditions. These tests help in
understanding the matrix's ability to withstand stresses, its deformation characteristics, and its overall
structural integrity in composite materials[93]
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I1.4.1. Tensile Properties

The tensile properties of neat cast resin are commonly determined using a dog-bone-shaped specimen,
as specified by ASTM D638. The most widely used specimen dimensions are 165 mm in overall length,
19 mm in overall width, and 3.2 mm in thickness, with a gauge section of 50 mm length and 13 mm width.
During testing, the specimen is subjected to tension by gripping it in a testing machine, which moves at a
constant cross-head speed[122]. The tensile strength is calculated by dividing the maximum force by the
average original cross-sectional area in the gauge section. Extensometers are used to monitor elongation,
and force-extension curves are continuously recorded. The modulus is calculated from the initial linear
portion of the curve, where the difference in stresses between two points is divided by the difference in
strains at those points. This method provides accurate measurements of both tensile strength and modulus.

11.4.2. Compressive Properties

The compressive properties of neat cast resin are evaluated using the standard method outlined in
ASTM D695. The typical test specimen is either a short cylinder (12.7 mm diameter x 25 mm height) or
a prism (12.7 mm x 12.7 mm X 25 mm). The specimen is placed between two hardened, flat plates of a
compression tool, ensuring that the end faces are parallel and aligned with the plunger of the testing
machine. During the test, compressive force is applied at a constant cross-head rate of 1.3 mm/min until
the yield point is reached[123, 124].

After yielding, the cross-head speed is increased to 5—6 mm/min to continue loading until failure. The
compressive strength is calculated by dividing the maximum compressive force by the original minimum
cross-sectional area of the specimen. To determine stress—strain data, a compressometer is used to record
the force—displacement curve, from which the modulus of elasticity is calculated by drawing a tangent to
the initial linear portion of the curve.

11.4.3. Shear Properties of Cast Resins

The shear properties of cast resins can be evaluated using two primary methods.
11.4.3.1. V-notched Beam Method

The ASTM D5379 test method is commonly used to evaluate the shear properties of composite
materials at the lamina or laminate level. This test involves a V-notched specimen, which is subjected to
a shear force to assess its response to shear stress. The V-notched beam test provides critical data on the
material’s shear strength, stiffness, and toughness, making it particularly valuable for analyzing fiber-
reinforced composites and other advanced materials. This method ensures accurate characterization of
shear behavior, aiding in material selection, quality control, and structural design[125].
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11.4.3.2. Torsion Cylinder Method

This method is employed to determine the shear modulus of structural materials, including cast resins,
by evaluating their response to torsional forces. The test involves subjecting a solid cylinder or a hollow
tube to an externally applied torque, which induces twisting deformation in the specimen. By precisely
measuring the angle of twist under the applied load, the shear modulus (G) can be accurately calculated.
This technique provides critical insights into a material’s resistance to shear deformation, making it
particularly valuable for applications requiring high torsional rigidity and strength. The procedure follows
the standards outlined in ASTM E143, ensuring reliable and repeatable results.

III. Tests for Lamina/Laminate Properties

Lamina and laminate properties are crucial for understanding the mechanical performance of
composite materials, especially fiber-reinforced composites. These tests evaluate how individual layers
(lamina) and multiple layers (laminate) of composite materials behave under various loading conditions.
Below are the key tests used to assess lamina/laminate properties:

II1.1. Non-Mechanical Tests on Laminae

Non-mechanical tests are crucial for evaluating the physical, chemical, and thermal properties of
composite materials, especially laminae (individual layers) within laminates. These tests help assess the
quality, durability, and performance of composite materials under different environmental conditions.
Below are the key non-mechanical tests commonly used for laminae in composite materials:

II1.2. Density Measurement

The density of a cured composite material is an important property that influences its mechanical and
thermal behavior. It plays a significant role in applications where weight reduction is crucial, such as in
aerospace, automotive, and structural engineering. The principles and methodology for measuring the
density of a cured composite material are similar to those used for cast resins. One of the most commonly
used methods for this measurement is the liquid displacement method, as outlined in ASTM D792.

II1.3. Void Content

Void content represents the percentage of air gaps or voids present in a composite material, which are
formed due to incomplete resin infiltration, trapped air, or improper curing. It is calculated as the
difference between the theoretical density and the measured density of the composite. ASTM D2734 is a
standard test method used to determine the void content in reinforced polymer matrix composites. Void
content is a crucial parameter in composite materials because excessive voids can significantly reduce
mechanical properties such as strength, stiffness, and durability [126].
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V,= [Mj (IL12)

Where:

V,: Void content (%)

p¢: Theoretical density of the composite (g/cm?)

pc: Measured (actual) density of the composite (g/cm?)

The theoretical density is based on the known densities of the fiber and resin:

1
= 11.13
—+
Where:
w,, w,: Weight fractions of fiber and matrix
p,» P, Densities of fiber and matrix (g/cm?)
The weight fractions are calculated using the following equations:
M,
W,=——— (I11.14)
M +M,
And
M
w,=——"— (IIL.15)
M,+M,
Where:

Mp: Mass of the fiber (g)

M,,,: Mass of the matrix (resin) (g)

72



Chapter I11: Mechanical Testing of Composite Materials

I11.4. Water Absorption

Water in epoxy composites exists as condensed water in fractures and molecularly dispersed water in
the matrix. Incorporating hydrophilic lignocellulosic fibers increases moisture absorption due to hydroxyl
groups forming hydrogen bonds with water. This leads to poor fiber-matrix compatibility, reduced
interfacial bonding, and dimensional instability, which can impact the composite's mechanical properties
and durability[126]. Water absorption studies were conducted in accordance with ASTM D570, which
specifies procedures for determining the water absorption characteristics of polymeric materials. The test
involves immersing a composite specimen in water at a controlled temperature for a specified duration.
After immersion, the specimen is removed, surface water is wiped off, and the specimen is immediately
weighed. The percentage of water absorbed is calculated using the formula[127]:

W, —W,
W (%) === 2100 (IIL.16)

0
Where:

W.: Weight of the specimen after immersion (g)
W, : Initial dry weight of the specimen (g)

I11.5. Mechanical Property Testing of a Lamina

The mechanical properties of a lamina play a crucial role in the design and analysis of composite
materials. These properties can be categorized into the following groups:

IIL.5.1. Tension properties

Tension Testing is a crucial mechanical test used to assess a material's behavior under tensile forces. It
provides essential data for understanding a material's strength, elasticity, and ductility, which are key for
engineering design and material selection. During the test, a specimen is subjected to a gradually
increasing tensile force until failure, and several important properties are measured:

a. Tensile Strength:

Tensile Strength is the maximum stress a material can withstand while being stretched. It represents the
material's resistance to breaking under tension. Young's Modulus, measures the material's stiffness by
defining the ratio of stress to strain in the elastic region of the material's stress-strain curve.

To ensure that the specimen fails in the gauge section under a uniaxial stress state, it is important to use
standard specimen shapes that promote failure in the intended area. For isotropic materials and materials
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with low orthotropic, dog-bone-shaped (Figurelll.2) or dumb-bell-shaped specimens are typically used.
These specimens have a tapered width in the central section, as specified by ASTM D 638. This shape
helps concentrate the applied stress in the gauge section, ensuring that the material fails in a controlled
and predictable manner during the tension test.

Longitudinal shear failurew

Bearing failure —

Lateral splitting —

A,
- o

= g

——

Longitudinal splitting

Figure IIL.2: A dog-bone-shaped tensile test specimen with end holes is a variation of the
standard dog-bone or dumb-bell-shaped specimen, commonly used in tensile testing [93].

Several standard specimens and test procedures are commonly used for tensile testing, including
ASTMD3039, BS 2782, and ISO 527. Among these, ASTM D3039 is perhaps the most widely recognized
and accepted standard. The standard specimen as per ASTM D3039 (shown in Figure II1.3) typically has

a simple rectangular shape.
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Figure II1.3: The tension test specimen as described in ASTM Standard D3039/D3039M-08,
titled Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials [93].
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The recommended dimensions for the tension test specimen are detailed in Table IIL.3. It's important
to note that the specific dimensions of the specimen can vary based on factors such as the type of material,
the laminate fabrication method, and other material-specific considerations. These variations ensure that
the specimen is appropriately tailored to the particular characteristics of the material being tested, allowing
for accurate and reliable measurement of its tensile properties.

Table I11.3: Standard Tensile Test Specimen as Recommended by ASTM D3039 [93].

Type Unidirectional Unidirectional  Balanced and Random and
0°) (90°) Symmetric Discontinuous
Overall Length, L (mm) 250 175 250 250
Width, W (mm) 15 25 25 25
Thickness, T (mm) 1.0 2.0 2.5 2.5
Tab Length, 1 (mm) 56 25 a a
Tab Thickness, t (mm) 1.5 1.5 a a
Tab Bevel Angle, 0 (°) 7-90 90 a a

Note:(a) indicates that the dimensions or specifications are not applicable or vary based on the specific
material or test conditions[93].

Tensile strength can be calculated using the following formula:

P
T = 1117
=y (IIL.17)

Where:
T: Tensile strength of composite (MPa).

P, : The maximum load the specimen can withstand before failure (N).This refers to the maximum load

that the material can withstand before it fails or breaks. It is the peak value observed on the load vs.
elongation (or strain) curve during the tensile test. The ultimate tensile load is often used to calculate the
tensile strength of a material.

A: The average area of the specimen's gauge section (mm?).
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To calculate the modulus (Young's Modulus) from the stress-strain curve, stress is calculated from each
data point by dividing the applied load (P) by the average cross-sectional area (A). The formula for stress
at any data point is:

(IIL.18)

x| o

Where:
o : Axial tensile stress at any data point (MPa)

P: Tensile load at any data point (N). This refers to the load value at any specific moment or data point
during the tensile test. It can be measured at various stages of the test, such as at a certain elongation or
strain value. The load may increase or decrease as the material undergoes elastic or plastic deformation.

R (IIL.19)

Where:
AL: The change in length of the specimen, measured by the extensometer (mm).

L,: The original length of the specimen (mm).

b. Tensile modulus

The Tangent Modulus (also known as the elastic modulus in the linear portion of the stress-strain curve)
is the slope of the tangent line to the stress-strain curve at any given point within the elastic region of a
material. It represents the instantaneous stiffness of the material at that point, which means it tells you
how much stress is required to produce a small change in strain at that specific point. The tangent modulus
is primarily defined in the elastic region of the stress-strain curve, where the material behaves in a linear-
elastic manner, and the stress is proportional to the strain. In this region, the material returns to its original
shape once the stress is removed. For calculate Tangent Modulus (Figure I111.4):

76



Chapter I11: Mechanical Testing of Composite Materials

2000 ~
1500
=
% 1000 |
E
]
500
D 1 1 1 1 1
000 0.25 0.50 0.75 1.00 1.25
Strain (%)

Figure II1.4: A schematic representation of a typical tensile stress-strain curve [93].

a. Obtain the Stress-Strain Data: First, you need the stress-strain curve of the material. The curve is
typically obtained from a tensile test, where stress is plotted against strain.

b. Select a Point: Choose a point on the curve where you want to determine the tangent modulus.
This point should ideally lie within the elastic region (where the material behaves elastically).

c. Draw a Tangent Line: At the selected point, draw a tangent line to the curve. This tangent line
represents the instantaneous stiffness of the material at that specific point.

d. Calculate the Slope: The slope of this tangent line is the tangent modulus. If you have the data
points from the stress-strain curve, you can calculate the slope between two points near the
selected point to approximate the tangent modulus.

For example, if the stress at point 1 is o;and at point 2 is ¢, , and the strain at point 1 is &, and at point

2 1s &,, the tangent modulus can be approximated as:

—o, A
Er=21"%_2C (II1.20)

& —-& Acg

Where:
E": Tensile modulus (GPa).
Ao : Stress difference on the tangent (MPa).

A¢ : Corresponding axial strain difference on the tangent.
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Poisson’s ratio (V¢ ) is a fundamental mechanical property that defines the relationship between axial
and lateral deformation in a material subjected to uniaxial stress. It is expressed as the ratio of lateral strain
(perpendicular contraction or expansion) to axial strain (elongation or compression) when a material is
subjected to a tensile or compressive load. When a tensile test is performed, the material elongates in the
direction of the applied load (axial direction), while simultaneously contracting in the transverse
(perpendicular) direction. Conversely, under compressive loading, the material shortens axially and
expands laterally. Poisson’s ratio quantifies this effect, providing insight into the material's deformation
behavior and its tendency to maintain volume during mechanical loading.

A
v, =— A? (11.21)

a

Where:

v,: Poisson’s ratio in tension.
Ag, : Lateral strain difference corresponding to the longitudinal strain difference.
Ag,: Axial strain difference.

c. Compressive properties

In a compression test, a gradually increasing compressive force is applied to a specimen until failure,
while recording its response to the load. The force versus strain (or displacement) data, along with the
specimen's geometry, are used to calculate key compressive properties such as compressive strength,
modulus, and yield strength. The ultimate compressive force, which is the maximum force the material
withstands before failure, is a critical parameter. This test helps evaluate a material’s ability to resist
deformation and failure under compressive loads, making it essential for structural and engineering
applications.

Under compressive loads, materials typically exhibit two broad failure modes: material failure and
global buckling. Material failure occurs when the internal structure of the material can no longer withstand
the applied load, leading to fracture or plastic deformation Global buckling, on the other hand, is a
structural instability that causes the specimen to bend or collapse due to excessive compressive forces.
When a composite material is subjected to longitudinal compression (force applied parallel to the fiber
direction), several failure modes can occur, including:

1- Fiber microbuckling in extension occurs when compressive stresses cause localized fiber
instability, leading to slight out-of-plane bending of the fibers even in the direction of axial
compression, resulting in structural weakening.
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2-

Fiber Microbuckling in Shear: A more common form, where fibers buckle due to instability under
combined axial and shear stresses, often leading to a kink band formation and progressive collapse
of fiber alignment.

Transverse Tensile Failure of the Matrix and Fiber/Matrix Interface: Under compressive loading,
tensile stresses perpendicular to the loading direction can develop, causing cracks in the matrix or
at the fiber-matrix interface due to weak adhesion or low transverse tensile strength.

Shear Failure by Fiber Kinking: This occurs when shear stresses exceed the critical limit, causing
fibers to misalign in a kinked pattern, often leading to localized shear band formation and overall
failure.

When a composite material is subjected to transverse compression meaning the compressive force is

applied perpendicular to the fiber direction several failure modes can occur due to the anisotropic nature
of the material and the relative weakness of the matrix in that direction. These include:

1-

Compression Failure of the Matrix: The matrix, being less stiff and strong than the fibers, can
collapse or yield under high compressive stress, leading to local crushing and material degradation.
Shear Failure of the Matrix: High shear stresses can cause the matrix to deform or crack along
shear planes, especially in areas where stress concentration occurs.

Fiber Crushing: Although fibers are generally stronger in the axial direction, they may be crushed
when compressed from the side, particularly in brittle fiber systems like carbon or glass.
Fiber-to-Matrix Interface Failure: Poor bonding or stress mismatch between fiber and matrix can
lead to delamination or debonding at the interface, especially under transverse loading, where
interfacial shear stresses are significant.

According to ASTM D3410, the standard compression test specimen is a simple flat strip with a
constant rectangular cross-section, which may or may not include end tabs as shown in Figure IIL.5. The
primary consideration in designing the specimen dimensions such as width, thickness, and gauge length
is to prevent Euler buckling during testing. To achieve this, the specimen geometry must be tailored based
on the material’s anticipated compressive strength and modulus. In general, materials with lower

compressive strength and modulus require thicker specimens to maintain structural stability and ensure

accurate measurement of compressive properties without premature buckling[128].
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Figure II1.5: Compression Test Specimen: (a) Compression test specimen without end tabs,
(b) Specimen with bonded tabs at both ends adapted from ASTM standard D3410/D3410M-03[93].

The gauge length in compression testing must ensure a uniform uniaxial stress distribution while
avoiding buckling. For shear-loaded specimens, a thicker specimen demands a longer gauge length to
maintain stress uniformity. This length also depends on the ratio of longitudinal to shear modulus. Thus,
selecting an appropriate gauge length is a trade-off between minimizing buckling and ensuring stress
uniformity. ASTM D3410 provides recommended dimensions to balance these factors, assuming pinned-
end column buckling conditions as given in Table I11.4.

Table II1.4: Standard Compression Test Specimen Dimensions (ASTM D3410) [93].

Type Unidirectional (0°) Unidirectional (90°)  Specially Orthotropic
Overall length, L (mm) 140-155 140-155 140-155
Gauge length, Lg (mm) 10-25 10-25 10-25
Width, W (mm) 10 25 25
Thickness, 7' (mm) 1.00-10.91 1.00-10.91 1.00-10.91
Tab length, / (mm) 65 65 65
Tab thickness, ¢ (mm) 1.5 1.5 1.5

Compressive strength is determined by dividing the ultimate compressive force by the average cross-
sectional area of the specimen:
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F
C=—" (111.22)

Where:
C: Compressive strength (MPa or N/mm?)

F,, : Ultimate compressive force (N)

A: Average cross-sectional area (mm?)

Stress—strain curves are essential for calculating the modulus of elasticity (Young’s modulus) of a
material. At each data point during the test, stress is calculated by dividing the applied load by the average
cross-sectional area of the specimen:

o= (II1.23)

F

A

Where:

o : Axial compressive stress at any data point (MPa).

F: Applied compressive load at that data point (N).

A: Average cross-sectional area at the gauge section (mm?)
The axial and lateral strains are calculated by averaging the readings from the two back-to-back strain

gauges placed on the specimen. The axial and lateral strains at any given data point can be expressed as

follows:

Axial strain:

+
=fatln (IIL.24)

Where:

g, and ¢ ,are the axial compressive strains measured by Gauge 1 and Gauge 2, respectively, at the

same data point.

Lateral stress:
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+
g =nTen (I11.25)

Where:

g, and &, are the lateral compressive strains measured by Gauge 1 and Gauge 2, respectively, at the

same data point.
The secant modulus or chord modulus is a measure of the material's stiffness calculated as the slope

of the line (secant or chord) connecting two points on the stress—strain curve. It is given by the following
formula:

E¢="¢ (I11.26)

Where:
E° : The compressive modulus (GPa),

Ao, : The axial stress difference (MPa) between two points on the curve,
Ag,: The corresponding axial strain difference between the two points.

Additionally, the compressive Poisson's ratio can be calculated from the axial and lateral strains using
the following relationship:

A
y =2 (111.27)
Ag

a

Where:

v, : The compressive Poisson’s ratio,
Ag, : The lateral strain,
II1.2.3. Shear properties

The primary goal of shear testing is to evaluate two key properties: (i) the shear modulus and (ii) the
shear strength. Various testing techniques exist to assess the shear characteristics of composite materials,
which are generally classified into two main types: in-plane shear tests and interlaminar shear tests.
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II11.2.3.1. The Short Beam Shear Test

Short beam shear test is based on the principles of three-point beam bending. In this test, a beam is
supported at both ends and loaded in the center, generating both bending and shear stresses within the
beam. The bending stresses are maximal at the top and bottom surfaces of the beam, being compressive
at the top and tensile at the bottom beneath the loading point. For elastic materials, the bending stresses
vary linearly across the thickness and change sign at the neutral plane, where the bending stresses become
zero. In contrast, the interlaminar shear stresses follow a parabolic distribution, being zero at the top and
bottom faces and peaking at the neutral plane, where the material is subjected to pure shear [93].

ASTM D2344 specifies two standard specimen types for the short beam shear test, the flat beam and
the curved beam (Figure IIL.6). The span-to-thickness ratio should be limited to 4:1. Additional
recommended dimensions are as follows: specimen thickness (minimum), h = 2 mm, specimen length, L
= 6 h. and Specimen width, b=2 h [105,133].
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Figure II1.6: Short beam shear test: (a) Flat specimen, (b) Curved specimen. (Adapted from
ASTM Standard D2344/D2344M-00, Standard Test Method for Short-Beam Strength of Polymer Matrix
Composite Materials and Their Laminates, ASTM International, 2006.) [93].

The specimen is supported on 3-mm-diameter rollers, with a central concentrated force applied using a
6-mm-diameter loading nose. Typically, load versus cross-head movement data is recorded, along with
the final failure load. The interlaminar strength (also referred to as short beam strength) is calculated as
follows:

P
S = 3P (I11.28)

4bh
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Where:

S: Shear strength (MPa).

P, : Ultimate force at failure (N).
h : Specimen length (mm).

b : Specimen width (mm).

II11.2.4. Flexural properties

The purpose of flexural testing is to measure both the flexural modulus and flexural strength of a
material. Unlike tensile, compressive, or shear properties, however, flexural modulus and strength are not
considered fundamental material properties. This is because bending induces a complex stress state that
combines tensile, compressive, and shear stresses. Consequently, flexural values are not directly
applicable for precise design calculations. Nevertheless, due to the straightforward nature of the test
specimens and procedures, flexural tests are commonly employed particularly for material comparison
and quality control purposes. The most commonly used method for flexural testing are the three-point
bending test

I11.2.4.1. Three-Point Flexure Test

The three-point flexural test, as specified by ASTM D790, serves as a standard technique for measuring
the flexural strength and modulus of materials [134].

In a three-point flexure test, the specimen typically consists of a flat beam with a uniform rectangular
cross-section [45]. While the precise dimensions of the specimen are not critical, it is essential to maintain
an appropriate support span-to-thickness (L/h) ratio to ensure the specimen fails in bending rather than in
shear. This ratio, which ranges from 16:1 to 60:1, depends on the material’s tensile strength relative to its
interlaminar shear strength [93].

The specimen is carefully placed on a properly aligned test fixture within the testing machine and
loaded via a central loading nose by moving the cross-head at a constant speed. During the three-point
bending process, the bending moment reaches its maximum at the midpoint of the span (as shown in
Figure I11.7). The highest bending stress develops at the outer surface of the specimen and is calculated
accordingly[93]:

b 3PL
O =
2bh*

(I11.29)
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Where:

o’ : Bending stress on the outer surface (MPa).

P : Applied force (N).

L: Span of the specimen (mm).

b : Width of the specimen (mm).

h : Thickness of the specimen (mm).
P

A A

L

pr2l™ 1 pi2 el P ]
P /

Test configuration

\

6M 3v
A FFCR

RMH_E;—-”"#; M{. 2bk
M=PL/4 Bending Shear
Bending moment diagram stress stress

P';"Z
—
1

V=DP/2

Shear force diagram

Figure II1.7: Configuration of the three-point flexure test and corresponding diagrams of
bending stress and shear stress [93].

The bending strain is calculated as:

POl (111.30)

L2

Where ¢ is the midspan deflection (deflection at the midpoint of the span).
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The flexural modulus is determined from the initial linear region of the bending stress versus bending
strain curve using the following equation:

3
g =L ; (Ej (I11.31)
4bh* \ AS

Where:

AP: Difference in applied forces at two points in the initial linear portion of the bending stress—bending
strain plot (N).

A6 : Difference in midspan deflections at the corresponding points on the stress—strain curves (mm).
L: Span of the specimen (mm).

b : Width of the specimen (mm).

h : Thickness of the specimen (mm).

II1.2.5. Low Velocity Impact Test

Low velocity impact (LVI) denotes an impact scenario in which the impacting object collides with the
material at relatively low speeds, generally below 10 m/s. Although the velocity is low, such impacts can
inflict considerable damage on composite materials due to their unique characteristics. Composites,
including fiber-reinforced polymer (FRP) materials, are favored for their excellent strength-to-weight
ratios and adaptability. Nevertheless, under low-velocity impacts, these materials may experience
concealed or internal damage, such as matrix cracking, fiber breakage, and delamination, which can
significantly compromise their structural integrity. When an object strikes a material, it imparts kinetic
energy to that material. This energy can lead to deformation, cracking, or even penetration, contingent
upon the energy level, the material type, and the impact geometry.

The impact test is intended to assess how a sample of a specific material, such as polymers, ceramics,
or composites, reacts to a sudden application of force. This test serves to measure the toughness,
brittleness, notch sensitivity, and impact strength of engineering materials under quick loading conditions.
Being able to measure the impact characteristics is particularly beneficial for product safety and liability.
Different types of impact test specimens include notches like V-notch, U-notch, and keyhole notch.
Typically, impact testing uses Charpy and Izod specimen designs. The main difference between the 1zod
and Charpy tests lies in the notch's orientation facing the striker. In the Charpy test, the specimen is
supported horizontally between two vertical beams, while in the Izod test, the sample is positioned
vertically, similar to a fence post [129].

86



Chapter I11: Mechanical Testing of Composite Materials

111.2.5.1. Charpy impact test

The Charpy impact test, established in 1900 by Georges Augustin Albert Charpy (1865-1945), is widely
regarded as one of the most effective and economical methods for evaluating the toughness of materials.
This test measures the energy absorbed by a standard notched specimen when it fails under an impact
load. It serves as a valuable quality control technique for determining notch sensitivity and impact
toughness in a variety of engineering materials, including metals, composites, ceramics, and plastics. A
typical Charpy impact test specimen measures 55 mm x 10 mm x 10 mm and includes a notch on one of
the larger sides, as illustrated in Figure e IIl. 8. The test quantifies the energy absorbed by the notched
sample during fracture caused by an impact force. The procedure involves striking the specimen with a
hammer connected to a pendulum arm, while the sample is securely clamped at both ends. The hammer
strikes the side opposite the notch, and the energy absorbed is precisely measured by observing the
decrease in the pendulum arm's motion[129]
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Figure III. 8: Charpy test apparatus and specimen. A swinging hammer strikes the specimen.
The elevation the pendulum reaches post-breakage reflects the energy taken in. From H. W. Hayden, W.
G. Moffatt, and J. Wulff, Structure and Properties of Material[129].

111.2.5.2. Izod impact test

The Izod impact test, named after the English engineer Edwin Gilbert [zod, is akin to the Charpy impact
test and is employed to assess materials at low temperatures. In this method, a specimen is shaped into
either a square or round form, featuring one, two, or three notches measuring 70 mm by 15 mm by 3 mm.
The test utilizes a pendulum with a designated weight at the end of its arm, which swings downward to
strike the specimen that is firmly held in a vertical position. The apparatus for creating the V-notch and
performing the impact test is depicted in Fig. 1.4. The impact strength is evaluated by measuring the
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energy loss of the pendulum, which is determined by precisely measuring the decrease in height of its
swing. Furthermore, researchers have defined impact strength as the capacity of polymer composites to
endure high-energy impacts without breaking. They have also observed that in fiber-reinforced and hybrid
polymer composites, the impact properties are affected by the characteristics of the individual fibers used
in hybridization, as well as the interlaminar and interfacial bonding between the fibers and the matrix[129].

111.2.5.3. Impact energy and transfer energy

The transfer of energy is a crucial principle in low-velocity impact (LVI) testing, wherein the kinetic
energy from the impacting object is conveyed to the material under examination. This transfer may result
in different types of deformation and failure in the material, influenced by its characteristics and the
impact's energy level. When an object impacts a material, it has kinetic energy that is transferred to the
material. The key energy equation for impact is:

1
E = Emv2 (I11.32)

Where:

Ex: Kinetic energy of the impacting object (Joules)
m: Mass of the impacting object (kg)

v: Velocity of the impacting object (m/s)

111.2.5.4. Energy Absorption

The substance takes in a portion of the energy from the impact when it undergoes deformation. This
energy absorption is generally represented as the space beneath the force-displacement graph throughout
the experiment. The level of energy that gets absorbed serves as an indicator of the material's resilience.
To determine the absorbed energy, the following equation can be used:

o max

E = j F(5)ds (I11.33)

absorpatian

Where:
F(3): Force as a function of displacement

dmax: Maximum displacement reached during the impact.
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111.2.5.5. Rebound Energy

Rebound energy is the energy that is not absorbed by the material and is returned to the impacting
object. The resilience of a material is influenced by its flexibility and rigidity. More flexible materials tend
to rebound more efficiently, while those that are more brittle may absorb greater energy, resulting in a
reduced rebound effect. It can be calculated as:

E tebound = E initial~E absorbed (IH33)
Where:
E initial: Total initial energy of the impacting object.

E absorbed: Energy absorbed by the material.
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I. Introduction

This chapter presents a comprehensive overview of the materials and procedures employed in this
research. The methodologies and techniques implemented are thoroughly described herein. The study
involved the execution of the following experimental activities:

Selection and Preparation of Natural Fiber and Resin: natural fibers and the epoxy resin matrix were
meticulously selected based on their physical and mechanical properties to ensure compatibility. The
fibers were then cleaned, treated, and dried as required, while the resin and hardener were prepared
according to the manufacturer’s specifications to achieve optimal performance during composite
fabrication.

Composite Fabrication Techniques: suitable fabrication techniques were utilized to produce the
composite specimens, adhering to standardized protocols to ensure uniformity and structural integrity.
The process involved accurate weighing, proper mixing of the resin and hardener, and careful fiber
placement within the mold. This was followed by curing under controlled conditions to achieve the desired
composite structure.

Characterization and Analysis: the fabricated composite specimens were subjected to a range of
characterization techniques to assess their physical, structural, and morphological properties. These
analyses provided insights into fiber-matrix interaction, surface quality, and the overall integrity of the
composites, serving as a foundation for evaluating their mechanical performance.

Mechanical Testing of Composites: a comprehensive set of mechanical tests was performed to evaluate
the strength, stiffness, and durability of the composite materials under various loading conditions. These
tests included tensile, flexural, and compressive strength assessments, providing critical data on the
composites' ability to withstand mechanical stresses and validating their suitability for structural
applications.

II. Experimental I: Fabrication of Single and Hybrid Composites Based on Wool Fiber
and Periploca laevigata Aiton (PLA) Fibers

This experiment focused on the fabrication of both single-fiber and hybrid composite materials using
untreated and treated wool fibers, as well as Periploca laevigata Aiton (PLA) fibers. The aim was to
develop and compare the mechanical and structural performance of composites reinforced with individual
fibers versus hybrid reinforcement.
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3

Select natural fibers to produce the required composite materials

4 4

Prepare the plant fiber from Periploca lacvigata Harvesting the wool fibers from the
Aiton plant sheep and horse hair.

4 4

Condition the wool fibers through the methods:

Wash and clean the fiber with distilled water, 1- Perform manual cleaning to remove dirt and
filter, air-dry for 24 hrs at 25°C. Utilize the dust without treatment, for WLF.

fibers without any treatment, for PLAF 2- Treat the NWL 0.1 % NaOH solution and
composite. 1% for horse hair(THHF) fiber.

3- Apply cold plasma treatment to enhance the
fibers, for PLAF-WLF hybrid composite.

4 4

Structural characterization of the four fibers (PLAF, WLF, NWLF, PWLF and THHF) by using Fourier
Transform-Infrared (FT-IR) and X-Ray Diffraction (XRD)

3

Manufacture the four composite materials by reinforcing an epoxy resin matrix with PLAF, WLF, NWLF, PWLF and
THHEF fibers by using a vacuum infusion process. Examine the water absorption and void content

J

Perform tensile, compression, and flexural mechanical tests on the four manufactured
composite materials to evaluate their mechanical properties.

J

Choose the best composite material from the four based on its superior mechanical properties.

4

Figure IV.1: Applied Methodology [8].
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I1.1. Materials
I1.1.1. Natural Fibers Selection

1L.1.1.1. Wool fiber (WLF)

Animal fibers, such as sheep wool, alpaca hair, goat hair, horse hair, and fibers from other hairy
mammals, are widely used in various industries. Wool, in particular, has been a staple in the clothing and
textile sectors and will continue to play an important role in emerging applications. The process of
transforming raw sheep wool into fabric involves several key steps: shearing, washing, drying, grading,
sorting, carding, spinning, weaving, and finishing. Wool samples used in this study were sourced from
sheep in the GHARDAIA region of Algeria (Figure IV.2). The wool was sheared during the spring,
resulting in greasy, raw wool that contained significant amounts of dirt, sand, oil, and dried sweat. One
portion of this wool was manually cleaned to remove the dirt and dust, while another portion was treated
with a 0.1% NaOH solution, and a third portion underwent treatment using cold plasma.

Figure IV.2: Natural wool fiber sample.

After cleaning, the wool fibers were combed through a series of thin metal teeth to untangle and smooth
them. The fibers were then arranged into a flat strip, known as a weave, which was eventually spun into
fine threads. After carding, the fibers were stretched and twisted to make them finer and ready for the
spinning process. Figure IV.3 illustrates the entire manufacturing process as depicted in this study.
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The manufacturing process of wool fibers

e
-~ T

a-by cold plasma b- by 0.1 % of N2OH ¢- by hand Garding

Cleaning & treatments methods

Finishing Weaving Spinning

Figure IV.3: Preparation of Wool Fiber, (a) Cold plasma treatment, (b) Treatment with 0.1%
NaOH, and (c) Manual cleaning [§].

1L.1.1.2. Periploca laevigata Aiton (PLAF)

PLAF a perennial, heat-loving deciduous shrub, is commonly found across various regions of the
Mediterranean, including Spain, Algeria, Libya, Tunisia, Karpathos, Egypt, Crete, Malta, and Sicily. This
plant features drooping leaves and slender, lance-shaped branches. Its flowers are arranged in short,
axillary cymes, with reddish-brown lobes bordered by a greenish-yellow hue, alternating with purplish,

curved filaments. The fruit is dry and consists of two smooth, fissured follicles that contain anemocorous
seeds[130, 131].

The fibers of Periploca laevigata Aiton are lightweight and short, easily carried by the wind once the
lobes dry and crack naturally, as depicted in FigurelV.4a, Figure IV.4b, and Figure IV.4c. Given the
delicate nature of the fibers and their natural characteristics, no extensive processing has been applied.
The lobes were manually opened to extract the fibers, separating them from the seeds. The fibers were
then thoroughly washed with distilled water at a temperature of 25°C, which helps to maintain their
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structural integrity. After washing, the fibers were filtered and left to air dry at room temperature for 24
hours.

Figure IV.4: The Periploca laevigata plant and its fibers. (a) Periploca laevigata Aiton plant,
(b) Lobes containing fibers, and (c) Extracted fibers from the lobes.

I1.1.2. Fiber treatment

11.1.2.1. Chemical treatment method

Natural fibers are inherently hydrophilic, which presents significant challenges when incorporating
them into polymeric composites due to the presence of hydroxyl groups in components such as lignin,
cellulose, and waxes. The natural fibers' sensitivity to water complicates their integration with
hydrophobic matrices. To address this issue, natural fibers must undergo treatment prior to the fabrication
of green composite materials. Chemical treatments are commonly used to remove impurities and particles
from the fiber surface, improving the bond between the fiber and the matrix and enhancing interfacial
adhesion[81, 132].

Alkaline treatment, in particular, effectively disrupts the hydrogen bonds in the fiber's network
structure, reducing moisture absorption, decreasing fiber diameter, and increasing the aspect ratio. This
treatment also enhances surface roughness, promoting better mechanical cross-linking and exposing more
cellulose on the fiber surface. Sodium hydroxide (NaOH) is one of the most widely used alkaline
treatments for natural fibers[133, 134].

In this study, wool fibers were treated by immersion in a 5% NaOH solution for 30 minutes, which
initiated fiber degradation. Further treatment with NaOH at varying concentrations (5%, 3%) led to
different degrees of structural breakdown. The NaOH concentration was gradually reduced to a practical
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0.1%, with each treatment lasting one hour. This concentration resulted in a uniformly rough fiber surface.
After the treatment, the wool fibers were thoroughly washed with distilled water and dried at room
temperature (25°C) for three days. Thus, 0.1% NaOH was selected as the optimal concentration for the
chemical treatment in this experiment.

11.1.2.2. Cold plasma treatment method

Plasma surface treatment plays a crucial role in industrial applications due to its effectiveness and
environmentally friendly nature. Cold plasma treatment is widely used to modify the surface properties of
various fibers, including short glass, carbon, cellulose, polyimide, aramid, and others. Air plasma
treatment has been employed to enhance the adhesion between cellulose fibers and thermoplastic starch
matrices. Scanning electron microscopy (SEM) analysis of fractured surfaces reveals a significant
improvement in the adhesion between treated cellulose fibers and the thermoplastic starch matrix|[135,
136].

In this study, the applied electric field was generated using a gliding arc discharge powered by a 9 kV
source operating at a frequency of 60 Hz. Atmospheric air was used as the gas, with a flow rate of 800
L/min. As shown in Figures I'V.5, the plasma jet discharge extended about 5 cm, directly influencing the
natural fiber's surface. The gliding arc discharge reactor was equipped with two diverging stainless steel
electrodes, each 1 mm thick, positioned at the bottom of the feed gas nozzle. As shown in Figure IV.5 the
wool fibers were placed in a container with a diameter of 10 cm and a thickness of 1 cm, filled with
distilled water. The fibers were exposed to the cold plasma inside this container, randomly moved within
the plasma jet for a set duration under ambient temperature. The fibers were kept 5 cm away from the
plasma jet's flow during processing. The plasma treatment lasted for 60 minutes. Afterward, the treated
wool fibers were immersed in ionized water for four hours, washed with distilled water, and left to dry at
room temperature for three days. Prior to use, the fibers were dried in an oven at 60°C for 24 hours.
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Figure IV.5: Wool fiber under cold plasma jet.
I1.1.2. Epoxy and hardener

As shown in Figure IV.6, the resin matrix intended for reinforcement in this study with natural fibers
is Duraclear Epoxy, supplied by AGEL Chemicals Company. Its properties and specifications are listed
in Table IV.1.

Table 1IV.1: Properties and Specifications of Duraclear Epoxy [8].

Item Specifications
Density (specific density at 25°C) 1.12epoxy,0.97hardener
Mix Ratio (volume) 2:1
Mix Ratio (weight) 100:43
Viscosity (A/B/Mixed at 25 °C) 1850/35/280
Mixed Density specific density at 25°C 1.07
Pot Life at 25°C 90 min
Tack Free Time at 35°C 24 hrs
Color White
PH 7t09
Recommended Full Cure Seven days at 25°C
Gel time @ 22°C in a 150-gram mass 5.5 hrs
Maximum casting depth 1.27-2.54 cm
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Figure IV.6: Duraclear epoxy and hardener.
I1.1.3. Structural Characterization of WF and PLA Natural Fibers

11.1.3.1. Fourier Transformation Infrared (FT-IR)

The samples were analyzed using FTIR Shimadzu, IR Affinity-1, Fourier Transform Infrared (Figure
IV.7a) with a resolution of 8. To investigate changes in chemical composition, 0.02 g of each sample was
ground and mixed with 0.198 g of KBr powder. The mixture was then ground on a KBr disc and
compressed at 70 kN for 2 minutes. FTIR analysis was performed over a wavenumber range of 400—4000
cm™!, with 20 scans conducted for each sample.

Figure IV.7: Shimadzu, IR Affinity-1, Fourier Transform Infrared.
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11.1.3.2. X-ray diffraction (XRD)

The diffraction pattern was recorded by measuring the intensities of diffraction lines through steps taken
by the source and detector. Using the X-ray diffraction instrument, we recorded the diffraction pattern of
the investigated material. X-ray diffraction spectroscopy was performed with a wavelength of ACuK =
1.54 A, over 20 scan angles ranging from 10° to 90° (Figure IV.8a, and Figure IV.8b)

Figure IV.8: X-ray diffraction instrument.

11.1.3.3. Scanning electron microscopy (SEM)

The scanning electron microscope, SEM, Leo Supra 55, Zeiss Inc., Oberkochen, Germany (Figure
IV.9) was configured with specific settings to ensure effective analysis. The voltage was set to 10 kV, the
beam current to 5 pA, and the spot size to 10 nm. The acceleration angle was also adjusted to optimize
the morphological examination of the four composites. These carefully selected parameters were intended
to provide precise and detailed imaging during the SEM analysis.
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Figure IV.9: SEM, Leo Supra 55, Zeiss Inc., Oberkochen, Germany.

I1.2. Fabrication of Composite Materials

In this study, the vacuum infusion molding process was employed to manufacture the composite
material, addressing challenges often encountered with manual lay-up and spray-up methods. This modern
composite manufacturing technique holds potential to replace traditional methods. The principle of
vacuum infusion involves creating a vacuum to draw air into the mold through negative pressure,
simultaneously pulling resin into the mold and impregnating the reinforcement material. This process
eliminates the risk of trapped air within the composite and ensures consistent purity across repetitions, as
the process is governed by the equipment design rather than the operator’s skill [25].

After forming the resin layer and matrix, excess resin is removed from the mold via suction, ensuring a
uniform thickness distribution along the part. Materials produced using vacuum infusion have a higher
fiber-to-resin ratio compared to those made by the hand lay-up method, resulting in stronger and lighter
composites. As shown in Figure IV.10, the mold used in this study measures 300 mm x 250 mm x 4 mm.
Fibers were weighed using a sensitive balance, and the required amounts of epoxy and hardener were
calculated. Regardless of fiber type or treatment, all fibers were dried at 60°C to prevent voids, moisture,
and ensure good fiber-matrix adhesion. The mold surface was meticulously cleaned and coated with a
release agent for easy removal and optimal surface finish.
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Figure IV.10 : Mold dimensions 300 mm x 250 mm x 4 mm.

Once the fiber preparation was complete, it was placed in the mold, which was then covered with an
additional layer. The experimental setup, shown in Figure IV. 11, clearly illustrates the apparatus used.
The inlet hose is connected to the resin tank, while the outlet hose leads to the resin trap. After the vacuum
pump was installed and the circuit completed, the pump began operating, causing the resin to flow into
the mold due to pressure differences, until reaching the output section. The vacuum pressure used to
suction the epoxy resin was 30 mHg. Figures IV.12to outline the sequential steps in the composite
manufacturing process, and the final specimens, which were positioned in a controlled environment.

Figure IV.11: Vacuum Infusion Molding Process for Composite Material Manufacturing.
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Figures IV.12: Manufacturing process steps, and the final products.

Previous studies suggest that increasing wool fiber content has minimal impact on tensile stress or
elastic modulus. Various studies have used volume fractions of 30/70, 40/60, and 50/50, with 30/70 being
the minimum ratio before mechanical properties begin to decline. A 50/50 ratio exhibits higher moisture
absorption compared to a 60/40 ratio, which in turn demonstrates greater chemical absorption than the
50/50 ratio. When the fiber content exceeds 50%, mechanical properties deteriorate. To achieve a
lightweight composite with favorable mechanical properties, this study emphasizes reducing the wool
content and incorporating plant fibers. This approach improves properties such as low water absorption,
low density, and lightweight characteristics. Therefore, we selected a fiber content of 30% wool,
maintaining this proportion when adding plant fibers to reduce the wool percentage.

The selection of fiber types, treatments, and weight fractions is guided by the objective to explore the
influence of natural and hybrid fibers on composite mechanical performance, while balancing density,
processability, and fiber-matrix adhesion. The experimental design allows a comparative evaluation of
untreated, chemically treated, and hybrid fiber-reinforced composites.

For the WLF and NWLF (30 wt.%) is a relatively high fiber content was chosen to maximize
reinforcement while maintaining processability. For wool fibers, 30 wt.% provides sufficient mechanical
reinforcement without compromising resin flow during molding. PLAF (15 wt.%) is lower fiber fraction
for plant fiber was selected to reduce composite density and accommodate the relatively short fiber length,
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preventing agglomeration and void formation. The hybrid PLAF-WLF (10/20 wt.%)is the combination of
10 wt.% PLAF and 20 wt.% WLF balances the mechanical contribution of both fibers, ensuring proper
dispersion and optimized interfacial bonding. This fraction maintains a workable resin matrix fraction of
70 wt.%. Resin fractions were adjusted to complement fiber content and ensure adequate wetting, curing,
and consolidation of the composite. For high fiber content composites (30 wt.% fibers), the epoxy matrix
is 70 wt.%, providing sufficient matrix to encapsulate fibers, prevent voids, and maintain structural
integrity.

Table IV.2 presents the weight percentage (wt.%) compositions of the composite specimens, offering a
detailed overview of their material compositions.

Table IV.2: Weight Percentage Compositions of Wool and Plant Fiber-Reinforced Composites

[8].
Type of fiber Type of treatment Fiber Weight Epoxy Resin
fraction (Wt. %) weight fraction
(Wt. %)

WLF Untreated 30 70
NWLF NaOH treated 30 70
PLAF untreated 15 85
PLAF-WLF Untreated (PLAF)-cold plasma treated 10/20 70

(WLF)

I1.3. Mechanical tests of the Composite materials

Following the fabrication of the four composite materials, each specimen underwent three distinct
mechanical tests tensile, compression, and flexural to assess their behavior under various loading
conditions. Tensile and compression tests were performed using the Zwick/Roell Z10 testing machine,
operated with TestXpert software version 12.0 and fitted with a 10 kN precision force sensor. In contrast,
flexural tests were conducted using the Zwick Z 2.5 machine, equipped with a 2 kN load cell. Figure IV.13
displays both the universal Zwick/Roell Z10 machine for tensile and compression tests, and the Zwick Z
2.5 for flexural testing.
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a.Tensile machine b.Compression machine c.Flexural machine

Figure IV.13: Mechanical Test machines: (a) Universal Zwick/Roell Z10 for tensile test (b)
Universal Zwick/Roell Z10 for compression teste, (c)Zwick Z 2.5 Flexural tester [§].

To ensure reliable comparisons and optimal evaluation, five samples of each composite type were tested
under consistent laboratory conditions, including ambient temperature and a fixed testing speed of 5
mm/min. These mechanical tests yielded critical information regarding the composites’ performance,
capturing data such as elongation, nominal strain, Young’s modulus, and tensile strength. The dimensions
of the test specimens are shown in Figure I'V.14, while the shapes used for each test. The tests adhered to
ASTM standards: ASTM D3039 for tensile, ASTM D790 for flexural, and ASTM D3410 for compression
testing.

120 mmx 10 mm x 4 mm 100 mm x 10 mm x4 mm

250 mm x 25 mm x 4 mm

@) (b) (©)

Figure IV.14: The dimensions of the test specimens adhered to ASTM standards [§].
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III. Experimental II: Fabrication of Single Fiber-Reinforced Composites Using Horse Tail
Hair Fiber (HHTF)

II1.1. Materials
II1.1.1. Natural Fibers Selection

1I1.1.1.1. Horse hair tail fiber (HHTF)

In this study, horse tail hair fibers were collected from the El Oued region of Algeria. Prior to any
treatment, the fibers were carefully cleaned using distilled water to eliminate impurities such as dust, oils,
and other debris that could negatively impact their performance as reinforcement in composite materials.
This initial cleaning step was essential to ensure a clean surface for effective bonding with the matrix in
subsequent processes.

II1.1.2. Fiber treatment

11.1.2.1. Chemical treatment method

Following the cleaning process, the fibers were treated with a 1% sodium hydroxide (NaOH) solution
to further enhance their surface characteristics. This alkaline treatment was performed at room temperature
(25°C) for 1 hour. The purpose of the NaOH treatment was to remove remaining organic residues, increase
surface roughness, and improve the wettability of the fibers. These modifications enhance the fiber’s
compatibility with the resin matrix, promoting stronger interfacial adhesion and improved mechanical
performance of the final composite. A low concentration of NaOH (1%) was specifically selected to avoid
fiber degradation, which can occur at higher concentrations.

II1.1.3. Structural Characterization of Horse Hair Tail Fibers (HHTF)

The structural characterization procedures applied to Horse Hair Tail Fibers (HHTF) were the same as
those used for Periploca laevigata fibers (PLAF) and Wool fibers (WLF), including Fourier Transform
Infrared Spectroscopy (FTIR) for identifying chemical functional groups, X-ray Diffraction (XRD) for
analyzing crystalline structure, and Scanning Electron Microscopy (SEM) for examining surface
morphology, as detailed in Section I1.1.3.

II1.2. Fabrication of Composite Materials

The composite fabrication process using epoxy and horse tail hair fibers was carried out via the vacuum
infusion molding technique. To begin, the mold was prepared and coated with a release agent to facilitate
easy demolding. The horse tail hair fibers were then uniformly arranged inside the mold. The Duraclear
Epoxy resin and hardener were blended in a 100:43 weight ratio, as recommended. A metallic mold
measuring 250 % 300 x 4 mm?*® was used for the process. Careful fiber placement ensured consistent
distribution for effective reinforcement. A vacuum pump was employed to apply negative pressure,
compacting the fiber layers and eliminating entrapped air [76]. The resin was introduced into the mold
through designated inlet points, guided by the vacuum pressure. After ensuring complete resin infusion,
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the setup remained under vacuum while the composite cured at room temperature over 72 hours. To
promote further cross-linking of the epoxy matrix and improve mechanical performance, a post-curing
step at 25 °C was implemented [137]. Upon completion of the curing process, the mold was opened, the
composite panel was demolded, and specimens were prepared for subsequent mechanical testing. The
overall fabrication steps are depicted in Figure IV.15.

Tail Horse Hair Fiber ~ Chemical Treatment 1% NaOH ~ Drying At Room Temp Clean Mold Mix Epoxy and Hardener

Samples For Mechanical Evaluation Vacuum infusion molding process

Analysis

Figure IV.15: Schematic representation of the composite fabrication process.

I11.3. Mechanical tests of the Composite materials

I11.3.1. Tensile test

After fabricating the composite materials, all samples were subjected to three mechanical evaluations
tensile, compressive, and flexural tests to analyze their responses under different loading scenarios.
Tensile testing was conducted using the Zwick/Roell Z10 machine, equipped with a 10 kN precision load
cell and operated via TestXpert software version 12.0. To ensure consistent and accurate comparisons
between the various composite structures, five (05) specimens were tested for each configuration under
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uniform testing conditions. These tests yielded valuable information on properties such as elongation,
nominal strain, Young’s modulus, and tensile strength. As illustrated in Figure V.16, the tensile testing
procedure followed the ASTM D 638 standard.

(a) (b) (c)

Figure IV.16: Tensile test, (a) Tensile test machine, (b) Sample under tensile force, (c) THHF
samples.

I11.3.2. Flexural test

The flexural tests were conducted on the Zwick Z 2.5 machine, which utilized a 2 kN force sensor.
Figure IV.17, the Zwick/Roell Z10 and Zwick Z 2.5 machines used for these evaluations. The specimens
are presented in Figure I'V.17¢c. The procedures for the three tests adhered to ASTM D790 standard.
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(a) L) (c)
Figure 59

Figure IV.17: Flexural test. (a) Flexural machine, (b) Sample under bending force, (c) Samples.

I11.3.3. Compression test

The compression tests were performed using the Zwick/Roell Z10 machine, operated with TestXpert
software version 12.0 and equipped with a high-precision 10 kN force sensor. To ensure reliable
comparisons of the mechanical performance across different composite structures, five specimens per
configuration were tested under standardized conditions. The dimensions of the compressive specimens
are presented in Figure I'V.18. The procedures for the three tests adhered to ASTM D3410 standards.

(a)

Figure 60

Figure IV.18: Compression test, (a) Compression machine, (b) Sample under compression force.
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II1.3.4. Mechanical characteristic of single horse hair tail fibers

As illustrated in Figure IV.19, the tensile characteristics of horse tail hair fibers are typically evaluated
through single-fiber testing. The fiber's modulus and tensile strength are calculated based on its cross-
sectional area, which is estimated by measuring the fiber's width and assuming a circular cross-section
[138] To assess fiber length, 11 fibers were randomly chosen from the extracted horse tail samples. Each
fiber's length was carefully measured using a ruler with a 0.2 mm precision, ensuring accurate and detailed
length determination.
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Figure IV.19: Tensile test machine: (a) and (c) THHF under tensile force, (b) Zwick/Roell Z10
machine.
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IV. Experimental III: Failure Analysis of Periploca Laevigata Aiton-Wool Hybrid

Composites Under Low-Velocity Impact

IV.1. Introduction

The increasing demand for sustainable and lightweight materials in fields like transportation,
construction, and protective applications has driven the development of natural fiber-reinforced
composites (NFRCs) that demonstrate enhanced mechanical properties. Among the essential assessment
techniques for these materials, low-velocity impact (LVI) testing provides important information
regarding their damage tolerance, energy dissipation characteristics, and structural dependability under
dynamic loading. This research investigates the LVI response of four different composite systems
reinforced with natural fibers: Periploca laevigata Aiton fiber (PLAF), untreated wool fiber (WLF),
NaOH-treated wool fiber (NWLF), and a hybrid composite (PLAWLF) that combines plasma-treated
wool with PLAF. Each composite was produced using vacuum infusion molding to guarantee consistent
resin distribution and fiber wetting. The goal of this study is to assess their impact resistance at varying
energy levels of 5 J, 10 J, 30 J, and 50 J by evaluating peak load, displacement at peak load, and energy
absorbed. Particular emphasis is placed on the influence of fiber treatment (chemical or plasma) in altering
interfacial properties, thus affecting the modes of failure. Figure I.V.1 illustrates the step-by-step process
involving fiber surface modification and impact testing, highlighting the experimental workflow that
supports the study's conclusions.
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Figure IV.1: The implemented approach.

As discussed in the previous chapter, the composite materials examined in this study PLAF (Periploca
laevigata Aiton fiber), WLF (untreated wool fiber), NWLF (wool fiber treated with a 0.1% NaOH
solution), and PLAWLF (a hybrid composite reinforced with cold plasma-treated wool fiber and Periploca
fiber) were fabricated using vacuum infusion molding techniques. The fibers underwent specific surface
modification treatments to enhance interfacial bonding with the epoxy matrix. This chapter investigates
the low-velocity impact performance of these composites to evaluate their energy absorption, peak load,

and failure mechanisms.
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Chapter V: Results and discussions

I. Experimental I: Fabrication of Single and Hybrid Composites Based on Wool Fiber

and Periploca laevigata Aiton (PLA) Fibers

I.1. Water absorption

I.1.1. Periploca laevigata Aiton Fibers

Water absorption behavior was evaluated following the ASTM D570 standard. Sample weights were
accurately recorded using a digital precision balance to calculate the percentage of water absorbed. As
presented in Table V.1, Periploca laevigata Aiton fibers demonstrated water absorption values ranging
from 7.22% to 11.09%. This low absorption rate underscores a key advantage of these fibers, alongside
their lightweight characteristics. In comparison with other natural fibers such as cotton (32.5% to 50.5%),
banana fibers (448.5% to 495%), and untreated areca fibers (698% to 851%) Periploca laevigata Aiton
fibers exhibit remarkably reduced water uptake.

Table V.1: Water absorption measurement for Periploca laevigata Aiton fiber.

Samples W1 (g) W2 (g) Water Absorption (%)
Sample 1 0,5707 0,6419 11,09
Sample 2 0,5641 0,6293 10,36
Sample 3 0,5744 0,621 7,50
Sample 4 0,5785 0,6247 7,40
Sample 5 0,5785 0,6235 7,22

1.1.2. Wool fiber

Wool is a protein-based polymer that contains multiple functional groups and a largely amorphous
structure, which makes it highly receptive to moisture absorption. Under conditions of 65% relative
humidity, wool is capable of absorbing between 13% and 18% of its dry weight in water. This absorption
capacity can rise significantly, reaching up to 40% at full (100%) relative humidity.

1.2. Void content

The void content of the composite specimens was determined following the ASTM D2734-94 standard.
Table V.2 presents the void fraction of the composites, calculated based on the comparison between
measured and theoretical density values.
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Table V.2: Measured Density and Calculated Void Fraction of Composite Specimens.

Sample pe (g/em3) pc (g/cm3) V (%)
WLF 1,130 1,092 3,361
NWLF 1,130 1,095 3,095
PLAF-WLF 1,041 1,029 1,182
PLAF 0,887 0,877 1,098

The reduction in void fraction observed with the incorporation of Periploca laevigata Aiton fibers in
the hybrid composite can be linked to several contributing factors. Primarily, the presence of these fibers
helps to minimize empty spaces within the composite by promoting better fiber-matrix adhesion. This
improved interaction also limits shrinkage and fiber buckling during the curing stage, resulting in fewer
voids. Consequently, the material becomes more densely packed, and the available space for void
formation decreases. This enhanced compaction and matrix infiltration lead to a noticeable decline in the
overall void content.

I.3. Characterization Results of WLF, NWF, PLAF-WLF, and PLAF Natural Fibers
I.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

The structural properties of all processed natural fibers were evaluated using Fourier Transform Infrared
Spectroscopy (FTIR), X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM). The FTIR
analysis, illustrated in Figure V.1 and detailed in Table V.3, highlights the chemical similarities and
bonding characteristics between Periploca laevigata Aiton and wool fibers. A notable peak around 1519
cm™!, corresponding to the bending deformation of the (-C-N-H) bond, indicates an interaction between
C-N stretching and N-H bending. Additionally, peaks observed at 1585 cm™, 1566 cm™, 1681 cm™, and
1573 cm™ in FigureV.1a, and FigureV.1d are attributed to the -CO stretching vibration of the amide group.

The broad peaks detected in FigureV.1a, FigureV.1¢, and FigureV.1d within the 3699-3788 cm™' range
and around 3703 cm™ in Figure V.1b correspond to the presence of hydroxyl (-OH) groups, suggesting
minimal differences in moisture content among the samples. Notably, the Amide II band becomes more
pronounced in treated fibers, with its position varying depending on treatment conditions. Furthermore,
the peaks at 1288 cm™, 1276 cm™!, and 1284 cm™ in Figures 12b—d reflect the presence of both a-helical
structures and disordered conformations. These spectral features offer valuable insights into the fibers’
molecular configurations and structural characteristics.

Table V.3: FTIR Spectroscopy Results of Treated and Untreated Natural Fibers.

Samples Amide IIT Amide I C-N-H -OH
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Untreated Wool fiber 1232 cm’! 1573 cm’! 1519 cm’! 3699 —3788 cm’!
Wool treated by NaOH 1288 cm’! 1585 cm’! 1519 cm! 3699 —3788 cm’!
Plasma treated Wool 1276 cm’! 1566 cm’! 1519 cm’! 3703 cm’!

Untreated P-Laevigata 1284 cm’! 1681 cm! 1519 cm! 3699 —3788 cm’!
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Figure V.1: FTIR Spectroscopy Spectra of Natural Fibers, (a) PLAF-WLF hybrid fiber, (b)
NWLF (NaOH-treated wool fiber), (c) PLAF (Periploca laevigata Aiton fiber), and (d) WLF (untreated
wool fiber).

1.3.2. XRD

The XRD results are presented in FigureV.2a, Figure V.2b, FigureV.2¢, and Figure V.2d. In Figure
V.2¢ and d, the untreated Periploca laevigata fiber and untreated wool fiber, respectively, reveal peaks
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corresponding to the crystal structures of the studied samples. Specifically, the peak at an angle of 26 =
25.62° in Figure V.13c aligns closely with the peak at 20 =26.67° in Figure V.13b. A similar observation
is made in Figures V.13a and V.13b, which show the treated wool fiber with 0.1% NaOH and treated
wool fiber with cold plasma, mixed with untreated Periploca laevigata fiber. In these cases, the peak at 20
=20.98° in Figure V.2¢ aligns closely with the peak at 260 =21.39° in Figure V.13b. These results suggest
a relationship between wool fiber crystallinity and its chemical, physical, and mechanical properties.
Specifically, the crystallinity of wool fiber was found to decrease following alkali treatment. This
reduction is likely due to the degradation of the polypeptide chain during the alkali treatment, leading to
partial decomposition of the crystal structure.
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Figure V.2: X-ray diffraction patterns: (a) NWLF, (b) PLAF-WLF, (c) PLAF, and (d) WLF.
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I.4. Evaluations of mechanical properties for the four composite materials

1.4.1. Tensile test results

The tensile test specimens were evaluated using a universal tensile testing machine to determine key
mechanical properties such as ultimate tensile strength (MPa), Young's modulus (GPa), and ductility (%).
The resulting data were presented as stress-strain curves. Figure V.4 shows that the tensile stress-strain
behavior follows a notably linear trend, which aligns with established theory, particularly in the fiber
direction, where mechanical properties are largely dictated by the fibers and maintain a linear stress-strain
relationship until fracture. The hybrid composite of PLAF-WLF exhibited the highest tensile strength of
26.02 MPa, which can be attributed to the strong bonding between wool fiber and Periploca laevigata
Aiton fiber within the matrix. This strong bond was facilitated through the vacuum infusion process,
emphasizing the significant influence of the reinforcement stacking sequence on the composite's
properties. During the test, the composite's head withstood the maximum stress, delaying the initial
fracture beyond expectations. This delay is due to the fiber's ability to absorb a substantial amount of the
load, thereby enhancing the yield point. However, after some time, the material approached the necking
stage, a point of increased vulnerability to fracture, which eventually led to crack propagation due to
damage in the epoxy matrix.
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Figure V.4: Stress vs Strain curves for tensile test.
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Figure V.5 and Figure V.6 display the force values and Young's Modulus for the composites. The
composite with untreated wool fiber showed a tensile strength of 10.82 MPa and a Young's modulus of
1420.34 MPa (1.42 GPa). When treated with 0.1% NaOH, the composite demonstrated even better
mechanical properties, with a tensile strength of 13.89 MPa and a Young's modulus of 1688.55 MPa
(1.688 GPa). In contrast, the PLAF composite exhibited superior mechanical performance, with a tensile
strength of 20.1 MPa and a Young's modulus of 2345.73 MPa (2.3457 GPa). The hybrid composite PLAF-
WLF outperformed all others, achieving an impressive tensile strength of 26.02 MPa and a Young's
modulus of 2350.50 MPa (2.350 GPa). These outstanding results highlight the synergistic effect of cold
plasma treatment and the inclusion of Periploca laevigata Aiton fiber, leading to a composite with
exceptional mechanical properties, ideal for applications requiring both strength and stiffness.

Untreated wool fiber composite (WLF) exhibited visible surface contaminants, which are known to
impair bonding between the fiber and matrix, reducing the contact area between them. As reported by
other researchers, these contaminants create weak interfacial bonding, resulting in isolated micro spaces
that hinder stress transfer between the fiber and matrix, as shown in Figure V.8. As fiber loading increases,
these obstructions also increase, resulting in greater stiffness. After treating the wool fiber with 0.1%
NaOH, both tensile strength and Young's modulus improved. This enhancement is explained by the
effective transmission of the load to the fiber during tensile testing, in accordance with fiber-reinforced
polymer matrix theory, which boosts the overall composite modulus. The PLAF composite displayed
remarkable mechanical performance, achieved due to the inherent properties and purity of the fiber,
demonstrating excellent results without any modification, thanks to its natural light weight and thin
structure.
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Figure V.5:Tensile test forces.
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Young’s Modulus Tensile test
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Figure V.7:Young’s Modulus Tensile test.

The integration of Periploca laevigata Aiton fiber with cold plasma-treated wool fibers led to a marked
enhancement in both Young’s modulus and tensile strength. This notable improvement is largely due to
the intrinsic organic and structural compatibility between Periploca laevigata Aiton and wool fibers,
despite their differing natural origins. Evidence of their compatibility is supported by XRD and FTIR
analyses. Cold plasma treatment modifies the wool fiber surface by introducing functional groups and
altering surface energy, which improves interfacial compatibility with other materials. Depending on the
specific treatment conditions, this method can strengthen the wool fiber through cross-linking or structural
modification, thereby increasing its tensile strength and overall durability[49]. The altered surface also
promotes improved adhesion between the fiber and the composite matrix, contributing to enhanced
mechanical performance [139]

The addition of Periploca laevigata Aiton fiber to cold plasma-treated wool composites yielded
substantial gains in tensile strength: a 58.57% increase for the untreated wool fiber composite (WLF), a
46.62% improvement for the NaOH-treated wool fiber composite (NWLF), and a 22.75% rise for the
PLAF composite. These figures clearly demonstrate the reinforcing effect of Periploca laevigata Aiton
fiber, especially for the untreated and chemically treated wool composites. The enhancements in Young’s
modulus are also significant, with a 39.57% increase for WLF and a 28.16% boost for NWLF, while the
PLAF composite saw only a marginal improvement. This suggests that Periploca laevigata Aiton fiber
played a crucial role in carrying a substantial share of the applied load, significantly improving the tensile
behavior of the composite, particularly in WLF and NWLF variants.

The final composite exhibited outstanding mechanical characteristics, with a Young’s modulus of 2.35
GPa indicating high stiffness and resistance to deformation and a tensile strength of 26.02 MPa. These
values reflect the material’s ability to endure substantial tensile stress without failure, highlighting its
robustness and structural integrity. To better understand the tensile behavior and failure mechanisms, both
macro and micro photographs were analyzed to examine fracture patterns in the tested specimens. Figure
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V.8a, Figure V.8b, Figure V.8c, and d present macro-level images of the fracture surfaces from the tensile
test samples.

(b) (<) (d)

Figure V.8: Tested Specimens Displaying Tensile Fracture.

1.4.2. Flexural test

The flexural test assesses how a beam-shaped specimen responds to bending loads, providing
measurements for both flexural strength and flexural modulus. This test was conducted following the
ASTM D790 standard. The results were graphically represented through stress-strain and force-
displacement plots.

As illustrated in Figure V.9, the PLAF-WLF hybrid composite demonstrates superior flexural strength
in comparison to the other tested composites. Regarding deflection behavior, the WLF composite
exhibited the highest deflection, followed by the NWLF composite, among the hybrid materials under
investigation. The flexural test results clearly highlight the outstanding performance of the PLAF-WLF
composite, which achieved a 72.70% increase in flexural strength over the WLF composite. This aligns
with expectations due to the naturally high flexural strength of Periploca laevigata Aiton fiber, especially
when reinforced with plasma-treated wool fiber.

Moreover, PLAF-WLF outperformed the NWLF composite by 67.84% and even exceeded the strength
of the PLAF composite by 56.03%. These results emphasize the synergistic interaction between cold
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plasma-treated wool and Periploca laevigata Aiton fibers, leading to a composite material with enhanced
resistance to bending forces.
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Figure V.9: Stress—strain curves obtained from the flexural test for the four composite.

FigureV.10, Figure V.11, and Figure V.12 display the mechanical behavior of the composite specimens
under applied loading conditions. Among them, the PLAF-WLF hybrid composite stands out, sustaining
the highest peak load of 253.15 N and exhibiting a Young’s modulus of 1210.93 MPa (1.21 GPa). This
performance surpasses all other tested composites. The PLAF composite, composed solely of Periploca
laevigata Aiton fiber, also showed notable strength, with a peak force of 111.29 N and Young’s modulus
of 623.2 MPa (0.6223 GPa). The NWLF composite, consisting of NaOH-treated wool, recorded a force
of 81.39 N and a modulus of 588.5 MPa (0.588 GPa), indicating the positive effect of chemical treatment.

The WLF composite reinforced with untreated wool fibers displayed the lowest mechanical
performance, bearing a force of just 69.09 N and having a Young’s modulus of 524.83 MPa (0.524 GPa).
These results clearly demonstrate the critical role of fiber treatment techniques in enhancing the structural
and mechanical performance of composite materials. The integration of Periploca laevigata Aiton fiber
with cold plasma-treated wool fibers in the hybrid PLAF-WLF composite presents a promising
advancement in composite material design, delivering impressive mechanical benefits suitable for
demanding applications.
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Figure V.10: Flexural force values recorded during testing for the four composite materials.

Figure V.11 highlights that the hybrid composite PLAF-WLF demonstrates superior flexibility
compared to the other composites. Unlike NWLF and PLAF, the WLF composite exhibits a more brittle
behavior, making it less capable of enduring substantial flexural loads. During bending, the outer fibers
in the composite structure are subjected to the greatest stress. The degree of resin infiltration into these
fibers a critical factor for flexural strength is largely influenced by the interfacial adhesion between the
fiber and the matrix. Additionally, previous studies have indicated that combining different natural fibers
within a hybrid configuration often results in enhanced flexural properties compared to composites
reinforced with a single type of fiber [140].
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Figure V.11: Load-Displacement Response Curves.
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Young’s Modulus flexural test
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Figure V.12: Young’s Modulus via Flexural Testing.

The effective penetration of resin into the fibers enhances the flexural strength and influences the
adhesion between the fibers and the matrix. Hybridizing natural fibers improves the flexural strength
compared to using individual fibers. The bending test results shown in FigureV.13a, Figure V.13b, Figure
V.13c¢ and Figure V.13d, and d for PLAF-WLF, NWLF, PLAF, and WLF, respectively, reveal that
integrating Periploca fibers into wool fibers increases their bending capacity without fracture. This
demonstrates an improvement in ductility. After analyzing the failure mode of the specimens during
bending tests, it was determined that the addition of Periploca fibers effectively transformed the brittle
failure behavior of untreated wool fibers under concentrated loads into a more ductile mode.
Consequently, incorporating Periploca fibers into wool fibers aids in the transfer of tensile stress along
the sample axis, thereby enhancing the ductility of the hybrid composite.
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Figure V.13: Post-Flexural Test Examination of Composite Specimens: PLAF-WLF, NWLF,
PALF, and WLF.

1.4.3. Compression test

The mechanical performance of the four composites was further assessed through a compression test,
where all specimens were subjected to compressive stress to evaluate their response to this type of loading.
Figure V.14 and Figure V.15 illustrate the compressive strength and Young's Modulus of each composite.
The PLAF composite demonstrated a notable Young's Modulus of 500 MPa (0.5 GPa) and a compressive
strength of 44.75 MPa. Although it did not possess the highest load-bearing capacity at 2755.19 N, PLAF
still exhibited substantial strength and stiffness. The hybrid PLAF-WLF composite showed exceptional
mechanical properties, with a load-bearing capacity of 4369.19 N and the highest compressive strength of
59.56 MPa among all tested specimens. Additionally, its Young's Modulus reached 500 MPa (0.5 GPa),
further emphasizing its remarkable rigidity. The NWLF composite demonstrated a load-bearing capacity
of 1829.25 N, with a Young's Modulus of 450 MPa (0.45 GPa) and a compressive strength of 36.87 MPa,
showing significant improvements in strength compared to the untreated WLF composite. The untreated
WLF composite displayed the lowest load-bearing capacity at 1134.18 N, with a Young's Modulus of 0.4
GPa and a compressive strength of 36.12 MPa. These results underscore the importance of fiber treatment
or modification to enhance load-bearing capacity, as evidenced by the improvements in the NaOH-treated
wool fiber composite NWLF and the hybrid composite PLAF-WLF compared to the untreated WLF
composite. The compressive strength data clearly highlight the variations in performance among the
different composites.
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Figure V.14: Compressive test stress vs Strain curves.

The hybrid composite demonstrated the highest compressive strength at 59.56 MPa, while the WLF
composite showed the lowest at 36.12 MPa. The PLAF composite, with a fiber/epoxy ratio of 17.65%,
achieved a compressive strength of 44.76 MPa. In comparison, the PLAF-WLF composite, which had a
fiber/epoxy ratio of 14.29% Periploca laevigata Aiton fiber and 28.57% treated wool fiber via cold plasma,
matched the hybrid composite’s compressive strength of 59.56 MPa. The NWLF and WLF composites,
both with a high wool fiber/epoxy ratio of 42.86%, recorded compressive strengths of 36.87 MPa and
36.12 MPa, respectively. These results clearly highlight that the inclusion of Periploca laevigata Aiton
fiber significantly enhances the strength and stiffness of the wool fiber. Notably, the compressive strength
of the wool fiber composite increased by approximately 39.35% due to the synergistic effect of
incorporating Periploca laevigata Aiton fiber. In a comparative analysis, the PLAF composite outperforms
the WLF composite, offering a 19.30% higher load-bearing capacity and an impressive 20% greater
Young's Modulus, showcasing superior strength and stiffness. Furthermore, the hybrid PLAF-WLF
composite achieves a 38.09% improvement in load-bearing capacity over the pure NWLF composite,
demonstrating exceptional strength, although with a slight trade-off in stiffness.
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Figure V.15: Young’s Modulus compressive test.

This study demonstrates the successful integration of Periploca laevigata Aiton fiber into composite
materials, improving interfacial bonding and overall performance. Four composite materials were created:
a composite with untreated Periploca laevigata Aiton fiber (PLAF), a hybrid composite of cold plasma-
treated wool fiber and untreated Periploca laevigata Aiton fiber (PLAF-WLF), and composites with
untreated wool fiber (WLF) and wool fiber treated with 0.1% NaOH (NWLF). The study revealed that
treated fibers had lower adhesion rates compared to untreated ones. Mechanical testing showed that the
hybrid composite (PLAF-WLF) outperformed the single fiber composites (PLAF, WLF, and NWLF) in
terms of tensile, compressive, and flexural strength. The addition of Periploca laevigata Aiton fiber
enhanced the tensile properties of the composites. The vacuum infusion molding process used ensured
consistent quality and reduced defects, such as voids, in the composite. The results highlight the
compatibility of Periploca laevigata Aiton fiber for hybridization, particularly with wool fiber, leading to
significant improvements in mechanical properties. This makes it a versatile and lightweight material for
industries aiming to enhance performance. In conclusion, the integration of Periploca laevigata Aiton fiber
offers a promising alternative in materials engineering, with potential applications across various
industries.

L.5. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) was employed to examine the morphology of the four composite
materials. Figure V.3a, Figure V.3b, Figure V.3c¢, and Figure V.3d show the SEM micrographs, which
clearly depict the surface characteristics of the samples. When observing the surface of untreated wool
fiber after conventional cleaning, as seen in Figure V.3b, the fibers exhibit distinct scales at the edges,
sharp scale structures, and a smooth cuticle layer, attributed to the presence of amino acids. In contrast,
FigureV.3a and Figure V.3d display changes in the surface morphology of the wool-reinforced composites
that underwent chemical and cold plasma treatments. The SEM images show that the chemical treatment
resulted in a reduction of scale edges, suggesting some smoothing or removal of the scales. On the other
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hand, cold plasma treatment introduced a roughness to the cuticle surface. For Periploca laevigata Aiton
fiber, shown in Figure V.3c¢ and Figure V.3d, the surface appears smooth, indicating that the cuticle layer
remains in its natural, untreated form. Interestingly, the SEM images in Figure V.3b and Figure V.3c
reveal similar cell structures on the outer layer of both untreated wool fiber and untreated Periploca

laevigata Aiton fiber. This shared feature could potentially improve adhesion between the fibers and the
resin.

(a) (b)
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Figure V.3: Scanning Electron Microscopy: (a) PLAF-WLF, (b) NWLF, (c) PLAF, (d) WLF.

1.6. Conclusion

This study examined the impact of hybridization on composite materials, focusing on the performance
of blends of wool and Periploca laevigata Aiton fibers. The hybrid composites demonstrated impressive
mechanical properties, including tensile, flexural, and compressive strengths of 26.02 MPa, 2.53 GPa, and
109.22 MPa, respectively, along with Young's modulus values of 2.35 GPa, 1.21 GPa, and 0.50 GPa.
These results highlight the potential of these composites as strong alternatives for engineering
applications. The combination of cold plasma-treated wool fibers and Periploca laevigata Aiton fibers
offers a pioneering solution, providing excellent structural strength, low density (0.45 g/cm?®), and
remarkable stiffness and durability. Additionally, the Periploca laevigata Aiton fibers possess antibacterial
and antioxidant properties, making them appealing for industries focused on long-term durability and
opening opportunities in various engineering fields.

II. Experimental III: Fabrication of Single Fiber-Reinforced Composites Using Horse

Tail Hair Fiber (HHTF)

I1.1. Water absorption

The water absorption of horse hair tail fibers was measured following ASTM D570 standards. The
fibers were first dried in an oven at 60°C for 3-4 hours to remove moisture. Their initial weight was
recorded, and then they were immersed in water for 24 hours to absorb moisture. After immersion, excess
surface water was blotted away to ensure accurate weight measurements. Table V.4 shows a significant
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difference in water absorption between treated and untreated horse tail hair fibers. The treated fibers
absorb between 7% and 9% of water, while the untreated fibers absorb much more, ranging from 20% to
23%. This highlights the advantage of treated fibers, particularly their lower hydrophilicity compared to
untreated ones.

Table V.4: Water Absorption of Treated and Untreated Horse Tail Hair Fiber.

Fiber Type W1 (g) W2 (g) Water Abs (%)
Treated horse tail hair 10.0 10.7 -10.9 7% - 9%
Untreated horse tail hair 10.0 12.0-12.3 20% - 23%

I1.2. Void content

The presence and morphology of voids significantly influence the performance of composite materials,
especially in structural applications, where voids can serve as stress concentrators and compromise
mechanical integrity. Understanding how voids form is essential for reducing their occurrence and
controlling their distribution. In this study, the density of each composite specimen was evaluated
following ASTM D792-08 standards. The theoretical density was calculated using the rule of mixtures,
while the experimental density was obtained using the Archimedes principle, which involves measuring
the specimen's mass in both air and water. The void content (V%) was then determined by comparing
the theoretical and experimental densities. Table V.5 presents the necessary data for calculating the
theoretical density of the composite materials. This calculation is based on the rule of mixtures, which
takes into account the densities and weight fractions of both the fiber and the matrix components in each
composite. The values provided in the table include the individual densities of the fiber and matrix, along
with their respective weight percentages, enabling accurate estimation of the theoretical density for each
composite configuration.

Table V.5: The values used for the calculation of the theoretical density of the composite.

Parameter Value Unit

Density of horse hair fiber pf 1.30 g/cm?

Density of epoxy resin p,, 1.07 g/cm?
Volume fraction of fiber V¢ 0.40
Volume fraction of matrix 1}, 0.60

Theoretical density of composite p;, 1.162 g/cm?
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The experimental density of a composite is measured using ASTM D792, which calculates density by
weighing the specimen in air and in water, helping identify material quality and internal voids. The
experimental densities of the composites, shown in Table V.6, were calculated using a constant air weight
(Wair = 10 g) and their corresponding fluid weights (Wfluid), following ASTM D792 guidelines.

Table V.6: The experimental densities.

Samples Wair (g) Wfluid (g) Pexp (g/cm3)
THTHF-1 10 1,297 1,149
THTHF-2 10 1,282 1,147
THTHEF-3 10 1.304 1,150

Table V.7 presents the final void content results of the composite materials, calculated using both
theoretical and experimental density values.

Table V.7: Void content analysis for treated horse tail hair fiber composites.

Sample Pen (g/cm3) Pexp (g/cm3) V (%)
THTHF-1 1,162 1,149 1,131
THTHEF-2 1,162 1,147 1,308
THTHF-3 1,162 1,150 1,043

I1.3. FTIR analysis

To identify the functional groups, present in horse tail hair fibers, both untreated (UHTHF) and sodium
hydroxide-treated (THHF) samples were examined using a Shimadzu IR Affinity-1 FTIR
spectrophotometer equipped with an attenuated total reflectance (ATR) accessory. The analysis was
performed in transmittance mode across a spectral range of 400-4000 cm™', with 20 scans recorded for
each sample. As illustrated in Figure V.16b and Table V.8, notable changes in the chemical structure and
functional groups were observed following 1% NaOH treatment. The peak at 3950 cm™ indicates O—H
stretching vibrations, which became more pronounced after treatment, suggesting increased hydroxyl
group exposure due to the disruption of hydrogen bonds. The peak at 3475 cm™* also corresponds to O—H
stretching, representing both free and hydrogen-bonded hydroxyl groups. The 2830 cm™ peak signifies
aliphatic C—H stretching from methylene and methyl groups, while the 2345 cm™ peak may reflect carbon
dioxide or interactions introduced during treatment. The presence of a carbonyl group is confirmed by the
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peak at 1819 cm™' (C=O0 stretching), and the 1502 cm™ peak indicates N—H bending vibrations, associated
with amide groups and the protein structure of the fibers.

FTIR For Untreated Samples FTIR For Treated Samples
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Figure V.16: FTIR, (a) Untreated horse hair fiber, (b) NaOH Treated Horse Hair Fiber
(THHF).
Table V.8: FTIR Peaks of horse tail hair fibers treated with 1% NaOH.
Wavenumber (cm™) Functional Group
3950 O-H Stretching
3475 O-H Stretching
2830 C—H Stretching
2345 Weak Peak
1819 C=0 Stretching
1502 N-H Bending

As illustrated in Figure V.16a and Table V.9, the FTIR spectrum of untreated horsetail fiber reveals
distinct peaks indicative of its chemical composition. The broad peak at 3500 cm™* signifies the presence
of hydroxyl (-OH) groups, suggesting alcohols or phenolic compounds that contribute to the fiber’s
hydrophilic nature. Peaks around 3000 cm™ and 2750 cm™ correspond to C-H stretching vibrations,
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indicating the presence of aliphatic hydrocarbons such as methylene (-CH-) and methyl (-CHs) groups.
A peak at 2345 cm™ is attributed to the -CO stretching of amide groups. The 1750 cm™ peak represents
carbonyl (C=0) stretching, pointing to the presence of esters or ketones. The peak near 1500 cm™ is
associated with C=C stretching or aromatic compounds, suggesting unsaturated or aromatic structures.
Additionally, the 1200 cm™ peak reflects C—O stretching vibrations typical in alcohols, ethers, and esters,
while the 925 cm™ peak is linked to specific C—O stretches in polysaccharides, highlighting key structural
components of the fiber.

Table V.9: FTIR Peaks of untreated horse tail hair fibers.

Wavenumber (cm™) Functional Group
3500 Hydroxyl groups (-OH)
300 C-H stretching
2750 C-H stretching
2345 Carbon dioxide
1750 Carbonyl (C=0)
1500 C=C stretching
1200 C-O stretching
925 C-H bending
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I1.4. Scanning electron microscopic analysis

(@) (b)

Figure V.17. Scanning Electron Microscopy (SEM) images of NaOH-treated Horse Tail Hair
Fiber (THTHF): (a) at 300 % magnification, showing surface roughness and exposed fibrils; (b) at 500 %
magnification, highlighting increased porosity and microstructural

(a) (b)

Figure V.18: Scanning Electron Microscopy (SEM) images of Untreated Horse Tail Hair
Fiber (UHTHF): (a) at 300 x magnification, displaying a relatively smooth surface with minimal surface
features; (b) at 500% magnification, illustrating limited porosity.
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I1.5. Evaluations of mechanical properties for the four composite materials

I1.5.1. Tensile test results

The tensile test specimens of the THHF composite to determine the mechanical properties, including
tensile strength (MPa), Young’s modulus (GPa), and elongation (%). The results were presented through
stress-strain curves, offering a comprehensive understanding of the composite’s behavior under tensile
loading. The stress-strain relationship exhibits a pronounced linear region, indicative of fiber-dominated
mechanical behavior. This linearity is consistent with the established mechanics of composite materials,
where properties along the fiber direction are primarily governed by the reinforcing fibers' stiffness and
strength. Notably, the composite maintained linearity until fracture, suggesting no plastic deformation
occurred in the matrix typical of brittle composites [141]. The high tensile strength observed is attributed
to the 1% NaOH treatment of horse tail hair fibers, which enhanced fiber-matrix interfacial adhesion by
removing surface impurities and roughening the fiber surface [142, 143]. The vacuum infusion molding
technique was also critical in eliminating voids and ensuring uniform resin distribution, thereby further
enhancing the composite’s mechanical properties [144]. As show in Figure V.19, young’s modulus of
3.66 GPaunderscoring the composite's stiffness, this modulus reflects the treated fibers' ability to support
a substantial portion of the applied load before matrix cracking occurs [145]. The treated fibers
demonstrated good energy absorption, delaying fracture [146, 147]. The 1% NaOH treatment notably
improved the mechanical performance by increasing the fiber's wettability with the epoxy matrix [143].
The fiber to matrix ratio of 30/60 was optimized, ensuring efficient load transfer lead to avoid void
formation or poor bonding typically seen with higher fiber contents [148].
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Figure V.19: Stress vs Strain curves for tensile test.

As shown in the Figure V.19 and Figure V.20 are presents tensile strength and tensile modulus of animal
fiber-reinforced composites. The tensile strength and tensile modulus of the treated horse hair fiber
(THHF) composite significantly outperform most animal fiber-reinforced composites, indicating its
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remarkable mechanical performance. For the THHF composite, the tensile strength values range from
59.797 MPa to 60.295 MPa across three samples. This is considerably higher than that of the animal fiber
composites, where the tensile strengths range from 23.2 MPa (treated leather fiber) to 34.95 MPa (treated
mixed cow hair and chicken feather with ZnO filler). Even with treatments like 1% NaOH and ZnO fillers,
the animal fiber composites show a tensile strength increase of 3% to 94% compared to their untreated
counterparts, but these values are still far lower than the THHF composite, which demonstrates nearly 2
to 2.5 times greater tensile strength. The tensile strength of THHF can be attributed to the enhanced fiber-
matrix bonding achieved by the NaOH treatment, which improves wettability and fiber surface roughness,
resulting in better stress transfer between the fiber and matrix.

Young Modulus (GPa) Tensile Strength (MPa)

b

(a) ()

Figure V.20: Tensile test, (a) Young modulus, (b) Tensile Strength.

11.4.2. Flexural test

The THHF (Treated Horse Hair Fiber) composite demonstrated good performance with flexural
strength values between 46.16 MPa and 63.27 MPa. These results, illustrated in Figure V.21 and Figure
V.22.
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Figure V.21: Stress vs Strain curves for flexural test.
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Figure V.22: Flexural test, (a) Young modulus, (b) Flexural Strength.

11.4.3. Compression test

To ensure reliable comparisons of the mechanical performance across different composite structures,
five specimens per configuration were tested under standardized conditions. The procedures for the three
tests adhered to ASTM D3410 standards.

Figure V.23 and Figure V.24 illustrate the compressive strength range (66.14-78.82 MPa) for the
composite material, emphasizing its uniform mechanical performance across samples with only minor
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variations. This narrow range strongly suggests a controlled fabrication process, including effective fiber
alignment, consistent resin matrix distribution, and good curing quality [149]. Such uniformity is critical
for ensuring reliable and predictable mechanical behavior, particularly in structural applications. The
average compressive strength of 71.97 MPa positions this composite material within the medium-high
strength category for composites. The composite’s compressive strength indicates reliable bonding at the
fiber-matrix interface, reducing the likelihood of localized stress concentrations that could lead to
premature failure. An average Young's modulus of 1.96 GPa highlights the composite’s relatively high
stiffness under compression, meaning it can resist deformation effectively before reaching its failure point.
This stiffness is crucial for maintaining structural integrity under compressive loads, as it reduces the
likelihood of buckling or significant dimensional changes during use [150]. The high rigidity also suggests
that the composite can retain its shape and performance under sustained loading conditions, further
enhancing its suitability for structural applications. When compared to other fiber-reinforced composites,
the compressive strength and stiffness of this material make it an good candidate for medium-load
applications, such as in construction, automotive components, or lightweight structural frameworks [151].
Its performance reflects a well-optimized design that balances strength, stiffness, and ductility, making it
a versatile material for applications requiring a combination of moderate strength and high reliability. The
compressive strength and stiffness of the composite material underscore its mechanical robustness and
reliability. The uniform range of compressive strength, coupled with a high Young’s modulus, reflects a
well-engineered fiber-matrix interaction that minimizes failure risks and enhances structural performance
[152]. These properties, combined with the gradual failure behavior, position the composite as a safe and
efficient material for applications demanding consistent mechanical properties and resistance to
compressive deformation.
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Figure V.23: Stress vs Strain curves for compression test.
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Figure V.24: Compression test, (a) Young modulus, (b) Compressive Strength.

I1.5. Conclusion

The treated horse tail hair fiber (THHF) composites exhibit exceptional mechanical performance,
surpassing most animal fiber-reinforced composites and highlighting their potential as a sustainable and
high-performing reinforcement material. The tensile strength of THHF composites ranges from 59.797
MPa to 60.295 MPa, reflecting their capability to withstand substantial tensile loads, which is critical for
structural applications. Similarly, their flexural strength, peaking at 63.27 N/mm? in Sample 2,
demonstrates competitive bending performance, while the compressive strength, ranging from 66.14 MPa
to 78.82 MPa, underscores the material's uniformity and reliability. This consistency is attributed to
precise fiber alignment, optimized resin matrix distribution, and high curing quality during fabrication.
The superior performance of THHF composites stems from the intrinsic properties of the single treated
horse tail hair fibers, which possess an average tensile strength of 129.34 MPa and a Young’s modulus of
5.72 GPa, indicating high stiffness and load-bearing capacity. These properties form a strong foundation
for the composite's reinforcement capabilities, enabling efficient load transfer and excellent mechanical
integrity. The application of alkaline surface treatment plays a pivotal role in enhancing the mechanical
performance of THHF composites. This treatment removes residual organic impurities, increases surface
roughness, and significantly improves fiber-matrix adhesion, thereby boosting load transfer efficiency. It
also mitigates potential fiber pull-out, ensuring robust interfacial bonding and increased durability under
mechanical stress. Additionally, the treatment reduces the fibers’ water absorption by approximately 60%
to 65%, ensuring long-term stability in humid environments. The composites exhibit remarkable stiffness
and strength, with bending strength values reaching 63.27 MPa and a Young’s modulus up to 1.68 GPa,
ensuring excellent resistance to deformation and flexural loads. This balance of high strength and stiffness
positions THHF composites as a versatile material for advanced structural applications, capable of
withstanding demanding performance requirements while maintaining durability and reliability. These
findings firmly establish THHF composites as a promising, eco-friendly alternative to conventional
reinforcing materials. Their superior mechanical performance, combined with their environmental
sustainability, makes them an ideal candidate for next-generation composite solutions. By leveraging the
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outstanding properties of treated horse tail hair fibers, these composites address the increasing demand for
high-performance, sustainable materials in diverse industrial applications, from construction to
automotive and aerospace engineering. The synergy of mechanical excellence and sustainability ensures
that THHF composites will play a pivotal role in advancing material engineering and promoting eco-
conscious innovation.
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II1. Experimental I1I: Failure Analysis of Periploca Laevigata Aiton-Wool Hybrid
Composites Under Low-Velocity Impact

II1.1. Impact Test

The composite was created using the vacuum infusion molding method, chosen for its ability to produce
high-quality, void-free structures with superior fiber wetting. A metal mold measuring 250 x 300 < 4 mm?
was used throughout the procedure. For single-fiber composites, a solitary layer of randomly oriented
fibers was uniformly spread over the mold surface. Conversely, the hybrid composites featured woven
reinforcement designs, integrating wool and Periploca laevigata Aiton fibers in a well-organized
arrangement to enhance mechanical synergy. During the fabrication process, epoxy resin was introduced
into the mold under a vacuum pressure of about 0.32 MPa, ensuring uniform resin infiltration and complete
impregnation of the fiber network. This method markedly decreased the presence of voids and enhanced
the interfacial bonding between the fibers and the matrix. The epoxy resin system was blended at a 2:1
volume ratio (resin to hardener), resulting in a viscosity of 280 mPa-s and a mixed density of 1.07 g/cm?
at 25°C. The pot life of the mixture was roughly 90 minutes, offering sufficient time for the infusion
process.

To ensure complete cross-linking, the composites were left to cure for seven days at room temperature
following the infusion procedure. If deemed necessary, a post-curing procedure was carried out in
accordance with the resin manufacturer's instructions to enhance the composites' mechanical and thermal
properties even more.

In assessing the best fiber-to-resin ratio, earlier research has explored volume fractions that range from
30/70 to 50/50 (fiber/matrix). A 30/70 ratio is typically regarded as the minimum threshold for sustaining
adequate mechanical performance, as a further decrease in fiber content can lead to a notable drop in
structural integrity. While a 50/50 mixture improves reinforcement, it usually results in increased moisture
absorption, which could jeopardize the composite’s durability. Likewise, although a 60/40 ratio provides
better chemical resistance, it may hinder fiber dispersion and restrict matrix availability for optimal
wetting and bonding. When fiber content surpasses 50%, mechanical performance may deteriorate due to
a lack of matrix material, causing poor load transfer and weak interfacial adhesion.

After the curing process, composite laminates were sliced into test samples with dimensions of 60 mm
x 60 mm utilizing a water jet cutting method. This size was chosen to guarantee compatibility with the
IMATEK IM10T drop-weight impact testing apparatus and to allow sufficient surface area for monitoring
damage progression while preserving specimen integrity during dynamic loading.

To investigate the damage mechanisms and assess various impact parameters, the composite was
impacted with energies of 5 J, 10 J, 30 J, and 50 J, leading to complete sample perforation. For every
energy level, at least three (03) impact tests were conducted on each composite material system to
guarantee consistent and dependable results. These tests were carried out using a drop-weight testing
machine following ASTM D7136, the recognized testing standard for measuring the damage resistance of
fiber-reinforced polymer composites under drop-weight impact conditions.
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The drop-weight impact tests were performed utilizing the IMATEK IM10T instrumented falling-
weight impact test apparatus, as illustrated in Figure III.1a and Figure III.1b This device was coupled with
the IMATEK Impact Analysis software to gather comprehensive impact data. The impact force was
captured using a piezoelectric load cell, which has the capability of gathering 32,000 data points, and was
mounted in the impactor. The system possesses a peak force accuracy of 1%. The software calculates
essential parameters, including force-time data, velocity, displacement, and energy absorption by the
specimen.

During the experiments, a striker attached to a weight was lowered onto the specimen at a
predetermined impact speed. The impactor utilized was hemispherical, measuring 20 mm in diameter and
weighing 1.223 kg (total drop mass: 14.56 kg). The specimens, sized at 60 mm x 60 mm x 4 mm, were
secured at the ends. The drop height was modified to attain the target impact energy levels of 5 J, 10 J, 30
J, and 50 J. The respective velocities were 0.885 m/s, 1.147 m/s, 2.125 m/s, and 2.582 m/s for each energy
level, respectively.

(a) (b)

Figure V.25: (a): Drop weight test machine, (b): Fixture and weight location.

II1.2. Results and Discussions

II1.2.1. Energy vs. Time Curves

As shown in Figure V.25 the energy—time (E—t) curves of the impacted composites reveal distinct
behaviors characteristic of composite materials under low-velocity impact. Initially, the energy as a
function of time increases rapidly, corresponding to the transfer of kinetic energy from the impactor to the
composite, this phase ends at the maximum energy point, representing the total kinetic energy of the
impactor. After this peak, the energy decreases, reflecting dissipation mechanisms within the composite,
such as deformation, matrix cracking, and fiber breakage. The final energy value on the curve represents
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the total energy absorbed by the composite material. Comparing different composites, materials with
higher toughness or better fiber-matrix bonding demonstrate a broader curve with a slower decline after
the peak, indicating better energy dissipation and impact resistance. Hybrid composites PLAWLF exhibit
superior energy absorption due to the combination of stiffness and flexibility in their structure[ 153]. These
composites effectively dissipate energy over time, reducing the risk of catastrophic failure. In contrast,
untreated fiber composites show a steeper energy decline, indicating lower absorbed energy and reduced
toughness. The energy—time curves provide valuable insights into the impact performance of composites,
highlighting the critical role of material design in enhancing energy absorption and resistance to damage.
PLAWLF absorbed the most energy across all impact levels, particularly at 50 J, where its fiber synergy
effectively dissipated impact forces, preventing high damage. NWLF absorbed more energy compared to
WLF and PLAF, attributed to its improved fiber-matrix interface [154]. PLAWLF consistently
demonstrated the highest peak forces and stiffness, indicating superior resistance to penetration and
deformation [155]. NWLF performed better than untreated WLF, showing that chemical treatments like
NaOH significantly enhance performance. At lower energies, all composites showed significant energy
rebound, but PLAWLF exhibited delayed rebound, reflecting its ability to absorb and dissipate energy
elastically. At 5 J, energy absorption is limited across all composites, with PLAWLF and NWLF showing
slightly higher values compared to untreated WLF, highlighting their improved ability to withstand low-
energy impacts. PLAWLF absorbs energy more effectively due to its hybrid structure, which combines
the toughness and flexibility of plasma-treated wool fibers with the stiffness of Periploca laevigata Aiton
fibers, enabling better dissipation of impact energy[156, 157]. At 10 J, energy absorption increases
significantly for PLAWLF outperforms others, absorbing more energy than WLF and PLAF individually,
reflecting its superior resistance to crack propagation and its ability to dissipate higher impact forces
efficiently [158]. The NaOH-treated NWLF also demonstrates enhanced energy absorption compared to
untreated WLF, attributed to the improved fiber-matrix adhesion, which reduces fiber pull-out and
promotes effective load transfer [159]. At 30 J, PLAWLF maintains its good properties in energy
absorption, showcasing its ability to resist failure under higher impact energies. The hybrid structure
ensures better load distribution and minimizes internal damage, NWLF also performs well at this energy
level but falls behind PLAWLEF, indicating that hybridization offers a more robust solution, and for impact
energy of 50 J, PLAWLF demonstrates exceptional energy absorption, maintaining structural integrity
despite increased impact energy. The hybrid composite’s ability to delay crack propagation and manage
energy dissipation[156, 157, 159]. PLAWLF absorbs significantly more energy across all tested impact
energies, making it the most effective composite for resisting and dissipating impact forces. Its hybrid
structure provides a balanced combination of stiffness and toughness, ensuring superior energy absorption
and impact resistance compared to single-fiber or chemically treated composites [153].
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Figure V.26: Diagrams Impact energy vs. time.

As shown in Figure V.26 and Figure V.27, At an impact energy of 5 J, PLAWLF exhibited the highest
absorbed energy, demonstrating its superior impact resistance. Compared to PLAF, PLAWLF showed a
significant improvement of 30.23%, while NWLF showed a 29.79% increase. Similarly, PLAWLF
absorbed 17.65% more energy than WLF, whereas NWLF showed a comparable improvement of 17.29%
over WLF. On the other hand, PLAF absorbed the least energy, 23.26% lower than PLAWLF and 22.98%
lower than NWLF, indicating its lower toughness and energy dissipation capacity. WLF, while better than
PLAF by 10.69%, still lagged significantly behind both NWLF and PLAWLEF. The close performance of
NWLF and PLAWLF highlights the effectiveness of chemical treatments and hybridization in enhancing
the energy absorption of composites. At an impact energy of 10 J WLF absorbed the least energy, 33.75%
less than PLAF, and 64.37% less than PLAWLEF. PLAF absorbed 50.71% less energy than NWLF and
52.33% less than PLAWLEF, indicating its poor performance in terms of energy dissipation and impact
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resistance. The superior performance of PLAWLF and NWLF highlights the benefits of hybridization and
chemical treatment in enhancing energy absorption, making them more resilient to impact damage
compared to untreated or single-fiber composites like PLAF and WLF [153, 160].At an impact energy of
30J, the absorbed energies for the composites NWLF absorbed 26.823 J, while PLAWLF absorbed 16.232
J. NWLF absorbed 65.39% more energy than PLAWLEF, but despite this high energy absorption, the
composite experienced full penetration, indicating its failure under the higher impact energy. PLAWLF
absorbed 39.61% less energy than NWLF, yet it withstood the impact without full penetration,
demonstrating superior impact resistance and structural integrity compared to NWLF. The full penetration
of NWLF suggests that while it has a high energy absorption capacity, its ability to dissipate energy is
limited under high-impact conditions, leading to failure. On the other hand, PLAWLEF, although absorbing
less energy, managed to maintain its form, making it a more reliable material for impact-resistant
applications at higher energy levels. At an impact energy of 50 J, the absorbed energies for the three
PLAWLF samples were 35.102 J, 36.541 J, and 37.254 J. While these composites absorbed a significant
portion of the impact energy, two samples experienced full penetration, and one sample showed damage
but did not fully penetrate. The absorbed energy values showed slight variations: the second composite
absorbed 6.15% more energy than the first, and the third absorbed 1.95% more energy than the second.
These results indicate that PLAWLF can absorb a substantial amount of energy (up to 74.51% of the total
impact energy), but its performance is inconsistent at high energy levels, leading to failure in some
samples. The full penetration in two of the composites suggests that while PLAWLF is effective at
dissipating energy, it has limitations under extreme impact conditions, with some samples unable to resist
the 50 J energy fully
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Figure V.27: Impact energy vs. Absorbed energy.
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As shown in Table V.10, at 5 J untreated wool fiber (WLF) has the lowest peak load of 0.912 KN,
indicating lower resistance to impact. PLAWLF and NWLF have nearly identical peak loads of 1.0115
KN and 1.0123 KN, showing similar resistance under low energy. For impact energy of 10 ] PLAWLF
achieves the highest peak load of 1.495 KN, significantly higher than NWLF of 1.402 KN and other
composites. WLF remains the lowest peak load of 1.121 KN. NWLF shows improvement over untreated
WLF due to chemical treatment, which enhances fiber-matrix bonding[7].The increased peak load with
energy indicates that composites require greater force to deform under higher energy. Table I11.2shows
the result for Impact energy of 10 J, the hybrid composite PLAWLF demonstrates the highest peak load
of 1.495 N and a displacement of 5.00 mm, outperforming PLAF and WLF, which exhibit lower peak
loads of 1.203 KN and 1.121 KN, respectively, and higher displacements.

Table V.10. Peak load and displacement at peak load for Energy Level of 5 J

Composite Peak Load(KN) Displacement at Peak Load(mm)
PLAF 0.992 4.125
WLF 0.912 4.281
NWLF 1.0123 4.253
PLAWLF 1.0115 4.254

This good performance of PLAWLEF is due to the hybridization of Periploca laevigata Aiton fibers and
wool fibers treated by plasma, which combines the stiffness and load-bearing capacity of Periploca with
the flexibility and toughness of the wool, resulting in enhanced energy dissipation and crack
resistance[ 161].Chemical-treated of wool fiber (NWLF) shows a significant improvement in peak load of
1.402 KN at 10 J compared to untreated wool fiber (WLF) 1.121 KN, along with reduced displacement,
reflecting the effect of NaOH treatment in enhancing fiber-matrix bonding, reducing fiber pull-out, and
improving load transfer efficiency [162].

Table V.11. Peak load and displacement at peak load for Energy Level of 10 J.

Composite Peak Load(KN) Displacement at Peak Load(mm)
PLAF 1.203 6.252,+0.0130
WLF 1.121 6.253, £0.0140
NWLF 1.402 5.000, +0.0075
PLAWLF 1.495 5.000, +0.0060

Table V.12 presents results at higher impact energy levels, such as 30 J and 50 J, the hybrid composite
PLAWLF maintains superior toughness and energy absorption, indicating its ability to delay crack
propagation and resist failure [163]. At an impact energy of 30 J, PLAWLF shows the highest peak load
of 2.921 KN, indicating good resistance to impact forces. NWLF follows with a peak load of 2.253 KN,
showing a significant improvement compared to its performance at 10 J of 1.402 KN. PLAWLEF’s hybrid
structure allows it to withstand higher loads due to its synergistic combination of stiffness from Periploca

and flexibility from wool fiber treated by plasma, enabling better load distribution and crack
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resistance[ 72]. NWLF, with improved fiber-matrix bonding due to NaOH treatment, exhibits enhanced
performance but still lags behind PLAWLF, reflecting its limited structural integration compared to hybrid
composites. The increasing peak load with energy for both composites highlights their ability to resist
higher forces before deformation or damage[164].

Table V.12. Peak load and displacement at peak load for Energy Level of 30 J.

Composite Peak Load(KN) Displacement at Peak Load (mm)
NWLF 2.253 7.532
PLAWLF 2.921 6.321

AS shown in Table V.13, Peak Load at impact energy of 50 J for PLAWLF 1, PLAWLF 2, and
PLAWLEF 3 are 4.120 KN, 3.981 KN, and 3.721 KN respectively. Despite the variations in composition,
PLAWLF maintains effective energy absorption and deformation at 50 J. This indicates that PLAWLEF’s
hybrid nature contributes significantly to energy dissipation and impact resistance[165]. However, the
slight reduction in peak load from PLAWLF 1 to PLAWLF 3 suggests that uniform distribution and
consistency in composite composition play a role in maintaining peak load resistance.

Table V.13. Peak load and displacement at peak load for Energy Level of 50 J.

Composite Peak Load(KN) Displacement at Peak Load (mm)
PLAWLF 1 4.120 7.022
PLAWLF 2 3.981 7.500
PLAWLF 3 3.721 7.981

I11.2.2. Load vs. Time Curves

The impact response of the four composite samples, PLAF, WLF, NWLF, and PLAWLF, under impact
energies ranging from 5 J to 50 J, is illustrated in the Load—time (L—t) histories. At low energy levels, the
force peaked quickly and dropped off sharply, indicating elastic deformation and rebound for all
composites[166]. PLAWLF exhibited the highest peak load, showcasing better resistance to initial
penetration. At higher energy levels, the curves became broader, with prolonged impact durations,
reflecting greater energy absorption and material deformation. PLAWLF again demonstrated the highest
peak force and prolonged resistance, indicating its ability to withstand and dissipate higher energy without
failure[156]. As shown in and above tables, at 5 J, the untreated wool fiber composite (WLF) shows the
lowest peak load of 0.912 KN, indicating poor impact resistance[167]. In contrast, PLAWLF and NWLF
exhibit higher peak loads of 1.0115 KN and 1.0123 KN, respectively, due to improved fiber-matrix
bonding and hybridization. At 10 J, PLAWLF achieves the highest peak load of 1.495 KN, surpassing
NWLF (1.402 KN), PLAF (1.203 KN), and WLF (1.121 KN). The superior performance of PLAWLF is
attributed to the combined stiffness of Periploca fibers and the flexibility of plasma-treated wool fibers,
enhancing energy dissipation and crack resistance[167, 168]. NWLF shows significant improvement over
WLF due to NaOH treatment, which strengthens fiber-matrix adhesion. At 30 J, PLAWLF continues to
lead with the highest peak load of 2.921 KN, demonstrating its ability to resist deformation and delay
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crack propagation. NWLF, with 2.253 KN, shows notable improvement but remains behind PLAWLF. At
50 J, PLAWLF samples achieve peak loads of 4.120 KN, 3.981 KN, and 3.721 KN, reflecting consistent
energy absorption and deformation resistance[156]. These results highlight the role of uniform fiber
distribution in maintaining performance. In conclusion, PLAWLF consistently achieves the highest peak
loads across all energy levels, making it the most impact-resistant composite due to its optimized hybrid
structure that combines stiffness, flexibility, and toughness[153].
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Figure V.28: Diagrams Impact Load vs. Time.

The maximum force at the maximum displacement corresponds to the maximum energy absorbed by
the composite. This point represents the peak of the material's ability to dissipate energy through
deformation and damage mechanisms such as matrix cracking[169]. Beyond this point, the composite
begins to rebound, transferring the stored elastic energy back to the impactor[170]. At impact, with energy
of 30 J for NWLF and 50 J for PLAWLF, the load—time curves reveal distinct behaviors indicative of the
materials' failure mechanisms. For NWLF at 30 J, a sudden drop in force after reaching the maximum
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force suggests the onset of perforation[ 171].This behavior points to the failure mechanisms dominated by
fiber breakage, and matrix cracking leading to a rapid loss of resistance[156, 171].For PLAWLF at 30 J,
the curve displays a symmetric shape without fluctuations, highlighting the composite's ability to absorb
and dissipate energy effectively up to the point of perforation. The absence of significant fluctuations in
the force response reflects a more controlled failure mechanism, where energy is absorbed through
progressive matrix cracking and fiber-matrix interaction rather than sudden catastrophic failure[156].

II1.2.3. Load vs. Displacement Curves

As shown in FigureV.29,Figure V.30, and the above tables, the Load-displacement curves reveal the
materials' stiffness, ductility, and permanent deformation under impact[172].At 5 J and 10 J, all
composites displayed smaller displacements at peak load, signifying elastic behavior and minimal
damage. PLAWLF showed the steepest slope (highest stiffness) and the lowest permanent deformation,
confirming its superior structural integrity[157, 173].At 30 J and 50 J, the composites displayed more
pronounced permanent displacements, indicating damage initiation. PLAWLF maintained a steeper curve
initially, reflecting higher stiffness, and exhibited the least permanent deformation due to its hybrid.
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Figure V.29. Diagrams Impact Load vs. Displacement.
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Figure V.29 shows at 5 ] WLF represents the highest displacement of 4.281 mm, indicating lower
stiffness[156]. PLAF shows the lowest displacement of 4.125 mm, reflecting its remarkable stiffness.
NWLF and PLAWLF exhibit displacements of 4.253 mm and 4.254 mm, respectively. At 10 J PLAF and
WLF show significant increases in displacement of 6.252 mm and 6.253 mm due to their limited resistance
under higher impact energy. NWLF and PLAWLF maintain a consistent displacement of 5.00 mm,
indicating enhanced toughness and better energy absorption without excessive deformation[174].Lower
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displacement at higher energy for NWLF and PLAWLF demonstrates their improved ability to resist
deformation, reflecting effective energy absorption.

At 30 J NWLF exhibits a displacement of 7.532 mm, higher than PLAWLF (6.321 mm). The
displacement of NWLF increases significantly from 5.00 mm at 10 J, reflecting greater material
deformation under higher energy. PLAWLF shows displacement even at 30 J, increasing from 5.00 mm
at 10 J to 6.321 mm. The lower displacement of PLAWLF under higher energy indicates good toughness
and effective energy dissipation without excessive deformation, which is critical for impact resistance
[173, 174]. NWLF, although improved by chemical treatment, shows greater deformation, which may
lead to earlier failure compared to PLAWLF. The balance between displacement and load in PLAWLF
demonstrates its ability to absorb and dissipate energy efficiently, reducing the risk of damage[154].The
displacement at 50 J for the three samples PLAWLF 1, PLAWLF 2, and PLAWLF 3 are 7.022 mm, 7.500
mm, and 7.981 mm respectively. The results show that PLAWLF 1 and PLAWLF 2 provide superior peak
load resistance and controlled displacement at 50 J, compared to PLAWLF 3 and other composites tested
at this energy level. PLAWLF’s hybrid structure, combining stiffness and flexibility, optimizes energy
dissipation and impact resistance, with variations in composition (PLAWLF 1, PLAWLF 2, and PLAWLF
3) affecting peak load and displacement performance [175].Figure V.31, PLAWLF composites show
behavior under impact energy, particularly at 50 J, where they display a balance of high peak load
resistance and displacement, which is essential for effective energy dissipation and toughness.
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Figure V.31: Diagrams Peak Load vs. Energy and Displacement at Peak Load vs. Energy.

As shown at the above Figures and Tables, the energy-time, force-time, and force-displacement curves
collectively demonstrate that the PLAWLF composite outperforms the other three composites across all
impact energy levels. Its hybrid structure, combining stiffness and toughness, makes it highly effective in
resisting and dissipating impact forces, reducing internal damage and permanent deformation[172, 175].
NWLF, benefiting from NaOH treatment, also shows improved performance compared to untreated WLF
and PLAF but remains less effective than PLAWLF
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II1.2.4. Crack and Failure Mechanisms for Low-Velocity Impact

The crack and failure mechanisms of these composites under varying impact energies are strongly
influenced by the fiber-matrix bonding, flexibility, and deformation ability of the material. PLAWLF
stands out with its ability to absorb and dissipate energy effectively, especially at higher energies, due to
its hybrid structure. NWLF shows improvements over untreated WLF but still fails at higher energies due
to insufficient toughness. PLAF and WLF fail more rapidly, with matrix cracking, fiber breakage at higher
energy levels[153].

Several researchers have examined the influence of the matrix on low-velocity impact behavior. Studies
on composites with flexible matrices revealed that the resulting damage morphology is strongly influenced
by the geometry of the impactor. These investigations also identified common failure modes, including
fiber breakage, interfacial debonding, and matrix cracking[176]

I11.2.4.1. PLAWLF (Hybrid composite)

PLAWLF's performance under varying impact energies reveals that its hybrid structure combining the
stiffness of PLAF and the elasticity of WLF enables effective energy dissipation and enhances its
resistance to failure. At low energy levels (5 J and 10 J), the failure is primarily driven by matrix cracking
at the fiber-matrix interface[ 177]. The cracks typically remain localized, and fiber pull-out is the dominant
mechanism of energy absorption[178]. Due to the flexibility of WLF, the cracks do not propagate
extensively, preventing catastrophic failure. The fiber-matrix bond plays a crucial role in preventing large-
scale failure, allowing the composite to deform without significant structural damage. As the energy
increases to 30 J, matrix cracking becomes more widespread, and cracks propagate through the matrix.
The material starts to experience fiber breakage as the fibers are subjected to higher stresses. Despite this,
PLAWLEF still shows considerable energy dissipation through plastic deformation and the interaction
between the fibers and the matrix, this allows the composite to absorb more energy before catastrophic
failure occurs[179]. The material's ability to deform significantly and distribute the stresses throughout
the matrix and fibers reduces the risk of sudden failure, demonstrating its resilience at moderate impact
levels[180]. At 50 J, crack propagation becomes more extensive, but the composite still manages to absorb
a substantial amount of energy, despite the increased severity of the failure mechanisms, such as fiber
breakage, the material's capacity to dissipate energy through significant deformation prevents catastrophic
failure. This allows PLAWLF to maintain structural integrity even at high-energy impacts, proving its
superior toughness and impact resistance[181]. Advantageous features were attributed to the Periploca
laevigata Aiton fiber inherent toughness, such as the formation of matrix-rich regions at crimped fiber
bundles supporting plastic flow, and crack propagation aligned with the curvature of fiber [176].

As shown in Figure V.32, the hybrid composite PLAWLF demonstrated superior resistance to these
damage modes due to its optimized structural integration. The presence of Periploca laevigata Aiton fibers
improved the stiffness and load-bearing capacity of the matrix, delaying the initiation and propagation of
micro-cracks. Plasma treatment of wool fibers enhanced fiber-matrix adhesion and ensured efficient stress
transfer. The hybridization combined the stiffness of Periploca fibers with the flexibility of wool fibers,
providing an effective balance of energy dissipation and resistance to fracture. PLAWLF showed better
resistance due to its hybrid structure, which delayed crack initiation. At high energy levels (50 J), fiber
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fracture dominated the failure process. PLAWLF exhibited superior toughness, as its hybrid structure
effectively distributed stresses, delaying catastrophic failure. The behavior exhibited by the specimens
analyzed in this study is both fascinating and promising for potential applications in protective measures
and possibly in structural contexts due to the significant fracture toughness of the matrix [176].

) ---
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Figure V.32: Images of the PLAWLF specimens from the drop-weight impact tests. (a) 5J, (b)
10J, (c) 30J, (d) 50J.

111.2.4.2. NWLF (NaOH-Treated Wool Fiber)

The NaOH treatment significantly enhances the fiber-matrix bonding, improving energy absorption and
reducing fiber pull-out, but at higher impact energy levels, the composite exhibits faster failure compared
to PLAWLF due to a lack of sufficient toughness. At low energy levels (5 J and 10 J), the primary failure
mechanism is matrix cracking around the fiber-matrix interface[182]. The NaOH treatment improves the
fiber-matrix bond, which enhances the load distribution, reducing fiber pull-out and allowing the
composite to absorb energy more effectively. Small delamination may occur at the interface, but these
cracks generally do not propagate significantly, and the material absorbs energy primarily through fiber
pull-out and localized cracking without catastrophic failure. This indicates that the NaOH-treated
composite can withstand lower energy impacts through efficient energy dissipation and load transfer. At
intermediate energy levels (30 J), the matrix cracking becomes more pronounced as the impact energy
exceeds the composite's ability to absorb and dissipate it. Fiber breakage begins to occur as the fibers
fracture under the stress. The NaOH treatment helps maintain the fiber-matrix bonding to some extent,
but delamination at the fiber-matrix interface becomes more apparent, reducing the composite’s ability to

150



Chapter V: Results and discussions

absorb additional energy. As delamination propagates, the composite's overall energy absorption capacity
declines and the material transitions more quickly to failure.

Figure V.33shows the NaOH-treated wool fiber composite (NWLF) demonstrates enhanced impact
resistance compared to untreated wool fiber composites (WLF) due to improved fiber-matrix bonding.
However, it is still outperformed by the hybrid composite (PLAWLF), which benefits from its synergistic
combination of fibers. The damage mechanisms in NWLF during impact testing include micro-cracking
in the matrix, fiber bending, and partial fiber fracture. These mechanisms, although mitigated by NaOH
treatment, significantly influence NWLF's performance at various impact energy levels.

— |
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Impact energy 30J

Figure V.33: Images of the NWLF specimens from the drop-weight impact tests. (a) 5J, (b)
30J, (c) 50J.

NWLF demonstrates significant improvement over untreated WLF due to the NaOH treatment, which
enhances fiber-matrix adhesion and delays damage progression. It performs well at low and medium
impact energies, absorbing energy more effectively and resisting micro-cracking. However, at higher
energy levels, NWLF experiences extensive fiber fracture and, limits its performance. While NWLF is a
viable improvement over untreated composites, it remains less effective than hybrid composites like
PLAWLF, which benefit from the synergistic combination of stiffness, flexibility, and toughness. Bottom
of Form in NWLF, micro-cracking in the polymer matrix is the first stage of damage under impact. The
NaOH treatment significantly enhances fiber-matrix bonding, reducing the size and extent of these cracks
compared to untreated WLF. This good interface bond prevents cracks from propagating rapidly, allowing
the composite to absorb and dissipate impact energy more effectively before penetration occurs. However,
at 30 J, the matrix's capacity to contain these cracks is exceeded, contributing to eventual failure. Wool
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fibers in NWLF play a key role in absorbing impact energy by bending under load. The NaOH treatment
increases fiber surface roughness, improving adhesion with the matrix. This enhanced adhesion ensures
that fibers bend uniformly and share the impact load more efficiently. The bending of fibers temporarily
stores energy, delaying their ultimate fracture.

Modifying fibers through chemical treatments can further enhance the interfacial bonding between the
matrix and fibers, consequently affecting the composite’s response to impact. Additionally, the choice of
matrix material and fiber reinforcement plays a crucial role in determining the dominant damage
mechanisms under impact loading, such as matrix cracking, fiber breakage [183].

This mechanism contributes to energy absorption but is insufficient to prevent penetration entirely at 30
J. The strong interfacial bond ensures that more energy is dissipated within the composite system, delaying
the progression of damage. At 30 J, the interface bond is overwhelmed, leading to fibers to direct stress.
This stress accelerates fiber fracture, ultimately leading to penetration. Under 30 J impact energy, fiber
fracture becomes a dominant failure mechanism in NWLF. While NaOH treatment delays this stage by
enhancing adhesion and load transfer, the fibers eventually reach their tensile and bending limits. Fiber
fracture reduces the composite’s ability to resist further damage, allowing the impactor to penetrate. The
composite's energy dissipation capacity is surpassed by the energy delivered, leading to structural failure.

Matrix failure and fiber separation are identified as the primary mechanisms of impact damage in
composite materials. Matrix failure typically involves cracking, deformation, or fragmentation of the
resin, which compromises load transfer between fibers. Fiber separation, on the other hand, occurs when
the bond between the fibers and matrix weakens or breaks, leading to phenomena such as fiber pull-out or
interfacial debonding. These mechanisms not only reduce the structural integrity of the composite but also
influence the extent and propagation of damage under impact loading [183].

I11.2.4.3. PLAF (Periploca Laevigata Aiton Fiber)

PLAF exhibits relatively low energy absorption due to its stiffness, which limits its ability to deform
significantly under impact. This stiffness results in rapid failure compared to PLAWLF, particularly at
higher energy levels. At low energy of 5 J, the failure mode is primarily matrix cracking [184]. The rigidity
of PLAF restricts significant deformation, leading to cracks forming around the fiber-matrix interface.
Fiber pull-out is observed, but the lack of flexibility prevents the cracks from propagating extensively.

Figure V.34 shows the Images of the PLAF specimens from the drop-weight impact tests (5 and 10 J).
At 10J PLAF, the impact load initially induces micro-cracking within the epoxy matrix. The inherent
stiffness of the Periploca laevigata Aiton fibers helps constrain crack propagation, limiting damage in the
early stages. The fibers in PLAF, being naturally stiff, resist bending under impact[185]. This stiffness
enables PLAF to withstand greater loads, reaching a peak load of 1.203 KN, higher than WLF. The energy
is dissipated primarily through matrix cracking at the fiber-matrix interface[184, 186]. As the impact
progresses, cracks propagate along the fiber-matrix interface. PLAF's fibers exhibit limited flexibility, and
their inability to bend significantly causes localized stress concentrations, eventually leading to fiber
fracture and penetration at lower displacement levels compared to WLF[154, 156].
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Due to their inferior mechanical properties, these composites exhibit accelerated fracture propagation
and more rapid fiber failure compared to PLAF composite, resulting in reduced damage resistance and
lower perforation thresholds[183]. PLAF demonstrates better load-bearing capacity than WLF, its lack of
flexibility reduces its ability to absorb energy through deformation. The composite fails primarily due to
brittle fracture of the fibers [175].

Impact energy 3J

"'__;"tb

Impact energy 10J

-

Figure V.34: Images of the PLAF specimens from the drop-weight impact tests. (a) 5J, (b)
10J.

%
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111.2.4.4. WLF (Untreated Wool Fiber)

WLF demonstrates the weakest performance among the composites due to its poor fiber-matrix bonding
and lack of effective energy dissipation mechanisms, as the impact energy increases, failure occurs more
rapidly, and the material shows limited capacity to absorb and distribute energy. At low energy levels (5
J and 10 J), the failure mechanism is primarily matrix cracking, with cracks forming around the fiber-
matrix interface. As the impact energy increases from 5 J to 10 J, the composite's structural integrity
deteriorates more rapidly, resulting in early failure and reduced capacity to absorb and redistribute impact
forces effectively.

Figure V.35shows the Images of the WLF specimens from the drop-weight impact tests (5 and 10 J).
At 10 J WLF, being inherently flexible, absorbs energy through extensive fiber bending. However, the
weak interface between untreated wool fibers and the epoxy matrix allows micro-cracks to propagate more
freely, leading to widespread matrix damage at the early stages of impact due to the absence of strong
fiber-matrix bonding resulting in reducing energy absorption efficiency. At the same impact energy level,
PLAF shows superior peak load and crack resistance due to the natural stiffness of Periploca fibers, but
its lack of flexibility limits its energy absorption capacity. These results emphasize the trade-offs between
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stiffness and flexibility in natural fiber composites, highlighting the potential of hybrid approaches to
optimize performance under impact.

These findings highlight the crucial balance between flexibility and stiffness in natural fiber composites,
while flexibility can help dissipate energy through deformation, adequate fiber—matrix bonding is essential
to prevent premature matrix cracking[186]. Conversely, stiff fibers enhance load-bearing capacity and
crack resistance but may compromise overall toughness. Therefore, this study reinforces the importance
of hybrid composite strategies (such as PLAWLF) to harness both stiffness and energy dissipation
capabilities, optimizing performance for structural applications subjected to impact loading.

: g an
(b)

Figure V.35: Images of the WLF after the drop-weight impact tests. (a) 5 J, (b) 10 J.

II1.3. Conclusions

This research examines the mechanical properties of four composite materials reinforced with natural
fibers: Periploca laevigata Aiton (PLAF), untreated wool fiber (WLF), NaOH-treated wool fiber (NWLF),
and a hybrid composite (PLAWLF), which merges cold plasma-treated wool fiber with PLAF. The
composites underwent low-velocity impact testing at various energy levels of 5J, 10J, 30 J, and 50 J. The
evaluation centered on essential performance indicators such as peak load, displacement at peak load, and
energy absorption, providing insights into the potential of these composites for high-impact applications.

The study specifically sought to assess the impact of different fiber treatments chemical (NaOH
treatment) and physical (cold plasma treatment) on the impact response of the composites. Epoxy-based
composites reinforced with natural fibers have been attracting interest for their sustainable and lightweight
features, yet their capacity to endure high-impact scenarios continues to be a significant challenge. By
utilizing controlled vacuum infusion molding, this research guaranteed uniform fiber allocation and steady
resin flow, resulting in consistent composite structures[ 139, 187] . This technique allowed for dependable
and repeatable mechanical performance evaluations across the various energy levels tested (5 J, 10 J, 30
J, and 50 J). The low-velocity impact tests disclosed considerable differences in the mechanical behavior
of the four composite materials. WLF, as a natural fiber, demonstrated relatively inferior performance
regarding peak load resistance and energy absorption, mainly because of the intrinsic hydrophilic
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character and weaker fiber—matrix bonding[ 188]. Conversely, NaOH-treated NWLF composites exhibited
significant enhancements in peak load and energy absorption, which were due to the improved fiber—
matrix adhesion resulting from the alkali treatment. The hybrid composite PLAWLF, which combined the
benefits of both NaOH-treated wool and PLAF, demonstrated good performance at all tested energy
levels, attaining the highest peak load and minimal displacement, thereby positioning it as a promising
option for applications that demand heightened impact resistance and energy dissipation. This thorough
analysis not only emphasizes the mechanical behavior of these natural fiber-based composites under low-
velocity impact conditions but also show the advantages of fiber treatment and hybridization in enhancing
their toughness and energy absorption capabilities. These results are vital for promoting the utilization of
natural fiber composites in high-impact structural applications, where both strength and durability are
critical[159].

PLAWLF consistently demonstrated superior performance across all energy levels, particularly at higher
energy levels of 30 J and 50 J. This composite benefits from the synergy between the stiffness of periploca
laevigata Aiton fiber and the flexibility of the wool fiber, resulting in enhanced energy dissipation and
crack resistance. The high displacement and peak load observed at these energy levels indicate that
PLAWLF can absorb significant energy before failure, making it a good candidate for applications
requiring high-impact resistance[189]. The NaOH treatment applied to WLF to create NWLF proved
beneficial, especially at the higher impact energy levels of 30 J. The treatment enhanced the fiber-matrix
bonding, and improved load transfer, leading to better energy absorption and higher displacement values
than untreated WLF[190].

The experimental findings revealed that surface modification significantly influences impact resistance.
The NWLF composite demonstrated improved peak load and energy absorption relative to WLF,
highlighting the effectiveness of alkali treatment in enhancing fiber—matrix adhesion and reducing
interfacial voids. More notably, the hybrid PLAWLF composite exhibited the highest peak load values
and the lowest displacements across all energy levels tested. At 10 J, it outperformed PLAF by 24% in
load resistance and reduced displacement by 20%, indicating an optimal balance between stiffness and
ductility. At 30 J and 50 J, PLAWLF maintained structural integrity, with up to 30% higher load-bearing
capacity than NWLF, confirming the superior energy dissipation and crack-arresting synergy between
plasma-treated wool and stiff PLAF fibers.

PLAF and WLF, when tested alone, exhibited lower energy absorption and less effective performance
under energy level 10 J. These materials show limited deformation and energy dissipation capabilities,
leading to rapid failure when subjected to higher impacts. PLAF, being a stiffer material, and WLF,
composed of natural fibers, both lack the toughness needed to withstand and absorb significant impact
energy, making them less suitable for applications where high impact resistance is essential[159, 191].
The failure mechanism of PLAWLF was characterized by its toughness and flexibility, allowing it to
deform significantly and absorb more energy without catastrophic failure[192]. The increased
displacement at peak load and the higher peak loads observed at the 30 J and 50 J energy levels highlight
the composite’s ability to handle higher energies without rapid failure[ 180]. PLAF and WLF failed more
quickly with less deformation and energy absorption, which limited their effectiveness under high-impact
conditions. The NaOH treatment of WLF to form NWLF also shows significant potential for improving
energy absorption properties, especially in hybrid composite applications. However, PLAF and WLF, due
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to their inherent limitations in toughness and energy dissipation capacity, may be more suitable for lower-
impact applications or where rigidity is a key design requirement. This study provides valuable insights
into the failure mechanisms, material behaviors, and performance characteristics of these composite
materials under low-velocity impact conditions, contributing to the development of advanced composites
for high-performance applications.

The critical innovation of this study lies in demonstrating the efficacy of combining physical (plasma)
and chemical (NaOH) treatments with natural fiber hybridization to significantly improve the toughness,
energy absorption, and damage tolerance of bio-composites under impact loading. The PLAWLF hybrid
emerges as a promising sustainable material solution for applications demanding high impact resistance,
such as protective gear, automotive panels, and aerospace components. These insights contribute to the
growing body of knowledge on natural fiber-reinforced composites and encourage further research on
fiber treatment optimization and hybrid design strategies to tailor composite performance for specific
engineering applications.
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I. General conclusion

This research underscores the significant potential of natural fiber-reinforced composites, particularly
those utilizing hybrid and chemically treated fibers, as high-performance and sustainable alternatives for
engineering applications. The hybrid composite composed of cold plasma-treated wool and Periploca
laevigata Aiton fibers exhibited outstanding mechanical properties tensile, flexural, and compressive
strengths 0f 26.02 MPa, 2.53 GPa, and 109.22 MPa, respectively paired with low density (0.45 g/cm?) and
enhanced structural integrity. The antibacterial and antioxidant properties of Periploca laevigata further
position these composites as valuable materials for long-term and multifunctional applications.

The significant influence of fiber surface treatment and hybridization on enhancing the impact
performance of epoxy-based natural fiber composites has been evaluated. The comparison of Periploca
laevigata Aiton fiber (PLAF), untreated wool fiber (WLF), NaOH-treated wool fiber (NWLF), and a
hybrid composite comprising plasma-treated wool with PLAF (PLAWLF) under low-velocity impact
revealed notable differences in mechanical behavior. While WLF and PLAF demonstrated limited energy
absorption and early failure due to inadequate fiber-matrix interaction and low toughness, the NWLF
composite showed improved impact resistance attributed to enhanced interfacial bonding from alkali
treatment. Notably, the PLAWLF hybrid composite exhibited superior performance across all tested
energy levels (5 J, 10 J, 30 J, and 50 J), effectively combining stiffness and flexibility to achieve excellent
energy dissipation and structural integrity. The integration of plasma-modified wool with rigid PLAF
resulted in reduced displacement and increased peak load resistance, validating the effectiveness of hybrid
and surface modification techniques. These findings underscore the potential of tailored natural fiber
composites for high-performance applications in sectors such as automotive, aerospace, and protective
structures, where sustainability, toughness, and impact resistance are critical. Future studies should focus
on exploring long-term durability and optimizing treatment conditions to further improve the functionality
and applicability of bio-based composite systems.

Complementing this, the treated horse tail hair fiber (THHF) composites demonstrated exceptional
mechanical performance, with tensile strengths exceeding 60 MPa and compressive strengths approaching
79 MPa. These properties stem from the synergistic effects of fiber alignment, optimal matrix distribution,
and alkaline surface treatment, which significantly improved fiber-matrix adhesion and reduced water
absorption. The intrinsic strength and stiffness of THHF, combined with its environmentally friendly
profile, highlight its value as a reinforcement material capable of withstanding rigorous mechanical
demands.

This thorough study emphasizes the transformative capabilities of natural fiber-reinforced composites,
especially those utilizing surface treatment and fiber hybridization techniques, as high-performance,
sustainable substitutes for synthetic materials. The composite that merges cold plasma-treated wool and
Periploca laevigata Aiton fibers shows an impressive balance of strength, stiffness, and low weight,
achieving tensile, flexural, and compressive strengths of 26. 02 MPa, 2. 53 GPa, and 109. 22 MPa,
respectively, with a density of only 0. 45 g/cm?®. The additional antibacterial and antioxidant attributes of
Periploca laevigata boost its potential for multifunctional and prolonged use. The low-velocity impact
assessment further validated the benefits of fiber surface treatment and hybridization, with the PLAWLF
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composite surpassing other configurations at every energy level due to enhanced interfacial bonding and
synergistic mechanical properties. Likewise, the THHF composites demonstrated remarkable mechanical
performance tensile strength over 60 MPa and compressive strength approaching 79 MPa resulting from
efficient alkali treatment, better fiber-matrix interaction, and lower water sensitivity. Collectively, these
results confirm that both single-fiber and hybrid-treated composites are promising options for structural
applications that require durability, lightweight construction, and environmental stewardship. This
research significantly contributes to the advancement of bio-based composite technologies and establishes
a robust foundation for future innovations in automotive, aerospace, and infrastructure sectors in line with
global sustainability objectives.

These findings establish both hybrid and single-fiber-treated composites as promising candidates for
next-generation structural materials. Their excellent mechanical performance, coupled with sustainability,
makes them well-suited for diverse industrial applications such as automotive, aerospace, and civil
infrastructure. By integrating renewable resources and surface modification techniques, this work
contributes to advancing eco-conscious material engineering and encourages the broader adoption of
green composite technologies.
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Recommendations and Future Research Directions

The advancement of composite materials requires an integrated strategy that simultaneously addresses
scientific innovation, industrial scalability, long-term durability, digital transformation, and
environmental sustainability. Based on the findings of this research, the following recommendations and
future research directions are proposed.

1. Integrated Policy and Industrial Strategy

Governments and industrial stakeholders should establish national strategic frameworks to accelerate
the development of advanced composite materials. Collaboration between academia, research institutions,
and industrial leaders such as Boeing and Airbus demonstrates how coordinated investment significantly
enhances composite innovation. Key recommendations include:

o Development of standardized testing and certification protocols for advanced composites.

o Financial incentives for sustainable and recyclable composite systems.

e Investment in automated manufacturing technologies (AFP, RTM, additive manufacturing).

o Establishment of pilot-scale composite production facilities to bridge laboratory research and
industrial deployment.

e Economic modeling of composite manufacturing scale-up in emerging markets.

e Optimization of automated production systems using digital twin technologies.

o Integration of Industry 4.0 tools for defect reduction and process monitoring.

2. Machine Learning for Composite Design and Property Prediction

The integration of machine learning (ML) into composite materials research should transition from
exploratory studies to standardized engineering tools. A centralized composite materials database
incorporating microstructural parameters, processing variables, and mechanical performance metrics is
essential. Research institutions should:

e Combine physics-based models with ML algorithms.

e Develop interpretable AI models for material property prediction.

e Implement real-time ML monitoring systems during manufacturing.

e Physics-informed neural networks for fatigue and damage prediction.

e Generative Al for inverse composite design.

e ML-based prediction of interfacial strength and delamination resistance.
e Hybrid FEM-ML frameworks for multiscale structural analysis.

3. Fatigue and Long-Term Mechanical Performance
Long-term reliability remains one of the primary limitations of fiber-reinforced composites.
Standardized accelerated aging methodologies should be developed to simulate real service environments,

including moisture, temperature variation, and cyclic loading. It is recommended to:

o Implement multi-axial fatigue testing protocols.
o Develop embedded structural health monitoring systems.



e Study creep—fatigue interaction under realistic service conditions.

e Multiscale modeling linking nano-interfacial damage to macro-structural failure.
e Crack propagation modeling under mixed-mode loading.

o Development of self-healing composite systems.

o Long-term durability assessment under combined environmental stressors.

4. Environmental Sustainability and Circular Economy

Sustainability must become a primary design criterion in composite development. Industries such as
Vest as increasingly require recyclable blade materials, highlighting the urgency of circular composite
systems. Key recommendations include:

e Adoption of Life Cycle Assessment (LCA) as a mandatory evaluation tool.

e Promotion of bio-based resins and natural fiber reinforcements.

e Design for disassembly and recyclability.

o Implementation of carbon fiber recycling technologies.

e Fully recyclable thermoplastic composite systems.

e Low-energy curing technologies.

e Biodegradable nanocomposites.

o Comparative carbon footprint analysis of thermoset versus thermoplastic systems.
e Upcycling strategies for composite waste streams.

5. Cross-Cutting Strategic Research Directions

Future composite research should converge toward multifunctional and intelligent systems. Emerging
research directions include:

e Smart composites with embedded sensing capabilities.

e Energy-storing structural composites.

o Fire-resistant and extreme-environment composite systems.
e Hybrid natural-synthetic fiber composites.

e Al-driven autonomous materials discovery platforms.
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s crooial fo Concenrats on Cneating rventive ahiermadee
rnaterial desigre. Polymer ooomp ol =5 ans desmed  soperior
aifermative materils Becoasse of thelr redoced weight
erfancad srengh, and cow officiency  Fibser neinforoement

s commmeondy employed in polymer matrices like poyester

wp et
fibers awailabdes soch as BE-glass fiber and aramid fitery, dar
enfhanc e mechanical propentes aonoss ghe board. Howeser,
these oomposies may o chalenges in terms of ereinom-

degradakds InCTeE i
dernand for natoral fiber—based prosdoors, wéhiich o nimiezes

Eaptoip coongpmters [3]. Academnibos are interested in integra-
ing srvwironmental fiber o medern engin esring aceies
due o redocing the ramiser of spraheatic fifees in polypmer
o ol s ol ineed. froon petrodenm resoances (4]

A comgensite material comprising a polpmer mamie ansd
incrapeorated flbeers has garmered widespread interest workd-
wide In Dighet of the poewiling global soeiroromeneal el
benges, dhere B oa reing  indinagion among peopls
erplare the optimal o of nasarad fibers in dverss applica-
mons [5] MNataral fEeers offer momerons ad or e

abwmorpetion . paiEidiny
taan es in Biooom poaiies Thersfore, pretrestment of nabanal
fifsers S nooewEry to enbanee the Bioomorm paobiliny berween

oo ooy Hen Bylwed ammoeadts mEctmmeed ctmweses o Medalawa derrdga ba s

the fibers amnd mamix throogh the acsaton of e fibers

B pd ey gresaps [5]-

Paodyrmers ans Frpdrepleobic, i ke nataral fibers
are hydrophilic Moterial et ane correndy de e boging
T TR TR [P essl P ST OO Ooll s ki Teabarad fiEers Shat arne
eaxily arcessible In order o enduance the mmeec bandcall progeer-
thes and erwironmenta performance of Shese oo ool e
mnataral fibers nead o andesgo dhembcal mesdifi catons wath
smimshile addimives or be coated with  app ropristes nesin
Recent applications of dhemical reatmeants indods acetyla-
whon, alicali, ac@aton, silans and Benzoplason (7L Among
iheese, alkalli destment stands oo as the moost oot effec e
and commanly oeed methoed This oeamnent waorks by
brealcing down the bonds in fier bondles ino
amaller flwers, Shensfy

magrir. The fisr-matric interface pleys a crocal rode in
J =t rmnin ing the gpaaliny of a fifser-rein forcsd oo oot Saci-
ing & a bBindey, this mterfacs ol the tansder of Sress
b= mwnzen the fibewm, and it i enbanced throagh the oe of a
chemical agent soch as MaddH. Dearing e oeatment pro-
CEmn, WaleT b oSien in a specific volaome along with Q1%
MaddH The fikssrs are then sooeed in dhis soloton dor a
daration of §h Sobcecpoen Sy, the fifsers are meticalomsly
wrash ed with disn Bed water to Sl irate oy nemnaining, alicali
resido=s [#].
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Borosad chassifications. Plans fifssm oonsiet of celoloss, herm-
celialoses, and bgmnin, wherees animal fibers oonimin sk
types of fonaional aming acids Nosbly, comon, joie, ool
ard il filers are significant neearal feers thoet find soen-
siwe mee in appard dosthing [H0]. Weoal plays a significann
rods in fertls maraiacharing as one of She ey an imal fiters

muataral
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procedures [11] Feriplocs Losvimara A fon -l'l-':l_ull.l- oo
arggastiinlia { Laball |

i s highly deaied dos oo s coneentbona e ling asoribeetes

ard = significancs in pastoral and eroskon  prewentEnn,

owing o s acdaimed medicinal properties. The Rerdplocs
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products thee have good meachanioal propermes and oot
effectiven es wihile minimizng envincnmenal impact [13]
Thhes resin forcemen ¢ flbers are dassified inmo Do main Eroapes:
=i and natara fibers Swme plant flsers are gossd
sofvstimnies  fior fitwers in diffenent  sgepdic arbnns
[1d4-15] Anima fitem hoee bow dencity and bow oost. They
are alzn madily awmilahls, with a oonstan t sappdy, and ey
are safe do bondls [17]- Animal fiers hawe dieerse applic s
e and are oasd in varkoas seciars soch s Edboornedical
et o O iy, el seotorrena e [ BE ] T poneed mcers of koeratin
fibee=rs are rgely dependent an ghe sheep wonld fifsers Sar
play as s masterials foor thes tewtile indasmry. Soome o shenn pis
were mrried oot to ewannine their ghemnal propesnriss For
exampls, Fach o &l [19] cxaminsd She samabilliy of el
an thermal ineolation in Bbeailldings and evaloated the ol
at Jdifferent tempeeratones. Aooording To fhe firedings, e
weenld [ nesnlat o b oo el in peerdornnan oe et i
-cn.r:m-:l::l:r:l:lr.lm'n. In &oames Cases, it oven redorms bether.

material performance [21]-
strocharal propertes of She nataral fiber, the o of Dol
filser in the polymenc mamees allows ws o adpst or
IpToTe soime ensential caracternstic Behaviors soch oas
e bhan keall, thermoal, aoosoen cal, proc essing., and free wodame

adiegion Eestwemern ghe fleer amd dhe

alhuroragih
e tn in 2 Fileer o el i oo e, aored e S oo Fean ke
e s sveelling =ffeanta, wiich comeses e oy ies do proges-
gt in the mamix [23]. Several chemboal treatmenss can be
apepli=d o the fiber sofaces o improes interiackl intenac-
oon and moktore abeonprion o onetoral fleer oo posiies

wially  armorg
mﬂﬂ:ﬂmﬂ:esﬂmndrﬂreﬁe
fibe=r diamneter and degres of fikber damping. The roagh sor-
face improves fibermaaric adhssion [2]. There are some
physcal and chemioal proessess nasd in the estment of
fibe=r morphology o promote adbesion with she

e For insmnce, chemioal meatment by MaldH and coldd
Pplasma metheeds Codd placma represents a form of phoesical
freaoment e ployed To an lan s ghe oom parisilny of nasaml
fikesr nemth dhe i Sorfs o modification depends on ghe
TP and natore of e gas oeed [Z5] ARk line meaom et nep-
Tesents She most oommmandy omlized mnmethesd for tresting
P lane filbesr Cormposites doe oo it ko cost Thhis procsss effec-
tiwedy removes nonoe Thaloaks oormgpon ents fromn See e sor-
face, resolting in a smooth and ewtared asadace thait
enhances interfacal adhbesion [ 7). Alkline treatmnen t hafps
remove hydrogen baonds frmm ghe network stroactane of She
fikemr, which effectiesly redoces moktoe @beonpeton  and
redoces the diameter of ghe fiker, which raises the aspect
rato A Baline treatment enka noes s oo ess, i b
Imcreases mechankoal cross-dinking and soposes ore o
ko o ghe sarface of ghe fiber [18]. The hMaddH procedone
aimas Do enfanoe the ooma ansa by radocing e pressmee
af hpdsop hillic groops Swat resalt in an inadegoate polpmer
maarix ard weak fiber-mamic adhesion. The fibers andergo
treatment with o NaldH chemical solofion fo enhance She
imtedarial adhecion befwreen the fikers and et herdby
asch dewing tensile throngh a well. establdished inter-
face alomg the fifbeer aorice [4]-

Thers ar o reamber of stodiees that peamots e o of
sheen’s ool as a oghsning a@pent in an Spory matrix 1n
order mn o st mech an boall poepentes aff oo pcites, Tar-
lovas formes of sheeep sl werne tested as weagihen ing agents in
an =powy matrin (36, 27 Therefnre, sl fleers can B oaed
as gond strength enes for polpmeric mamis ot anky for She
lmprovement of the thermal properoes Bor oalso @ s
emended o mechanical properties as will beseen dn g cor-
Tent smmdy
The srploramon of @ e i by -
H:ﬂmﬂmmﬂﬂewmu“tmdmm
R A Jotnn g-ed e progect in materials sobence. A& thornosagh
irrestgaion of the exwitng lteratare neveals no doson-
nen e Cases eh ere h s sp acifi ¢ oo osared Fa s Bemen spnaie-
siped. By sobjecting woeod fifsers tooold plesma treasmmeent and
imoorporating B lesvigers Adrtom £ibers {PLAF), this inmowa-

application: and dewlopmens in the fielld of
materials As ghe sclentific commanity aims o pash She
fromters of maerals sdence foreand, e aspnthesis of
animal-based weend fifeers reated in a oodd plasma sreiron-
ment with plantbased PLA emerges as a promising and
wmrprersaderned medwed  dor deweloping  ades meed
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with onreated PFLAF and W1 F. Bor cooanp arkeon pear-
pcme:_ anatbesr thres oomposiess wene fobricated  with
epoxy rean neinforosd with onreated WILE, oched cally
eated NMNWILF by MNaliH, and ontreated PLA The asroc-
ware of doar fifesrs was characerisd by Foorksr transform
infrarsd (FIIRE Xaay diffrecton (XHIFL and  sooenning
ectran  mkoosoopy  (SEM].  Foor compeosite  mmaterials
e fabricatesd from diffeent slame fracoons of netoral
filbeers and epowy resi By the = i o e S
Al comnposies e sobgeartsd to thres mathanicol tess,
namaly, Ensile flexaral and compresskon fests, D shoser
ghe effeivensss of hbodizing the PLAFP-WILF conmgeosite
with PLAF fiber

L Materials amd Procedores

This secfion presenss a desorip Gon of She e nataral fiksers
besing med in this stoedy, namsy, PLA and woood fiers Ao,
it iostrate s o T ten e rs ane and mreated i
ewarm fine Shelr strocsares by osing FUIR and XHRIDC It alsn

Figare 1 depics the adopted e o] ology in this stady
wihich dhows She steps mentonad abore B ewals that the
apaplli=d rneth cedodoagy oo siets of seweral stepe o reach the

af the caoment stady Thess steps are
desorifeed in ghe follosing solec homs.

Z1. P= dhar Pomnural Fibers
perar o af

2011 FAAF PLA s aonos By o bead-boving, peeeeromial, decid-
o sy Shat s widespread in different regions 1T is nathve

o ghe Meditemansan reginn and can be fomnd in ooontTies
woch as Lpain, Algeria, Libypa, Tanksia, Kanpathos, Exypt
Crese, Maln, and Sicly [22]. PLA has drooping keoees and

parplish flaments The fron s dry and made op of e
amonth and ficcared follkdes thar conm@in e oonrnoms
meeds [29]. These fibers ar shaom and wery ligh neeight they
fiy in the air afier ghe bobes Beonme dry, and they cradck mat-
urally, as shown in Figares Xal MbL and 2{ch kK has not
memhhﬂmmuﬂ
= The PlLA lobes were  manoaliy
mbdhrmhhbﬂﬂdmgﬂeﬂdsfm
ghe fiber. “The fibers were washed eotensively with dieoBed
water af 2F{C This femperatone maintins e stroosa ral
dharastenitics of the fiber. The fibsr was filered and den
sabjeactad a0 a Zd4-h drping proosss o oo =
Arch med =" principles wms o ploped 0 detemmine the
dengity of PLAFE The fiwrs of 455 mess wene irgpressed
in a 100 ml smter conmine o caloslate the wolome J iffer-
ence The fiber's mass @ 5g) & divided by s volome
S0 L) to get the fber density of 045 ghom ™

22 Prepararion and Tresnmear of Waod Fiber. Sheep ol
alpaca hair, goat halr horse hair, and ofher hatry o omom el
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Ary sesat A part of this wood wms oy oleansd
irt and dust another part was eated with a MadiH
=oloGon with a concentradiom of OU1%, and the kst pant
was cleansd with oodd plasma The mewr Do seorbons

plamma meetbeada)

After deaning She ool with ghe thres preso nsly men-
oo wresdh oads, i comnbeed s i is poessed Shioogh o sk
of hin metal teedh that work o koo n wrinkdes and @ngles
in ghe fifser, and then it armenged in the form of a flarstrip
b= o v v, i bh e morns Ao ghin Sheads A fer she

the natoral fibers most be oeaed Before processing any
Ereen oo posie materials The demial] oeament & gen-
eraty applisd o he nasaral fiber to remowe B panithes
and other partides from the sarfacs of ghe fier, tighte ning
thee a0 ric e of e fibeer and matrix o endhane e ghe bnterfackal

redoces the dameter of dhe fiker, which raises She aspec
rago A Baline trestmen tenka nee s sarkac s roasghn e, wiich
Imcreases mmechankoal cross-dinking and enposes mmore celbo-
bose o the surface of the filber [36] MaidH = one of the
ot impormnt alialine chemical teammenms n dhis field
[37]. Thersfor, dhe MHaldH treafment wams nominatsd o
P rocess dhe flers We immerssd ghe sl in o 5% solobbon
of MaldH for 30min, and she fier sanmed o degrads
Treamment of wosnd fibeer writh Nl dH ar different oo endTa-
thors, specifically 5% and 3%, resols in varping degress of
fikser strocsare brealkdonsn . The ocomcendration of ghe solo-
thon was grad oy redoced ondl @ reached o prectoal con-
centratinn of 0%, with «wery meamment micing b Ar this
poing, there ks a roogh sorface with anidorm rooghness The
treated woend filbeers eene wasbed with disnlled wmser and
driad o ambient fem peratane (259400} for 3 days. As a nesol
009 MNaldH was oesd daring she filer dhemical eamment
Process in his eageeriment
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222 Cald Plesnas Teatser Merhod Pasma sorface meat-
ment i wery impon@ant in the indoarial fidd doe o s -
ciency and enwironmental foendlinss [3]. The aold plaama
reament can be waed o modify the sarface of short glass,
carksoin, colfologs, polyimide, ammid and other fibers The
warface of coflaloss fitver was aliered by air plaama tresment,
which was employad o @ogment the adhesion beneeen the
therm aplistc starch matri and ghe fiher. SEM analyses of
the fractared surfices demonstrate o considerablde inorease
in adhesion between treated celfabose fiber and the: thermo-
plastic starch matrix [39]. The applisd dactric fidd was gen-
erated oxing a gliding AR g ge with a power soane st
& kY af a fregoency of 0 Hz The amosphenic air was
meed as o gas, with a flow rae of 200 Limin. As shoen in
Figares 4 and 5, e plasma jot discharge soendad app .-
maidy Sam. gving a direy messarement of the onld

phama’s effas on nasaral fler. The gliding arc dadhargs
reacior combts of two stuindss steel eladrods
with a thickness of 1rmm, bocated ot ghe botinm of the fed
gas norzle. The fibers were pot in @ conf@iner 10am in diam-
eterand I o dhick The wool was freated with aold plesma
Imside @ onntainer oon td ning dist Bad water For a s period
of time, the filber was moved randomby insde the containsr
nnider the offart of dhe phasme jet at ambient air temp sratars.
[earin g prosc ssaing, the filer was maingined 5 an away fmm
the flow of lquid plasma. Je1 plisma meatment was applisd
to the fiber for a peried of @min Plasma-meated wood fiker
wies beft in donized water for 4h The wood fikssr was washed
with distiflad water and leftin dry & room temperabare for 3
days before milmagon, and e dying prosdoe wes
accamplishad by sobjating it fo an oven of & SEmperamre
of S0 for o domtion of 24h
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23 Epeny @nd Hardeser “The resin matrin thar bs Snend ad
o e atrengthensd in s shady by the nasoral fibers is Doar-
aciear Epowy It ia provided by AdE L o e boa s £ oo gan |,
and s propetees and specfications  are fobealated as

24 Soructurel Chaerasts rinetion of WEFand FILA
Peziu el Fibers

Z4.L Asclmis vie FTTR Ressarchers hawe experimentesd
with a wmrksy of dhemical Temments 0 enhances e colin-
R conent, mechan ool dha raceristics, sodac e nooghreess,
aned o o, and Sis nesheed can Beoosesd to determnin e the
chhe=micall ez oorring in the fanctional groop s A naly-
ais meing the FUIR [41]. The samples were emmined msing
Fri {Shimades, 1R Affingg-1,. FUIH, Resnkaton S Tao
wtndy changes in dhemical composition, 002 of each =am-
Pl was grindsd and mized with OLISEg of KH powder
Ewinore: Besing grindsad on a Kir disk and compresed at a

preswans of 7TOEN for Z2min. FUTHR nees a wawe o ber
of 400 400Nion |, ard 30 aans T performed in =wch
s

242 Analsh LEiag XRD X-ray orpsmBlogaphy is the oot
exmensiely otillied medhad for denmofping the modecn lar
and crrstal srachares of any crpstalline sobemnoe, whether
matmral or spnthete [42] The reonnding patiesrn i baesd on
measaring diffracton line nfensities By transm Rtng soonce
and d=ector sepa. We were able to reonrd ghe diffraction
pattern an e ineestyeted material ocing g R instro-
ment NHEIP speciross opy with waralemnggh - o= 1 5474 at
2 scan anglss ranging from 07 Do 907, whewas this
approach alows for the determinaton of diffracton lines
Bazsd on Bragg s Lne.

243 SEM. The SEM test would provide a oo bee wiew of
e sormctn i cha racterie et ion of all natoral fle s B ng aaed
in the carrent stady. Al Shoe fEwers were sabjectsd o SE M
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I The maruisterng preom of wodl B

Feauias & Pecpraioes of B wond Elber o) cold b ]

Fosrer mpply
o)

Fraiuns & Chid pi

{x) By coid plawms 1) By 2% ol el i} By hurad lirading
1§ oy By % Ml H, aedl c] encrel ciei sueg,
Tnlon prpa
]
i bolen:

examinaton ki a helpfol tood in scanning and illesm ting
e sarface feamnes of ol flers

The SEM {Leo Sopra 55, feies Inc, Oberoochen, (Ger-
) e opesrated with specific swings for ofeciwe anal.
b The woltage wos st o 10kY, the beam ocorrent at
SpA, and thespotsizeat 10mm. Additiomally, dhe aoneden-
oon angs wes adjused o optmize the investigaton of the
mnorphkogy of the foor oompodtes Thess meatioaloady dho-
S [ rarn e s admed i oo e preci s and detailsd imaging
doring the SEM anabpmis

25 Fabdrofien of Compapire Mool The voarwam info-
sbon mnbding pros s was weed in this stady o maradacone

composite magerkd This process can solve challenges with
manoal hyap and gprap.op methods One of e modern
COTpeoiTe that oould

rephace dhe mraditonad methed & the vaceom infeson mald-
1neg proscezs. The idea ke ind womom infoskon s to cesea
waoman and dres air inio die mold Sroogh negutve pres-
wa e while sading ithe resin into the maold, therdyy impreg-
nating the rerdorcsment in e resin. The vamam infasion
maokding procsss diminatss the risk of dappsd air in e
compokite, and this proces snables fhe onmposiie to be
manafachared in nepedition with the same pariy becesse i
is dependent on the design of fhe sguipment rather than

thee: oiperatnr’s coom peten oz [H3].
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After the mexin Liyer and matrix hove Besn prodocsd,
e rexin will be evtracted from the mald dorooagh saotion
This method ewares b thidioness distrivation
along the pant The material prodocsd by the wosam info-
san dechnigae has a greader fiber-so-resin Tato than the
rraterial prosdoced by ghe hand Layap method, revaltng in
a stronger and lighter compoane material [44] ‘The maold
has o dimension of 200mm ¥ Z50mm « 4 mm. In
fiteers wee weighesd osing o sencitive balance, and the
amoant of spoxy and hardsner needed wus calonlaed The
fibners, regandizss of the type or reatment oond oo, were
dried in an owen at SFC o prevent wnids moktone, and
oot fleer-mratrin adhegon. The mold sarface was
dearesd, and a mold-rdsasing agent was coated ol ooy the
recdd surface for easy remom] and an evcellant prosdact sar-
= fimi b T fileer Wi s plared in ghe modd onee it had Been
prepanad, after that, the mold wes aovensd with o nosh e Laper
of mold In Figare & we pressnt ghe srperimental sstop,
oiffering a ¢ bea rde piction of ghe appana tos wesd for oar sdy
The howe aed for the indet b asechsd o e resin tandk
while the ool hoes & conneced 1o ghe nesin tap. After
annn ating, and anrnpleting ghe dncol somom pomp it
kariarn, it Began o operate, and S resin flowed throogh the
lnprt ssction and entered ghe mold doe to the pressare dif.
ferences mntl it reached the oopot sstian. The womm

Internationad poarnal of Polmer 5 bence

pressure meed @ socBion opowy resin B 30mHg. Ln
Figares T{a). 7h) Foh Fid) end 7{e), we oudine the
seyoen tial steps ireokeed in the marafac taring of ge com-
posiies The specimerns depioed in Figorss o), Sbj, &),
and 2d) were carefolly pood toned within a oontrodlsd sl
ranment Previom findings in the literatore sogrest thar the
i in e fiber content hasminimad infloence on en-
afle srewm or daalc mododes B5). Varoos smodiss hawve
emploped vobome fractions ranging foom 3000, 40060 @
sorsn Notbly a vobame fration of 30070 & considesd
e miin v T, s any redocton beow this rato esols ina
dadine in moechen fal propernes. Simialy, o volome frac-
o of 50090 i5 onnsid erad S e wirmarm, Bt ghe oo paoei-
tion with a rato of 5050 syhibis higher mokhore
absorption compared to dhe compositon with o o of
&0-40, while he &40 onm demonsinaes geaer
i e bl abesorpd on San ghe 50050 compositon 46 When
ithe fiber content sonpesees 50, the mechaniml] propenties
albsn deteriorate. To aeate o lighnesght oomposie with
farorable mechaniml propertes, oor nessanch  high lighis
the significance of nedocng S wool perosniage and §noor-
oot g, jplant fifsers. This Coombin ation enbanoes propenties
such as bow waier abooopiion, Jow denaty, and lighnesight
Thensfoue, we sdeaed o fier perceniage of 30% and main-
tainad the same proparton when introdocn g plant flers
Ad @ revalt, we decreassd dhe wnal percentage in the com-
posie Tabde 2 presents the welght perceniags Conpoail ks
of ghe composite specim ens, offering a oom prdhe naive over-
wiew of Sty material oom ot ons.

26 Mechanical Teas of tae Compodte Materials, After ghe
fabrication of the four compodte materials, all specimens
were subjeced o dhree mechandal fests, namely ensile,
and flororal tests, o ewloade gheir respomss
l-nd.ﬂfamtl]c—:dh.ﬂirg_ The teEnaile and
tests weE condmdted osing the HeidoBoell Z10 raachine,
which wasz controflsd by tea pert soffware Wersion 120
and equipped with a predsion 10kN foree eneor. Con-
wersely dor flearal exmm inatione, i was otlized the Zwick
Z 25 madhine, which featned o 2N sereor. Figare 9 shows
thee ran reemal Zewidcr Beesll 210 tensile and cosmpression and
Fwidk ¥ 15 Hexard tester In order o compare ghe
machanbal pedformanse of sdh oomposite and adhieve
optimal resalts, we oondoced swemrnen s on free specimens
firwr esar Ty v mare The e aetesam snts were carried ot un dar
corskient oond ons, noorporating  oonditkones andh @
ambient femperatore and o esting apeed of S mmfmin
The tests providsd valumabde inzights into the spedimen’s
Eeehawior, enoompassing mesaEments sach as Songation,
nominad stein Youngs modobes, and tenscile strengdh
Figare 10 oofines ghe dimersions of ghe tenmile, onm prss-
aive, and flarore] specimens, as lestrated in Figare 00
Thethres tests were condocted aconrding to ASTM D035,
AERTM D7o, and DE40, reqpentfeeky

3. Water A bsorpt iom

3. PLAF. The Befawor of water afonpoon & osmmandy
irvestigated in aconmdence with ASTM [ 5. The

'

o ] ] e ey S, e iy S I S AT

repny




Internamon kamal of Polymer Soience k]

(hm —

- . Y ETEE

Rsiiis & Vacian mf meerilangy =

ol

Pt 7 hunnah o of = By andfoston ouddaigr: ) Pedpdaa bopads Ashm e, (B WLF, (<] MWIF, ] FLAR
WIF, ix] cpomy mnd bardeser, i{f] clisded sl and g commprad e alffer cosirg o

A9

HE e

o = . ] e ey ey o, e ey O SR DAL

o

T . g

L s




i} Internatonal poornad of Polpmer 52 bence

] LLT] [} i

Fetniii #: Feral compaedaite: specmanc | o) MWLF, (B WLE {<] FLAFWLF, sl {d] FLAF.
Tams E Compeciisos of B oo 5 = wegh e e

Ty el ikecr T'E!l:-ﬂ'h‘h:l:! Fluw*ﬁtlhh’l_‘hl Er-'r:'ndnwliuitlhmﬂl
WLF Uintrcasad 1 el
HWLF ) H- et ol 3 el
FLAF Thotreased L5 a5
FLAF-WLF Unarcsted (FLAFL cod plasss-trased { WI1F) Loya T

perenige incnsee in waber abaorption is cdculasd udng a
specific Equaton (1) B7]-

WI=1 ok
Water abaonpd ond= e e ] ()

wher W i the weight befor soaliding in water igmm) and
Wy s ghe weight after soaking in water {gram).

To begin dhe process the samples were meticoloasdy
deaned and ghen plaed in individoa] oonminers fillad with
distilled water. ‘They were keft in the water for o daratinn
of 10min at room Emperatare Fadh ample had o weighn
indicated in Table 3. (noe the immersion peried was com-
pl=te, the samples were cansfally remowved from the oon-
tinera To fclime the dtsonption of soface motsta e, the
filer sarnplhes wer positionsd betwesn a pair of filter papers
and a pair of cdeolar dides The preasare exred by the dr-
colar dik dfiowed the filler poager @ absorh the mobeoane
Finally, ghe weights of the samples were measorad osing a
precies digiml balance madhine in ordsr o de=mine the
perceniage of waier deoanpiion HE]-

Az shoem in Table 3, ghe water abonrpaion of PLA ranges
framn 11.07% o 722%. This finding highlights another aig-
nificand adwntage of PLA P, in addm on to ther lighmeeight
naane.

g rad 1o varkoes other nataral fleers, soch az cofton
fibers Swhibch can abeork water Between 3 59% and 50591
Brarearea flssra {wihiich can aboeark water betwasn 495% and

445 5L and row arcca fBers fwhich can abeorky wager
benwesn 5% and 253%), FLAF: ahibit a significandy
bower mie of water abworption [22].

32 Weaal Filers. 'Wool, being a protsin polpmer, posesses
varkes foncdona groops and an amorphowss  region,
emabling it © readily deord water molasales 12 can retain
water fram 13% o 18% of i dry weight at &9% relaive
hamidiry, and fhis parcentage an inmeass wp o 409 at
1o relarree bamidiny [B9].

33 Vodd Cosmar Phmical atgrbates ply a crocial nole
alongaide meachonical propertes in aseating the sammbdiny
of a composie material for specific applicetons.  Amndang
these asriboes, density stnds ootas a key Getor. The the-
oretcal dermity (T} of oomposite samples mssaning 25
i o 25 morn o 4 mom, relative to their weight frao on, s cal-
culated osing Equaton {7} as per ASIM DZ734-594 [50].

Td e [Z)
= e L=

The agnd density (Md} of the owmposie materiad &
deermin ad by dividing the weight by the vodame The cam-
posite void frotion | V) can be micalased wsing Bgeaton {3}
ad per the ASTM DIF34-54 standard. In this equation, Td
represents dhe thaoretical dengity in grams per oobic cand-
mster, RBrepnesents ghe weight fractiom of nein, [repressnis
the dermity of nesin in grams per oobic centimeter, #
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represens the wetght fraotion of fiter, and 4 repressnts the
denaity of fiber in grams per cabic centimeter [50].

100 Td — M| -
'.'-T EX]

The wnid fraction, denoted as V., s expresad in volome
percentage Td repressnts ghe theorenoal denainy of commgps-
Es in grams per cubic centimster, whille Md repesents the
attoal {messared) densiny of oom poeies, ol in grams per
calvic ce i eher.

The wble provided in Table 4 displars the void faaion
in refaton 10 the messored and theoresical densities of the
T

The deureaze in vodd fraction obssrved when blending
PLA Fs in the hybrid composite can be atiribeoeed o molt ple

farmnra The addition of ghewe fihers mduces the presence of
vakds or empty spaces betwesn sghe fibera This i due o
entanced imteracton betwamn the fbers and the matrin, as
well as a deorease in shrinkage and bodding durin g ghe oar-
ing process. Asa Esoll dhe tonl ans awilabie for voids B
reduced, keading o a denser arrangement of matenals in
the cnm posiie and a kower void rato. This improved filling
effidency oitimasely contribates oo the redocson in woid
fraction

d. Results and DFecussions

A aforementioned above the stracarad characieristios of
orreated PLA and freated and anirested WILF filwers were
analpped by osing FTTR, XD, and SENG Om the other hand,
the compeesite materiats, which wene procesesd from ghoss

.
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Tamis 3 Waler shcesises ol Pergalacs bcvigala Asios Bler,

Sammpl W, (g W, (g Waler AR %
] e G4l i L
2 LT L] (LE>
a 0574 LT 750
4 05785 05247 7.4
5 05785 025 ]
Tamis 4 The descaty amd vond & ol Bhe e sl
Sample Td fgiem’) M i) ¥
WLF L L3 [ FET
HWLF LE3g Lo9s ELE
FLAF-WLF Ll L LAz
FLAF aE7 BATT Liwd

fovar fiber grovaps and epory nesing, hoee Been mosdh an kolly
tested by tensile compresion, and flevarad teas Aoord-
ingly, the new o sabee oo present and ambse the ool
lated findimgs of the fiber charadterizaton and medhanical
propentes of She four oom posie maerids

£1. Chossrerization Reaulrsof WILF, NWF, PLAF-WLF, and
FLAF heniral Filers The stnocta s of ol the processsd nat-
wral filezrs were charadterizad by FTTH, XRDD, and SEM tess.
First, e FTIR spaxtoscopy resolfs ame pressnged in
Figare 12 and Tabds 5 whidh indicate sim ilorities in crgan b
stoctans and dhemical bonding betwesn FLA and sl
fitemrs. The peal arcand 1589 an™' in Figae 12 & koewin
s the [U-WoH) bond's bending dsformagon peale, and i
demaretrates that N smewrhing i chady conneoed o
HN-H Bending The pmis ar 1555, 1565, 1880, and
B7ian” shown in Figares 1), b)), 13c), and 1Xd)
are cansed by ghe 00 smatching bond of dhe amide groop.
The peak in Figares I3E), 12), and 124} & amaond
36553788 an |, whils the peak in Figare 13(b) & appmoi-
iy 3703 an ", prowng Sat the water {-0H]) in the sam-
ples indicanses min imal varagon in the peaies. The Amids 0
pealk bemme more evident in fhe oeated mmpls sinee s
bocatbon dhanged based on the meatment conditions. In
Figar=s @b}, 12{c), and 1Xd), the presence of peals at
R, 1276, and 124 cm™' & indimtve of oomp onenis awso-
cted with both a-heliml conformation and disordensd
sodure. Thess speciral femtares provide insights inio the
modecolar com positon and strsoanal chamoeristcs
Sronnd, the XRIP revolis ax shown in Figores 13al
b}, 13cl and d} Throogh the men resolting carees
ahowm in Figares 134c) and 134d) of ontreated P lasviate
fitezr and of ontreated wool fier, respactvdy, which record
indormation absoot the orysal strachanss present in the smd-
ad mamiples, we notice ghat the pesk corresponding o the
arggle 28 = 25 87 in Pigare 134c)} s doedy nelated tothe peak
of the ange 20 =265 in Figare 13b). The same obesrva-
ton  was raorded Socogh teo corves  shown In
Figare 13a} of treated wool fler by 01% Na(H and

13

Figare 13} of treated wenal fiber by cnld plasma mied with
ontreated P Leevigets fiber, which noticed information on
the crpetal stroctares foand in ghe sam ples doring the stdp
W find #har the peak onrresponding i the angle 210 = 20 52"
in Figare 134z} i choosty reélated o the peale of dhe angle 29
=21 35" in Fgpare 13{b) Asa resolt of the ten oorves shown
im Figares 03a) and 134}, we aonchods shat dhe wnod fiker
crpstallin ity i linkesd o 0 dhemicl, physioal, and medan-
boad dharatterttics. The opstallingy of wood fiber wes
obderwed po damesse o a resol of il tremmens This
redoation in orgstalin ity can by be agnboted o ghe dam-
age inflided apon the polgpeptide chain doring ghe allali
treatment process. Sped fica iy, dios i the dacomposition of
a portian of the oysal straciore, . modest daceae in orgs-
tallinlity was obeereed, as oonfirmed by [517

Third, SEM was wilizad w0 evamine the monphology of
the four composites In Figarss 14{al 14{bL 14{c). and
14{d}., SEM micrographs vivdly depia $he sorface charac-
terietics of thess specimens. When stodying dhe sarface of
ontreatad wool flwr following comentional deaning,
seen in Figare Mibj, these fibers axhibin prominent scabes
clevated at ghe adges, shamp aale stroachares, and a smooth
cuticle biyer, owing to ghe of amine acds
Figares 14a) and 1444}, howeer, reveal cbosrvable alfer-
atons in the sorface morphology of the chemi cally reatsd
and cold plasrna-trestad wosnsd - eirdorcsd com poaiea. Nota-
Bdy, ghe micrographs lestrate dhat the chemical treamment
has reankied in o redocton of scale edges, indicarie of same
degee of armessthing or scals remowal on the wool-re ndorced
compoaites. Conwerssy, the migographs indicate that the
cold plasma treatment has inoroedoosd o degres of roaghn s
on the cotide sorfare Ror PLAF displaped in Figares 14}
and M), the presence of a smonth aodece sogges that
the coficle byer remains in is raw, antreatsd, and natomsl
state, withoot o ny spentfi ¢ et st or moodific atbon agp lsd.
maotabdy, the SEM images in Figarss B} and 14) reneal
identical ol on the ower kys of ontreatsd wonld fiker
and onreated PLAF for sadh species This shared dhamanter-
ke hindds ghe potential for enh ane ing adhesion beneeen the
filker aured ghe mein.

T wam wup the findings of the strocmanl dheresterzation
af fibers, it can be sakd thar the CRD revealsd no oo
in arpstallinity, showing fhat plasna teatment cosed deg-
radation only on the sorface of ccBulosic maeriads [52].
FTIR amalis of the P ke vgare fiter revealed a diose simi-
Eurity in organd < strochanes and chemmibcal Buomd s o ool fifer.
This simibrity indicates that the o tgpes of fiber share
comman fundiom] goops and molsoddar armangemens.
The FI'H anaysts provdes valoable informaton aboat dhe
chemimal amm and bonding charaderistics of the
fibeer. MR anadysis confirmed the similarity between dhe
fiber stroctares of P. Ledyats fiber and ool fiker, The
resaits of XHD indicated that the P ke vyace fikber
exhibits aim far pathenms towood fiher, soggesing sim ilarithes
im the arrangement of molsooles and STGamre
The dose oeriap berween wool fieer and P ke pats fiker
imtemna of gheir organic smachores and dhemica bondscon-
tritvmies io the formation of a hybrd composite {PLAF-
WLE} with improwd hasiness and soength SEM can

Al3

v

g ¥ e ] o gy o,

ey




M Intermagonal joarnal of Polpmer Soience
- G- -
[ Lo
g 7 =
- B g 7o
d =] - S
B
E e s
L I =
e
=0
w4
143 -
T T T T T T T T d az : ) i ) 5 5 2 2 ;
e e & SO0 IGO0 15300 3600 I500 00 IS0 4050 4300
Wrarermber o ) | —— N |
(] thi
e
w0 4
=
—
—
i ]
E ns E o
B
i) .
] =
- 75
50 4
ol
40 T T T T T T T T 1
45 T T T T T T T T 1 o TE] OO 1HE] IR0 S MDD 2500 4D IO
o 0 O |50 ITEED IS0 000 IS0 4R 430 " " ¥
Waerementer fem ') =l
] il
Fenina - FTIR ipactawecey plote (a] FLAF-WLF, ] MWLF, ic] FLAF, asd {8 WLF.
Tasus & FTIR spoct meaogy neasiis
Sample Amide OT Aumide T{=C={0] C-M-H -{H
Uletreated o Eler E240 g™ 1578 ™! 151 ™ S AT e
Wd brested by MaOH 128 e L5485 con ™" L5k e SR AT e
W brewted By pla 27 ™! L5 ™" 51 ™ AME e’
Unitreted Perdlara birvdpala (BRI 1A et L5 ™" L o

lindeed rewead the in beren t oo patiiliny beieeen P Lasdrats
and wonl fier reated by cold plasma

42 Fralustoss of Mechanbral Properties foor the Fowr
Cenn fepite Materialy, After the charace nization of dhe fiem,
wiich were procesmsd onder different condition s, e fiabri-
cated fovar composies were sobjeadted o thres medhanical
tests, mamely, Ermile oomnpression, and fleromal ests, @
whone the com posite’s Esponss to diff rent fpes of boadings.
The collarted revalts are pEsantad, analyaed, and discscesd
in detail, as shosen in ghe Beelon seot ane.

421 Tensle Tex Remls The tencile ted specimens were
testad by osing o aniversal tenale fest mach ine to provides
them with a &= of mathanica propertes soch as oitmaees

tenale srengdh {megapescal), Yoong s modubes of elasniciny
{gigapasall and dodlity (parcenmge). The collaged data
were plotted in the form of the stess-sman cares

Figare 15 demnonstnaies that dhe fen sile siress—stnain rela-
thores exdhibit significan 8y linesr Badhawor This i5 oon @ send
with egablished fweory particelady regarding medhamical
P in the fiteer diraoion, which ane predom inandy
infloenced by fier prropert s that s nain o e stress-
strain melationship op do the point of fractare [53]. The
i pirid oot PLAE- W LE 4 erncrn straged the b ghesr s=n-
sile srength of 2607 MPa, whidh @n be amiboted to the
eflective bonding beneeen the wool fiksr and the PLAF
within the marix. Thi sgong bonding was advewsd
throagh the wmomam infoson process, end this obesrration
Thiggh dights the sobernmial imnpacs of the swcloing saqoence
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Fiauas 13 N rirp dilfisct e paerer (a] MWLF, | B FLAF-WLF, {c] FLAF, and (d] WLF.

of rein e menis on g owerall popentes of the composite
[54]- Deorirg the test, ghe oo posiie head snduned the mas
iurmiarn. @ oand of stresy, which ddaped dhe aooamenoe of the
iritial fracare bepond fhe anpected time frame This dekey
can e atritvated o the fiber's ability in abearh o signifi cant
poroon of the boad, o flee vy Baoosting its piald paint Honw-
ever, after a shont while, dhe fiber approaches the nediing
[point, indicating the siage where the materid & voinerabde
o fracare, keading o cack propagaton, which @ censad
by the damage of ghe epory matrin
Figares 36 and 17 show the whos of dhe dorees and
Young s modole: The omnpoare, oonsbtng of onoeasad
vl flber, demnonstraied a tensile sirenggh of I0E2 MPa
and Youarg's moduolas of 142034 MPa {1.420Pa), and the
compodte Teatad with 01% NaDH =exhibmed even more
impressive mechanksl poperges, adhiewing a  Ensile
smength of 13.89MPa and Youngs modobm  of
R T MPa (IEEG Pl In comparteon, She Commpodsite
PLAF sands oot with higher mechanbcal periormance,
a remariable il srength of 201 MPa and
Yoong s modobe of 234573 MPa {23457 0GP} However,
the hybrid compeosite PLAF-WLE sorpasses them all with
an imipresive s smength of 2602 MPa and Yoongs
modola: messoring 23F0S0MPa (2350GPa)  These
remarkabls resols highlight the synergooc ofea of onld
Pl a trest e it and the addition of PLAF, pelding acom-
o with renmriebds mechankal propetss, maling @ a
mm&mmm&um&mmmﬁ.

and stiffness. Undrested sl fier composite WL, when
not aakbjated @ any tesneent exdhibin noocsabds aoonma-
lationa of conmrminants visble on gheir enterior. As previ-
ooy noted by ofer messardhem, thess oo minan s
pressnt on dhe sorface of ghe fiher lead do sobopaimnal B
ing bemwesn the fier and the matrc material, primariy
bevamee of #he nestriced conts anea betwasn e i Com-
ponenis |55, Wealk interfacel Bonding leads 1o ghe aeation
of pantally teolated mdcrospaces thar impede the manser of
srens bBetwesn the fiber and $he mamin, a8 &S0 In
Figare 15 As the fiber boading incneeees, the bave of obetroc-
than albo increases, revabtingg in hetghienad 56 ffress 58] Fal-
kowing he treatrmend of wool fier with 00% NalVH, there
wa an obeered end in both ensile srangth and
Yourngs modatas This cmcome can e analyzed fram. wari-
o perspecives. To begn with, in accordance with the the-
ary of fler-renforosd polypmere mamies, the owml
cormpoaite mosdokes enperinces enhancement becanee the
kxad eweried on the mairic g maramiged o
thee fibeer Juring the tensile prossdane |57 The PLAF com-
posie displayed sveeptona mechanical perfrmance, and
theese remarkabde mechanioal propefies are o reealt of ghe
fibser"s inherent qoalites and pority B i worgh noting that
thiz plant fiber achizwd sach perfbrmance without any
treatment or medifi cation, emphasizing its natoral ight-
wzight and thin characeristics.

The incorporaion of PLAF into anld plasmme -mreaed
wionld resoited in a significent improvement in tarms of boih
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Frauss L& g,
Yourg s modobes and ensils srengh This impoeement
can b asribnied to e remarkabls organic and strocsaral
similarites between PLA and wool fibers, despiie their dis-
gnct nabora origins. However, their onganic oom paibling
heas bezemn prowen by XRD and FIH analpmia Cold plasma
meatment alfers the soface properties of wool fiker, & oan
introsdoce: fonoona groaps and danges the sarface snergy
which can enhance s compasbility with ofher materids
Depending on the spacific oeatment parameters, oodd
phcma can stengthen woe fiber by cross-linbong or modi-
fring the fiver's smoctore, and this can resolt in improved
tenaile grengdh and dorabiley [58] The modified sorfecs
of plasma-meated wool fiwer on promote Better adhesion
o ey mate el or matrkes in oo ot materials ol
ingg in i prowed miadha nical propertes |59, The addmon of
PLAF to WLF nesolts in sobstantal impoements in en il
sength. Specifially, it bads oo o remariebds inonsase of

Intermatonal karna of Polpmer Science

idl

cogy: (] FLAF-WLE, =] MWLF, {c] FLAF, st {d] WLF.

5E 5T% in fenaile strergdh for anteated woold filber compos-
it 'WLF, a significant enhancsment of 4667 for MaldH-
treated wood fiber compeosite NWLF, and a nombde rise of
27 75% for PLAF composite. This demonstrates the positine
Irnpast of incenporating PLAF inin the corm poaiie, b igh ght-
img its potentid o significantly onbaence the Ensile propes-
ties of ghees materials, sspecilly for anteatsd and NeldH-
treatsd sl fiber 17 keads to significant improsemens in
Youngs modolos impessieh i lwads o o sobembal
F39.57% increase in Youngs modabes for WLF and a note-
warty 2E 1% improvement for WWLEF oomposie. Hiowe
ewmy, the =fa inTeaming  dar PLAF
comgeosite. This indicates ghat PLAF playad o significant nole
in bearing o considerabhle percentage of the applisd aress
forne on the sample. 1t onderscoes ghe positve impac of
inoorporating PLAF into the composite, highlighting sheir
possntal to skpnificendy enhance e tenmile propertss of
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NWLF

PLAF

Pt 18- T omlie teil foros

EEEERE

Tening o meadinhua oM Fal

Voong's mesdeles lersthe 1t

WILF HWLF

FLAF FLAF-WLF

Frauas LT Yiengs meclafoy ompale tovt

e materials, partioolariy In ghe case of WILF and NWLF
aompodies. Yoong's modobes B remarkebdy high, with a
waloe of 235 This indicates thar the anrmp oaite s rigid
and shows great resivance o defomiation ander boad The
tensile grength b oaken krge at 2602 MPa Indeed, ghe sob
stantial incresss in Both Yeoungh modole: and densils

strengdh in the com posie material indimes s abiliy o
withsand significant tenmile stess withoat breakoing, This

onernea bon Bestiee 1 fh e Teen materiall oo cle rienio s wnder -
woores s strength and darabdling.

B aoroe and ik s oo napd & were onilined o askess the
fractares in ghe fensile fest specimens and ddentify the
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Faim 1 DSl mworoxogr wmage of saroaoes mmage of
ranirenied wool Eber anducaics the pucicnce of The mmmeribes.

fea tares of ghe fensile dest resobs. Figones 159a), 1940, 1L
and 1d} exhibit macroimages of She fractome In a fensile
et Specimen.

Figares 20da), 2B, 20{c), and 200} disp by She varioes
fypes of fermile fracane obwerved in WLF, NWLE, PLAF-
WLF. and PLAF specimens, nespecively. aif imbonodoop i
scales Fibeer puflont 5 a common fallore medhanism in
HWLF and WLF specimens, indicas ng inadeguate adhesion
of & matrix 1o the fiers The fracare sochane of ithe
PLAF-WLF compoite, depioed in Figane 20jch does mod
exhibsit drde riarn inar onacks, comfirm ing sat e tory adhesine
strengith. Additionally, the facored stroome shows min-
mal defezs bikoe mncrosporne s and fiber Sorgraton, soggesting
the podenial for enbancng madanica propentes throogh
process opfimization [5]. Feoore-iype demon-
strates that he hybridization of woeol fibers and PLAFS oon-
it Go i roeed. inde e inar propentes and . inore sed
e than boall stremgth,

Tabde & demonsmate: a oom partscn befween e resals
and Shede of aliern atiee oomposiie maierabs fat oolize nai-
wrad fiers for reinfonement

43 Flesural Test The floanad test examines the response of
the Erarmn specimen o the bending boading and detenmines
it fl ewvaral strengrh and flevomal] moedabes. The e was car-
riad ot according to the ASTM DFP0 smndard The
achieved data was plotied in the stress—sain and force-
displac ement forma.

Figare 21 shows the flzoonal strengsh valoes for the foar
comgpenies. Motabdy, the PLAF-WLF componiie achibds a
higher flmparal srength compared to the ofher oomposkies.
In terms of deflemion, the WLF composite was foand i
hawe ghe maxinmm deflaction, followed by the MW LF com-
posie, among e hpbrid omposies investgated in the
stady. The resods of the floooral test o Bostraed in
Figare 21, demonstrate the remarkabls performance of the
hipbrid coampozite PLAF-WLE It echibits a notble 7270%
imcresss in flavaral smengrh compaed do WILE cormp o,
alignin g with expectations dos to the inherent higher flex
wradl smengh of FLAF when oomidnad with plesm a- mreated
ol fiber. Panthermoore, the hybrid com posite PLAF-WLF
sarpasses the NWLF composie by a sabstantal &724%

Irtermagonal loarna of Polpmer Sobence

and even oagperforms e PLAF composite by 5608%.
These findings ondersoore the snagaic efiect adhiewd
by integmbng WLF with PLAF, Esaitng in o compodgite
magerial with srcepiond resstance o floromal fonoes
Figares 22, B, and 3 dhow the mecdhanial properpes of
compoaile materiak ondsr applied forces. Nombdy, the
hbrid com peesiie FLAF W LF emenges as a standoat oandi-
dare, displaying exaptiorml srengh by withsandinga peak
foaree of 25315M and boastng Youongs modoboes of
1200098 MPa {121 Gl This cotets ndin g parform ance sar-
poess that of all other maerids samined Additionaly,
PLAF compoaite, derived from PLAF, demorsmates sign ifi-
cant smengh, raconding a foree of 110290 and Yoongs
masdabss of 623 2M6MPa 0EIGPa). Famfermons the
HNWLF oorposie exh bited a fonee valoe of 2135 N, accom-
panied by Yoong s modoles of 5825 MPa (05880 a), high-
lighting the beneficial eflecss of chemicad eatment on gher
mechanical properties. Conwerssy, fe WLF composite
exhibited the kowest force valoes @ 65060 W, couplsd with
Yoongs modades of 52453 MPa (0524 GPal onderscoring
e o Jpucts uce- ool e T e e s 4 el e ingy rreateriall
chamoersties. These findings e guien cally on dersonne the
rermaricabds and impac achiewed throagh e
armalgamation of FLA and woold filfser, partcolady when the
hser undergoes oold plesma treatment within the hybrid
Compoaiie, promising innovatons n omatenal engineering
ared apepli cations.

Figare 23 iostrates that ghe bybrid ocomgposite PLAF-
WLF exhibits grester fleciility when compared o anosher
compoaite. In oondmst to both WWLF and PLAF oo ol ies,
the WL F composiies digplay a brigke natare and are incpa-
bde of withstanding significant flooanal kbads When ben ding
forees are exented on a composite, e fiber bomied on the
ouier sarface experiences higherlewels of stress. The effective
e tradion of Texin inao the fier, whibch contriba tes 0o flex-
mral strengsh, depends significantly on g adhesive progper-
thes behween the fiber and the mamic 1t has also been
noded gat hybridizing matoral fiber fends o enhance flex-
ol strength compared to osing singhe fiker alone [5].

Figares 25/a} and I5{b) show PLAFS and wool flers
ander an optcal elasron microsoope. The pare strocaml
natare and low deraity of Feriplocs Lo gote filferra, 1ot sob-
ectiing theern d any pliysicall or clhem boal treatments, gave the
comipoaite remarkabde sffness and low dongation, which
enhancad the bend ing strength and flewaral Youngs moda-
hus of dhe PLAE

Wil filesr has differens foncoonal groop s like bpd nowgd
{-0H}, amine NHZ) amide {-OONH-L and carbooyl
{00 H]) grevaps [45]- The O H and O growaps onthe
fiber sarface are exposed when wary sobemnces disolee,
rezalting in inoeased polarity and deceased adidiny of ghe
fiber's sarface . Larface farctSonal groops ane
limked by interactons between energized plasma species and
thee a0 butrage surface, wheres sorface bridges are rppically
cresed by reacionsbetereen exited sorface spacis [&].

Effectiwe pensmaton of the resin indo ghe fiksrs con -
mies 4o the srengh of &he floparal test and affeos dhe adlbe-
sk properties  between the fleers and  the mai
Hybridization of natoral fies tends 1o enhance flezaml
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Fratias L% Speocamecss alior the Soncile el

smength compansd 1o wsing dngle fisrs done [&]. The
resals depiced in Figores 26}, 28bL 26l and 24}
from Bending tests of PLAF-WLE NWLF, PALF, and
WL E. resper fively, dem onstrate ghat inonrporating Feriploss
imin wond fibers enhances ther capady © bend withoot
fractaring. This indicates that the indosion of theee fiters
borars duclity. Following an exam ination of ghe dailore
mode ewhibited by the spacimens in bending teas, i was
e o by dete rmin ed iha #he addis on of Periplocs fleers
i e oo ool e Brybd effectiedly aitered dhe Brigle bebav
kT of orimreated wioo | fiers o nder conce nmated bbading o a

mare doctile faifare mods. As o revolt, e Inoonporation of
Feriploca fibers inin wond fikesrs facilmutes the oo s on
of fensile stess along e song e awis, it masy | noneasing
the ductility of the by d onm posite:

4.4 Coompressdon Tesr Resulrs The mechanical performance
of ghe dovar composites was additon ally sraboated when they
were sobjeded o anogher tppe of medhanical st repre-
senied by the compresion fest In this test all specimers
were subjecisd o oo ressie sress 0 shos thedr respon s
tio this Tppe of boading
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Ficnies Al Tesle fractere grocaen of MWLF, WLF, FLAF, and FLAF.
Tasik & The Bescide o sl b sed siasadidios: of the corenl #aly with doee Beralere of daffeen? comguaatien
& medulm Toml: o k

KEFF {9%° I Yo with o ariontaton of HF @33 js2
KRFF {F DM} Kol with: Elecr coat st of 07 243 429 |
HYHRID {XFRP Hypbradaration ol casbusn kool wath Elber areniulon of

5 = 343 4l
193" I y

Coongrzo € [ nusl c i
H 1 T ——— b e -
a Comspeal e ounalc e i
/ FERKF {fixx /3 haper of ramsciliax]
HHFPLA H sk By baimd gy b 2 acsd 432 L] Bl
Untreasod! kaffa Untroatod| ol fibcr 237 LL43 |
Tt ol balfa Tireated oty beescroy | ciicedie and R (H 354 1454
510 Coriorestl e brested with KOH and polypeopplens Lod AT
53 Cinaered e Ereated with KOH and polypeopryplone B3 L% ]
et T B
PLAEWLE Perigplaa laonpada Al o Bl Fyoo Bler treatod by cold 295 o
Pl

FLAF Pesprbm Levigata Adlom Elvo 234 20k L
HWLF Wiasll Bler Srewted widk ¥H £ - .59
WLF U vt o woed] Silbcy L4z [1+F =]

Figares 27 and 228 dem onstrate the oomp easiee srengrh
and Young™s mosdn b of the PLAF com podite, oha ratenized
by i noewarty Yoongs modobe of 500 MPa (0050}

and com presive grength of 4475 MPa Despite not having
thee gt o - B 1 gy e it s e st i teon s
af TS5 PN, PLAF composie ol displays sobeiordal
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strergth and rigidity. PLAF-WLF, a hybrid, demonstrates
exceptiomal medwnical propetes. With o boad-bearing
capacity of 438519 N, it achieved fhe highest oompressive
smrergth of 59.56 MPa among all ested specimens. Fanther-
mare, i Yoongs modolos messeares an bmpressive
0 MPa (05GP, highlighting s remafable soffress
WL oo poaite displays a boad -bearing capacity, achisving
a boad messarement of B39 2SN, and it posseses Yoongs
mdalas of 450 MPa (045G} and compressre soenghh
of 3687 MPa This rmarisd improwement in strength com-
parad to onmeared wool oomposite WLF strongly indi cates
ghat dhe MNaldH treamnent has offecvey reinfonced the
rraterial WILF oo posite, oo pricing andeaed sl fier,
displays the lowest boad values among the tested materials
with a boad messarement of 113418 8. Porhermons, i has
Yoong s modohes of 04 (P and compresive smergsh of
35 12 MPa. These reaalis emphasize the g oftance of fiwer
reatnend o rrodifis st o o e han o it bod - Besa ring ¢ oo c-
Iy, a5 demonstmated by the improvements een in NalhH-
mreaed wond fier composie WW L and hybred conmgsosite

FLAF-WLF when compared o she anoeated sl fiker
cormpoaite WILF. The compresve stength reals revealsig-
nifiant varidions in the |performance of differenn
ot

The hybrid oo posiee e biewed e highes oom pressive:
simength o 5956 MPa, whils the WILF oompoaiie sshiied
e boteear at 36 12 MPa. Indereso ngiy, the PLAF composite
with a fbesr/epory mbo of 17659, adhicwd a aompressive
strengsh of 44.76 MPa_ In congrast, g PLAF-WILF Cormpos-
ite with a flerepory ratio of 1429% PLAF and 2257%
treatsd vl fiber thoough ondd plasma, reachsd the same
i roppressie oo pressive strengh as the hybrid oom posie at
5355 MPa. Finally, the NWLF and WLE oomposites, Both
with alhigh ool fitss riepory rato of 42 86%, et eved com-
presshe arengths of 3 ET and 36 12 MPa, respeciwlye
Theses resalts wnegofescally demonstrate that he indosion
of PLAF provides sobatan tal addmonal srengsh and stif
s o the woal fitser, Notably, ghe compresive sorength of
the wool fler compesite inoreased by approm matsy
39 35% doe to the synergietc effect of | noorgonatng PLAF.
In & cornparative anafysis of mechanical propentes, PLAF
Conrnoaite stand & Ot as o Saperior maberial wien oo paed
o WILF anrmpoaiie. shotsiasing a remarkable 15.30% higher
boad-Eemaring capachy and an asionidhing X gEater
Yoangs moddas, ondersooring s exceprional srengh
and stffnes Addmionally, dhe hybrid composite PLAE-
WILF displays an Impressie 3206%  increass in boad-
bezaringg capacity oeer pone NWLF onmogodine, B ghdi ghting
it ewceptiomal arength, althoagh it does ireole o alight
COInErarm e in stiffness

It confirms dhe socossfal integration of dhe fiber and
w0 prpors Hie enhanced imterfacial bonding and oweall per-
formance of the oorn posite materal Foar oom posiie mats-
riaks were oreated in this stad g indoding a composite with
PLAE This composite comsiets of a PLAF and & oeed as
the reirforcng component The PLAF: are licdy in dheir
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onmeated form and provide gheir inherent propent s to the
con@podie A hybrkd oomposie with wool fier fresed By
codd plasrna roired with anoeated PLAF {PLAF-WLFL In
ghis oo pokite, wool flwers are trested with oodd plasma o
irnprove gheir propertes The geated weol fikssrs were ghen
comivinad with onoeated P Lasid gere fiver 1o create o hiybrid
o oo ie s erial The reinfoncng oo pEonent & onineatsd
v fibeer, The wiosnd fibsers are meed in their natora atate
withont any addional tresment or modification & com-
ok with wond fifer oeated dhermically with 0.1% NaliH
NWLFY  inrvolves woend fibey chemically with a
0i% sodonon of NaldH. The srnalysi was condoced for
b greated (NaOH and plema)l and entreated fier,
rewealing a dameass in fler adhesion rates compared o
ontreated fiber. In the single composies, PLAF annp rissd
% of the il weight WILF acovanied for 30%, and the
remining 70% was epoxy. ln the bybrdd congosne
{PLAF-WLFL PLA oonmibeded 10%, wool ooniribaored
%, and epoxy mads op the remaining T Motably, in
ghe PLAF and WILF coonpoaifes, spoly Oonsttoted 5009
and 708 of the totm] weight regpectivwly The medhanical
Eedhwwior, inchoding terwils, ocompresice and  fl2oorad
winengrth, of Bath single and hybrid onmposies was i nrest-
gisd in accordance with ASIM smndands The hybrid
oo odie, PLAF-WLF, demon strated soperior moessha ol
[prropert s ond e doading oonditions a8 conmpared fo S &in-
g fiber.rein fonced com posites (PLAF, WILF, and NWILE)L
The intredesion of PLAF had o sohctontial postve
irmpaa on the el propstes of oompodtes Table &
shows e pocentages of voikds doring the mamofacharing
process thet may inrodocs defecs in ghe composiis, soch
s mkmovokds in the masri These im perfsotons cn bead
io kocalipsd stress onnoen mation, oitimaiEly caosing poten-
tial fuibare Draring com pression, the oonmpoais dharester-
ineriae and the stiffness of ghe nsin. A stiffer matrix
offers improwed kteral aappart to ghe fiver, derdhy dday
ing file=r microbvackling and enhandng he srain oo fail-
e [&4]

The womam infosion molding, pros s W wead in this
atady to maraiaoiore oo posite matertal This procsss can
wanlire: hallenges with maroal kyap end spraypop medheds
The vacwarm irdosson rmobding process Sirminates e risk of
mrappad air in the compodte, and this process enables the
oompod e to ke manafasared in repettion with the same
pearity bacamees it i dependent an the design of the agaip-
ment Ether than the opsrators oom petence [43]1

Hased on the obiained mechan bal progentes, 1T can e
said ghat ome of the mcat oo paling aspecs of PLAF com-
o b ghedr coom pat iy with hpbridieaton, [p ot oolariy
wihen Cornbined with woaol fiker. This spnergy nesaolts in i@
mific vt e anC S SNl SOrods Varkous 1 acis nical prope e,
indoding ensie srengh, Yoongs modobos, onm pressive
amrerggith, and fleooral srrenggh. This edapeabiline malkes i a
wmatle choie for indosines aiming to boost performance:
wefile i aintaining o lghrwsight profie.

To wom op, the intrododion of PLAF inio comgposits
mreerials represents o promdsing ke in matenialbs o ginser.
ing- It offers a lightwsght, mhoa, and wrsanle adermatve

Irmsrmatonal poarmad of Polpmer Scbence

thar has e potendial o revoloSonime a wide rangs of
indosthes

5. Comclusions

The stody fooseed on svaloating e ofiea of hybridizason
on the propeties of the esoltng materials, with ghe aim of
mndsarstanding how different fiber blends afied the owmll
periormance of oomposies. The enperimental agsprosch
allowed a detailed analysis of ghe madhanical and strooaml
propemes of e hybrid oomposites. The following oonda-
sban s can B o mwn e

o The hybrid composite sxhibits tenale, fleraral, and
O [prassiee rengie, mesaring 2607 MPa, 153G,
and 1079 27 MiPa, respecoivey. In addimon, it hes Yoo ng's
micd alas of 235, 121, and 050G e, respacirely

o These nemlts indicate that bpbrid composites nein-
forced with wool and PLAFS hawe the potental o
serve o Vabdes dternatve maenals, providing sign ifi-
cant stroecsaral soengh for wrkoos  engineering

Panposss.

= The combimation of FLAF and WILF providss a pio-
meering soloton for the deweloprme s of hybrid com-
posites. This  mnowative fec offers  mmany
adw ntages, malting @ o veloahle choice for dneres
applications.

= Il worth noting thar FLAF: exhibit an once poonally
Jonw denainy prope iy, measaring Q45 gonm .

& In fensie tesis, these fibers showed Yourngs mosdobes
valoe of 1345(Fa, indicating ewcepmonal soffnews
and reststance to deformatien Parthbermane, ghe PLAE
comnjposie showsd o flevoral soength of 1558 MPa,
ispla yirg its ability to with stand bending forces, and
a oo pressive smengih of 1225 MPa, bighli ghting i=
durability mnder onm presion

= These owstnding proparoes make PLAF Composines
Ty aitracive o indosmies ghat prioritze kong-i=m

stroctaral srengsh and dordhdliny 1t s worth noting
that P. leevigets aln poasesess anghaaberial and ant-

onidant properges, which inoesses s bicdogioal
appeall and dhe possibiling of § nirodecing i fer Do

seeweral ongin eerin g fildds
6. Limitations amd Scope for Further Besearch

“I'he Rirn ita fores and scopes for farfer neseanch ane illestrosed
im the dollotwing poinis:

& Drisoower the diverss rangs of potential oees for P Lae-
vigats filber epowy composiss thet eyend bepond
stroc taral o ppdioa S

= Explore the potential of hybridizing P Lesvigare fikeer
POy oomposiies wWith other reinforcdng meenak
Joarbson fier glass filber, and aramid fiber) o enbanes

s mpasdt resistance and iooghness
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» [rvestigate the offan of fiber ardhiteceore {onid inec-
thomal, wovern and randsm ) on the mpact restance
of P leevigara fiber gpoxy oonmposites.

o Evaboae the impuo restamnce of P levigera fiber
SpOEf OO

o o dnct oo Teen S QOMTOSkON TesimnG e e aing of
P. laevigats fiber epory oo posites in different corra-
afve environments.

o | rrvest gate the snsceptibdlingy of P kegera fifer spory
i ot B0 bacie rial oty Biofilln formation, and
biofooling In marnine, indosial, and biomadica
= WG nE i

Dhata Availability Stateme nt

The dats that sappeort ghe findings of ghe wind § ane ovaila Bls
froum ghe correap ondingg, sathor mpan negoest
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Energy & Environment (MEE'2023)" which took place on October 2324, 2023
in El Oued - Algeria.

Titde: vtilieation of Algerian Desert Plant Spoches for the Develapment of High-Luallry Composite
Iaterialy
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