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Abstract  

The thesis conducted a comprehensive examination of the physical properties of newly 

manufactured Date Palm Fiber/ Iso polyester composites (DPFPs) in three different 

configurations: unidirectional (UD) and cross-linked (C), with layer numbers ranging from 2 to 4. 

Moreover, it explored the mechanical behavior and the machinability of two recently developed 

biocomposites: DPFP40 (Date Palm Fiber/ Iso polyester), characterized by a 40% by-weight fiber 

reinforcement, and PFPEs (palm fiber powder/epoxy) featuring an 18% by-weight fiber 

reinforcement. The examination of drilling behavior of these bio composites yields crucial insights 

into specific mechanical properties. This analysis considers factors such as assessing the final 

surface quality of drilled holes to understand the biocomposite's reaction to cutting forces, as well 

as investigating the impact of various drilling parameters including spindle speed, feed rate, 

materials and point angles of drill bits. These investigations aid in optimizing machining 

conditions to enhance overall mechanical performance of developed biocomposites. The study 

focused on DPFPs' water absorption behavior across different water types and examined DPFP40 

and PFPEs drilling behaviors under various cutting conditions. Three optimization and modeling 

methods, including Artificial Neural Networks (ANN), Response Surface Methodology (RSM), 

and the Taguchi approach, were developed for predictive capabilities. A water absorption study 

revealed a linear correlation between absorption rates and fiber content. DPFP40 drilling analysis 

indicated optimal parameters for delamination, circularity, and cylindricity errors of drilled holes. 

ANN and RSM models demonstrated excellent alignment with experimental data. PFPEs drilling 

characteristics were assessed, highlighting the impact of feed rate, spindle speed, and drill point 

angle on circularity and cylindricity errors of drilled holes. ANN and Taguchi models accurately 

predicted experimental results, providing valuable insights for improving the machinability of 

Natural Fiber Reinforced Composites (NFRCs) in lightweight structural applications across 

various industries. 

Résumé  

Cette thèse a réalisé une analyse approfondie des propriétés physiques des bio composites 

nouvellement élaborés ( Fibres de Palmier Dattier / Iso polyester) (DPFP) selon trois 

configurations distinctes : unidirectionnelle (UD) et réticulée (C), avec un nombre de couches 

variant de 2 à 4. Par ailleurs, elle a examiné le comportement mécanique et l'usinabilité de deux 

biocomposites récemment mis au point : le DPFP40 (Date Palm Fiber/ Iso polyester), caractérisé 

par un renforcement de fibres de 40 % en poids, et les PFPEs (Poudre de Fibres de Palme/Epoxy) 

présentant un renforcement de fibres de 18 % en poids. L'examen du comportement au perçage de 

ces biocomposites offre des informations cruciales sur des propriétés mécaniques spécifiques. 
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Cette analyse prend en compte des facteurs tels que l'évaluation de la qualité de surface finale des 

trous percés pour comprendre la réaction du biocomposite aux forces de coupe, ainsi que l'étude 

de l'impact de divers paramètres de perçage, notamment la vitesse de broche, la vitesse d'avance, 

les matériaux et les angles de pointe des forets. Ces investigations permettent d'optimiser les 

conditions d'usinage pour améliorer les performances mécaniques globales des biocomposites 

développés. L'étude s'est concentrée sur le comportement d'absorption d'eau de DPFPs selon 

différents types d'eau et a examiné les comportements de perçage de DPFP40 et PFPEs dans 

diverses conditions de coupe. Trois méthodes d'optimisation et de modélisation, dont les Réseaux 

de Neurones Artificiels (ANN), la Méthodologie de Surface de Réponse (RSM) et l'approche 

Taguchi, ont été développées pour des capacités prédictives. Une étude sur l'absorption d'eau a 

révélé une corrélation linéaire entre les taux d'absorption et le taux de fibres. L'analyse du perçage 

de DPFP40 a indiqué des paramètres optimaux pour le facteur délamination et les erreurs de 

circularité et de cylindricité des trous percées. Les modèles ANN et RSM ont montré une 

excellente concordance avec les données expérimentales. Les caractéristiques de perçage de 

PFPEs ont été évaluées, mettant en évidence l'impact de la vitesse d'avance, la vitesse de broche 

et de la pointe d'angle de foret sur les erreurs de circularité et de cylindricité des trous percées. Les 

modèles ANN et Taguchi ont prédit avec précision les résultats expérimentaux, offrant des 

perspectives précieuses pour améliorer l'usinabilité des composites renforcés de fibres naturelles 

(NFRCs) dans des applications structurelles légères à travers diverses industries. 

 ملخص  

المصنعة حديثاً    (DPFPs)  ايزو بوليستير  التمر/ جرت هذه الأطروحة فحصًا شاملاً للخصائص الفيزيائية لمركبات ألياف نخيل  أ

هذه  . علاوة على ذلك، استكشفت  4إلى    2(، مع أرقام طبقات تتراوح من  C( ومترابطة )UDفي ثلاثة تكوينات مختلفة: أحادية الاتجاه )

  )ألياف نخيل التمر/  DPFP40  من المركبات الحيوية التي تم تطويرها مؤخرًا:   نوعينإمكانية تصنيع    السلوك الميكانيكي و  الأطروحة 

)مسحوق ألياف النخيل/الإيبوكسي( التي تتميز بتعزيز الألياف    PFPEs% بالوزن، و 40(، التي تتميز بتقوية الألياف بنسبة  ايزو بوليستير

أخذ هذا التحليل  لهذه المركبات الحيوية معلومات مهمة عن الخواص الميكانيكية المحددة. ي   الثقب يوفر فحص سلوك  .  % بالوزن18بنسبة  

  في الاعتبار عوامل مثل تقييم جودة السطح النهائية للثقوب لفهم استجابة المركب الحيوي لقوى القطع، بالإضافة إلى دراسة تأثير معلمات

التشغيل لتحسين  . تتيح هذه التحقيقات تحسين ظروف ثقب ال نقطةومواد وزوايا  التغذية معدل سرعة المغزل، والمختلفة، بما في ذلك  ثقبال

عبر أنواع المياه المختلفة    DPFPsركزت الدراسة على سلوك امتصاص الماء لـ   الأداء الميكانيكي العام للمركبات الحيوية المطورة. 

بما في ذلك    والنمذجة،للتحسين  . تم تطوير ثلاث طرق  ظروف القطع المختلفة في ظل    PFPEو   DPFP40  ثقب وفحصت سلوكيات  

(، ونهج تاجوتشي، من أجل القدرات التنبؤية. كشفت دراسة  RSM(، ومنهجية سطح الاستجابة ) ANNالاصطناعية )الشبكات العصبية  

إلى المعلمات المثالية    DPFP40  ثقب امتصاص الماء عن وجود علاقة خطية بين معدلات الامتصاص ومحتوى الألياف. أشار تحليل  

توافقاً ممتازًا مع البيانات التجريبية. تم   RSMو  ANN. أظهرت نماذج قوب المحفورةث لل ةي الدائرية والأسطوان خطاء الألعامل التصفيح و

الدائرية  PFPEs  ثقب تقييم خصائص   الحفر على أخطاء  نقطة  المغزل، وزاوية  التغذية، وسرعة  تأثير معدل  تسليط الضوء على  ، مع 
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نموذجا   تنبأ  بدقة، مما  Taguchiو  ANNوالأسطوانية.  التجريبية  المقواة   بالنتائج  المركبات  لتحسين إمكانية تصنيع  قيمة  يوفر رؤى 

 ( في التطبيقات الهيكلية خفيفة الوزن عبر مختلف الصناعات. NFRCsبالألياف الطبيعية )
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General introduction 

Composite materials reinforced with natural fibers, such as banana, kenaf, flax, jute, hemp, 

sisal, coir, curauá, Strelitzia reginae, and palm, have garnered considerable attention in recent years 

due to their environmentally friendly characteristics and potential for lightweight structural 

applications across various industries[1]. These industries encompass shipbuilding, aviation, 

automotive, rail transport, and high-performance construction materials like partitions, suspended 

ceilings, furniture, decorative items, kitchenware, and decking. These natural fiber composites 

offer significant advantages, including biodegradability, cost-effectiveness, and mechanical 

properties comparable to synthetic fiber-reinforced alternatives. However, they also present several 

drawbacks, including susceptibility to moisture absorption, variability in mechanical properties due 

to natural fiber heterogeneity, and vulnerability to microbial degradation[2]. 

Palm fibers, as versatile natural materials, find widespread applications in various contexts. 

These fibers are abundantly available in tropical and subtropical regions globally. Notably, Algeria 

possesses substantial renewable natural resources, with date palms standing out among them. The 

oases in southern Algeria boast over 19 million date palms, producing more than 750 varieties of 

dates[3]. 

Date palms exhibit a fibrous structure, encompassing five types of fibers: leaf fibers in the 

peduncle, peduncle stem fiber, brush stem fibers, wood fibers in the trunk, and surface fibers around 

the trunk. Palm fibers possess key characteristics that enhance their versatility and usefulness. 

These fibers are known for their high tensile strength, low density, and excellent flexibility, making 

them well-suited for diverse applications, including handicrafts, traditional construction, and, more 

recently, as reinforcements in composite materials. Moreover, palm fibers are recognized for their 

environmentally friendly attributes, being both biodegradable and derived from renewable 

resources. The exploration and utilization of palm fibers, especially in regions like Algeria, hold 

significant potential for promoting sustainable development and fostering eco-friendly 

practices[4].
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Problematic 

Conventional materials utilized in manufacturing processes frequently entail non-

renewable resources and impose considerable environmental footprints. Consequently, there's an 

escalating demand for sustainable substitutes. Bio-composite materials, fortified with 

lignocellulosic fibers, have surfaced as environmentally conscious alternatives. Nevertheless, 

there's a requisite for a thorough investigation into their machinability and mechanical 

characteristics. It's imperative to comprehend the interactions of these materials with diverse 

machining methods and the resultant mechanical attributes. Tackling these facets is paramount for 

the seamless integration of bio-composites into industrial settings. 

Objective 

The main goal of this thesis is to conduct a comprehensive examination of the machinability 

, physical and mechanical characteristics of a bio-composite material reinforced with date palm 

fiber. The specific objectives encompass: 

• Investigation of Absorption Behavior: This involves evaluating factors such as water uptake 

rate, diffusion coefficient, and fiber porosity. 

• Assessment of Machinability: Evaluation of circularity, cylindricity errors, and 

delamination, especially under varied cutting conditions employed during the drilling 

process. 

• Study of Mechanical Behavior: Understanding how these properties are influenced by 

factors like fiber orientation, fiber content, and manufacturing processes. 

• The ultimate aim is to propose strategies for optimizing machining processes and material 

composition to enhance both machinability and mechanical performance. This may entail 

adjusting fiber content, exploring different fiber treatments, or modifying machining 

parameters.
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Thesis Layout 

The initial chapter offers a broad overview of composite materials, delving into their 

classification according to the matrix material and types of reinforcement. Additionally, it includes 

an exploration of various plant fibers and their unique physical and mechanical properties. Towards 

the end of this chapter, a literature review is provided, focusing on absorption behavior and the 

potential for bio composite manufacturing. 

In the second chapter, the equipment and techniques utilized for sample production in this 

study, along with the experimental tests such as absorption and drilling tests, are detailed. 

Additionally, the chapter covers methods for analysis and optimization, specifically focusing on 

artificial neural networks (ANN), response surface methodology (RSM), and the Taguchi method. 

In the third chapter, the focus is on presenting findings and discussions related to the 

absorption behavior of (date palm fibers/iso-polyester) composites. This covers various aspects, 

including the rate of water absorption, the diffusion coefficient of DPFPs, and the evaluation of 

porosity in palm fibers. 

In the fourth chapter, the focus is on presenting the machining performance of bio 

composites, along with findings and discussions regarding the drilling behavior of DPFP40 and 

PFPEs. This includes examining aspects like delamination, as well as circularity and cylindricity 

errors observed in the holes of DPFP40 and PFPEs. 

The conclusive fifth chapter highlights three methods of analysis, optimization, and 

modelization, specifically artificial neural networks (ANN), response surface methodology (RSM), 

and the Taguchi method. These methods were employed to analyze and predict the physical and 

mechanical characteristics of the palm fiber-reinforced bio composites developed in this study. 

This thesis culminates with a comprehensive conclusion summarizing the key findings 

derived from the experimental tests.



 

4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter I 

Composite Materials - Overview and 

Literature Review 

 

 

 

 

 



Chapter I: Composite Materials - Overview and Literature Review 

 

5 

 

I . Chapter I: Composite Materials - Overview and Literature Review 

I.1 Introduction 

The initial chapter embarks on a comprehensive examination of composite materials, 

centering on their diverse classifications, properties, applications, and manufacturing processes. It 

commences by tracing the historical evolution of material utilization, spanning from ancient 

civilizations to the contemporary era, accentuating pivotal milestones in material history and the 

transition towards sustainable alternatives like biocomposites. Emphasis is placed on the 

significance of natural fiber reinforced composites in various industries, underscoring their 

environmentally friendly nature and versatile properties. This chapter also delves into the physical 

and mechanical attributes of palm fiber, shedding light on its distinctive qualities that position it as 

an outstanding material for a range of applications. Furthermore, it investigates experimental 

inquiries and scrutinizes the outcomes of prior research on composite materials, encompassing 

studies on water absorption properties ,the machinability , and drilling parameters related to these 

composites, underscoring the importance of comprehending and optimizing these variables to 

enhance overall performance and efficiency. 

I.2 History of materials use 

Certainly, the history of human material usage spans thousands of years. One of the earliest 

instances of such utilization can be traced back to the Stone Age when our forebears commenced 

carving stones to fashion their inaugural tools. This era, recognized as the Paleolithic era, is 

distinguished by the utilization of natural materials like stone, wood, bone, and horn. The Neolithic 

period marked a pivotal shift in material expertise. Human endeavors in domesticating plants and 

animals emerged, leading to the rise of agriculture and animal husbandry. This transformation also 

resulted in a broader utilization of materials such as pottery, fired clay, and copper craftsmanship 

for the creation of tools and practical items[5]. 

The Bronze Age ushered in a significant era in material evolution with the extensive use of 

metals, particularly copper and tin. This period witnessed the development of bronze tools and 

weapons, notable for their durability and heightened strength compared to preceding materials. The 

subsequent Iron Age introduced a new epoch where iron and steel found widespread application in 

the manufacturing of tools, weaponry, and structures. This substantial reliance on metals endured 

through ancient, medieval, and modern civilizations[6]. 

While the widespread use of metals in the contemporary era has yielded numerous 

advantages, it has also spawned several drawbacks, prompting concerns in environmental, social, 

and economic domains. These drawbacks include the depletion of natural resources, the 
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environmental impact of mining, greenhouse gas emissions, and the issue of electronic waste[7]. 

To mitigate these challenges, the discovery of bio composites has emerged as a viable solution. 

Bio composites, being hybrid materials, serve as a sustainable alternative to conventional 

composites derived from non-renewable raw materials. The development of bio composites in 

recent years has experienced noteworthy growth, fueled by the escalating demand for 

environmentally friendly solutions and the quest for more sustainable materials across various 

industries. A diverse array of materials has been observed, encompassing widely prevalent 

composite products to high-performance composites distinguished by unique mechanical and 

thermal characteristics [8]. As a result, current research is dedicated to comprehending the nature 

and classifications of these materials and addressing their distinctive mechanical attributes. 

I.3 Composite materials 

A composite material strategically combines two or more distinct materials, usually a 

matrix and a reinforcement, to maximize the individual advantages of each component (refer to 

Figure I-1)[9, 10]. The selection of these components is done meticulously to form a material that 

demonstrates synergistic properties surpassing those of the individual materials. The matrix, 

frequently composed of a polymer, serves as a cohesive element, whereas the reinforcement, such 

as fibers or particles, amplifies the mechanical properties of the composite material. These 

materials are utilized across diverse industries because of their lightweight characteristics, strength, 

and adaptability to specific applications[11-13]. 

 

Figure I-1: Composite materials[14]. 

I.4 Classification of Composite Materials 
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I.4.1 Classification based on the Matrix Material  

I.4.1.1 Metal Matrix Composites (MMCs) 

MMCs utilize metals such as aluminum or magnesium as the matrix, strengthened with 

ceramic particles or carbide fibers (refer to Figure I-2). These composites exhibit remarkable 

attributes, including a high strength-to-weight ratio, enhanced wear resistance, high-temperature 

stability, thermal conductivity, customizable properties, corrosion resistance, and improved fatigue 

resistance[15-17]. Despite their numerous advantages, Metal Matrix Composites face associated 

challenges, such as processing complexity, high costs, anisotropic properties, limited ductility, and 

waste generation[18, 19]. 

 

 

Figure I-2: a) demonstration bling featuring a titanium metal matrix composite. 

b) vanes made of aluminum metal matrix composite in non-structural positions for fan outlet 

guide valve[20]. 

I.4.1.2 Ceramic Matrix Composites (CMCs) 

CMCs involve ceramic matrices, like silicon nitride, reinforced with ceramic fibers such as 

alumina (refer to Figure I-3). These composites are renowned for their exceptional resistance to 

elevated temperatures and harsh environments. The advantages of CMCs encompass high-

temperature resistance, chemical resistance, low thermal expansion, and electrical insulation. 

However, challenges such as brittleness, high costs, and limited ductility pose difficulties in their 

manufacturing[21, 22]. 
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Figure I-3: a) Ox/Ox CMCs hot gas valve employed for regulating gas flow in gas-fired furnace, 

b) The brake disk, crafted from C/SiC CMCs [23]. 

I.4.1.3 Polymer Matrix Composites (PMCs) 

PMCs use polymers like epoxy resins, polyester, or polyethylene as the matrix, reinforced 

with fibers of glass, carbon, or aramid (see Figure I-4). PMCs showcase excellent features, 

including a lightweight, high strength-to-weight ratio, design flexibility, corrosion resistance, 

fatigue resistance, damping properties, thermal insulation, cost-effective manufacturing, electrical 

insulation, and versatility. These advantages have resulted in the widespread adoption of polymer 

matrix composites across various industries, including aerospace, automotive, construction, sports 

equipment, and consumer goods[24-26]. 

 

Figure I-4: Polymer Matrix Composites[27]. 
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Figure I-5: Classification of composite materials according to the matrix material. 

This project focuses on the realm of polymer matrix composites, specifically on 

thermosetting resins, namely Iso-polyester and epoxy (refer to Figure I-5). The following provides 

an in-depth explanation of these two matrix materials. 

I.4.1.3.1 Polyester / Iso-Polyester resin 

I.4.1.3.1.1 Definition  

Polyester resin, derived from petroleum and consisting of esterified monomers such as 

terephthalic acid and glycol, undergoes chemical reactions to form three-dimensional bonds, 

resulting in a robust and rigid structure. Widely utilized in composite manufacturing [28], these 

composites, also referred to as polyester matrix composites, are created by blending polyester resin 

with glass fibers, producing resilient and versatile materials (see Figures I-6 and I-7 ). This 

combination forms a strong matrix, imparting outstanding mechanical properties to the composites 

and making them suitable for various applications in industrial and construction sectors [29, 30]. 

(Refer to Figure I-6). on other hand. Iso-polyester resin, an advanced formulation within the 

polyester resin family, exhibits distinct characteristics that set it apart from conventional polyester 

resin. The key feature of iso-polyester resin lies in the incorporation of isophthalic acid during its 

production, contributing to enhanced chemical resistance, increased durability, and improved 

resistance to water absorption. This makes iso-polyester resin particularly suitable for applications 

where exposure to harsh environments or corrosive substances is a concern[31, 32]. 
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Figure I-6: Polyester resin. 

 

Figure I-7: Chemical structure of polyester resin[33]. 

I.4.1.3.1.2 The upsides of polyester resin 

The polyester resin provides numerous advantages that position it as a preferred option in 

composite manufacturing. Its cost-effectiveness makes it an economical choice, and its ease of 

fabrication benefits from its relatively low viscosity, aiding in the impregnation of reinforcing 

fibers[34, 35]. Its exceptional fiber adhesion effectively reinforces composite structures, ensuring 
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both lightweight characteristics and versatility, which are particularly advantageous for 

applications necessitating lightweight materials, such as those in the marine and aerospace 

sectors[36, 37]. polyester resin demonstrates satisfactory chemical resistance. Moreover, polyester 

resin displays acceptable chemical resistance. In contrast to regular polyester resin, iso-polyester 

resin outperforms in terms of both chemical and moisture resistance. Although polyester resin is 

economical and user-friendly, it might exhibit greater vulnerability to chemical degradation and 

water absorption when juxtaposed with iso-polyester resin. while its diverse formulations allow for 

the customization of mechanical properties as required[38]. Moreover, these composites offer 

weather resistance and durability, leading to their utilization across various industries including 

construction, automotive, and boat manufacturing[39]. Additionally, with its electrical insulation 

properties, polyester resin meets the specific requirements of certain electrical applications[40]. 

I.4.1.3.1.3 The downsides of polyester resin 

Despite the numerous advantages it presents, polyester resin has certain drawbacks that 

need to be considered during its use. Among these, one can mention its sensitivity to moisture, 

which can lead to progressive deterioration of the material over time. Additionally, the relatively 

limited thermal resistance of polyester resin restricts its use in applications subjected to high 

temperatures[41]. Another important consideration is its vulnerability to ultraviolet (UV) rays, 

which can result in discoloration and deterioration of the surface of composites exposed to 

prolonged sunlight[42]. Furthermore, polyester resin may emit potential volatile organic 

compounds (VOCs) during the curing process, raising environmental and safety concerns[43]. Due 

to its petroleum-derived composition, it is also important to note that polyester resin is not 

considered an entirely eco-friendly option, which can be a limiting factor in the context of growing 

concerns related to sustainability. In summary, while offering many advantages, it is essential to 

take these specific drawbacks into account to judiciously choose its use in various applications. 

I.4.1.3.2 Epoxy resin  

I.4.1.3.2.1 Definition  

An epoxy resin is a thermosetting polymer, which means it is a plastic material that hardens 

when heated. It is composed of epoxy monomers, also known as epoxides, which chemically react 

to form three-dimensional bonds when exposed to a hardener or cross-linking agent (refer to Figure 

I-9). This cross-linking process creates a solid, strong, and durable structure[44, 45].( Figure I-8) 
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Figure I-8: Epoxy resin with Hardener. 

 

Figure I-9: The chemical structure of (a) epoxy resin and (b) its molecular fragments[46]. 

I.4.1.3.2.2 The upsides of epoxy resin 

Epoxy resin provides a diverse array of benefits, establishing itself as a versatile material 

extensively employed across various applications. The controlled polymerization process, initiated 

by a hardener, facilitates the formation of robust and rigid structures with outstanding adhesion on 

a multitude of surfaces, such as metal, wood, glass, and diverse plastics, ensuring considerable 
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versatility[47]. Another noteworthy advantage of epoxy resin lies in its exceptional mechanical 

resistance, imparting extraordinary toughness to manufactured objects and structures, rendering 

them resilient to stress, impacts, and everyday wear and tear[48, 49]. Furthermore, its outstanding 

chemical resistance allows it to endure exposure to various corrosive substances without 

undergoing degradation, proving suitable for environments with demanding chemical conditions. 

Additionally, its superior thermal resistance qualifies it for diverse applications, ranging from 

industrial floor coatings and surfboards to electronic components. In summary, epoxy resin 

distinguishes itself through its exceptional properties, positioning it as a preferred material for a 

broad spectrum of applications[50-52]. 

I.4.1.3.2.3 The downsides of polyester resin 

Despite its numerous advantages, epoxy resin presents certain disadvantages that require 

careful consideration. Firstly, the curing process can be temperature-sensitive, requiring specific 

conditions to ensure proper polymerization. Additionally, epoxy resin may be prone to the 

formation of air bubbles during mixing and application, compromising the structural integrity of 

the final material[53, 54]. Another aspect to consider is the potential toxicity of the chemical 

components used in epoxy resin, raising health and safety concerns, especially when used in poorly 

ventilated environments[55]. Moreover, epoxy resin may exhibit sensitivity to ultraviolet (UV) 

rays, leading to discoloration and deterioration when exposed to prolonged direct sunlight[56]. 

Lastly, the relatively high cost of epoxy resin can be a limiting factor in certain applications, 

necessitating a careful evaluation of the benefits versus the costs. In summary, while epoxy resin 

offers excellent performance, it is essential to consider these potential drawbacks for judicious use 

in various contexts. 
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I.4.2 Classification based on reinforcement types 

I.4.2.1 Classification of composites based on the architecture or arrangement of the fiber 

reinforcement within the matrix 

 

Figure I-10: Classification of composite materials according to the reinforcement types. 

I.4.2.1.1 Continuous Fiber-Reinforced Composites: 

These composites feature reinforcing fibers that extend continuously throughout the matrix 

(refer to Figure I-10), delivering heightened strength, stiffness, and durability of the composite. 

The seamless alignment of fibers enables efficient load transfer and enhances resistance against 

deformation and fractures. This type of composite is widely utilized in diverse industries such as 

aerospace, automotive, and construction, leveraging its exceptional mechanical properties to 

contribute to the creation of lightweight and high-performance structures[57-59]. 

Continuous fiber-reinforced composites can be segmented into two categories: 

unidirectional fibers and laminated fibers. These configurations offer tailored solutions to address 

distinct engineering requirements in continuous fiber-reinforced composites, allowing for the 

optimization of material properties according to the intended application[60].  

I.4.2.1.1.1 Unidirectional fibers 

Unidirectional fibers within Continuous Fiber-Reinforced Composites denote fibers aligned 

in a singular direction within the matrix (refer to Figure I-11c). In this configuration, the fibers run 

parallel, imparting exceptional strength along the designated direction. Unidirectional composites 

prove advantageous in applications where robust load-bearing capabilities are crucial, leveraging 

the inherent strength of the aligned fibers[61-63]. 
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I.4.2.1.1.2 Laminate fibers 

laminate fibers in Continuous Fiber-Reinforced Composites entail the stacking of multiple 

sheets or plies of fibers oriented in diverse directions within the matrix (refer to Figure I-11d). 

This deliberate arrangement enhances the overall mechanical properties of the composite, with 

each layer contributing unique strengths. Through the amalgamation of fibers with distinct 

orientations, laminate composites achieve a harmonious blend of strength, stiffness, and flexibility, 

rendering them versatile for diverse applications[64-66]. 

I.4.2.1.2 Discontinuous Fiber-Reinforced Composites 

Discontinuous Fiber-Reinforced Composites feature the integration of short fibers or 

discontinuous reinforcements within a matrix. In contrast to continuous fibers that span the 

composite's entire length, these short fibers are dispersed unevenly. The matrix, responsible for 

securing the fibers, may consist of polymers, metals, ceramics, or other materials[67]. They can be 

segmented into two categories: Particles and Short Fibers (refer to Figure I-10): 

I.4.2.1.2.1 Particles 

Particles are defined as diminutive, solid, and distinct components scattered within the 

composite matrix (refer to Figure I-11a). These particles may consist of diverse materials, 

including ceramics, metals, or polymers[68]. Introducing particles into the matrix yields various 

advantages, such as heightened stiffness, dimensional stability, enhanced wear resistance, and 

improved thermal or electrical conductivity[69]. The arrangement of particles in the matrix is 

frequently irregular, contributing to distinctive material attributes tailored to specific 

applications[70, 71].  

I.4.2.1.2.2 Short Fibers 

Short fibers, being of shorter length than continuous fibers, are scattered within the matrix 

to fortify and enhance the mechanical properties of the composite (refer to Figure I-11b). These 

fibers may be crafted from materials like glass, carbon, or aramid. Despite not extending 

continuously throughout the material, short fibers nonetheless enhance strength, stiffness, and 

impact resistance[69]. The orientation and arrangement of short fibers within the matrix are critical 

factors that influence the overall performance of the composite. Short fiber reinforcement proves 

especially beneficial in applications where cost-effectiveness and ease of processing are key 

considerations[71]. 
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Figure I-11: Schematic representation of the arrangement of the fiber reinforcement within the 

matrix[72]. 

I.4.2.2 Classification of composites based on the nature of the fibers  

Classification of composite materials can extend to the nature of the fibers employed as 

reinforcement, with the chosen fibers exerting a substantial impact on the mechanical, thermal, and 

various other properties of the composite. The subsequent list outlines some prevalent composite 

types categorized according to the nature of their fiber reinforcement (refer to Figure I-10): 

I.4.2.2.1 Glass Fiber-Reinforced Composites (GFRP): 

The composite materials reinforced with glass fibers, often referred to by the acronym 

GFRP (Glass Fiber-Reinforced Composites), are assemblies where glass strands play the primary 

role as the reinforcing material within a matrix[73] (refer to Figure I-12). These composites are 

valued for their high strength, light weight, and corrosion resistance, making them highly sought 

after in sectors such as shipbuilding, the automotive industry, the manufacturing of tanks and pipes, 

as well as the production of sports equipment and lightweight components[74, 75]. Glass fibers, 

often in the form of fabrics or mats, are integrated into a matrix typically composed of polymers, 

creating a hybrid material with enhanced properties. Despite the undeniable advantages of glass 

fiber-reinforced composites, they do have some drawbacks, such as their brittleness under high 

impact loads, which can lead to cracks or fractures[76]. Additionally, their initial cost may be 

relatively high compared to certain traditional materials. Recycling also presents challenges due to 

the difficulty of separating glass fibers from the polymer matrix[77]. Despite these drawbacks, the 

benefits of fiberglass composites continue to make them highly desirable in various industrial 

applications. 
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Figure I-12: Glass fiber reinforced polyurethane matrix composite (GFRP)[78]. 

I.4.2.2.2 Carbon Fiber-Reinforced Composites (CFRP) 

CFRP constitute a category of composite materials in which carbon fibers play a 

predominant role as reinforcements within a matrix (refer to Figure I-13). These fibers are 

typically derived from carbonaceous precursors such as polyacrylonitrile (PAN) or rayon fibers, 

which often undergo a high-temperature carbonization process to become carbon fibers[79, 80]. 

The advantages of CFRP include exceptional tensile strength, rigidity, and lightness, along with 

resistance to corrosion, high electrical conductivity, and resilience to elevated temperatures[81]. 

These features make CFRP a preferred choice in fields such as aerospace, high-end automotive 

manufacturing, construction of lightweight and durable structures, as well as the production of 

premium sports equipment[82, 83]. However, these composites have some drawbacks, including 

high cost, susceptibility to impacts, and complexity in repairing damages. Despite these limitations, 

their demand continues to grow due to their unique combination of lightness and strength, making 

them ideal for various advanced applications[84, 85]. 
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Figure I-13: (a) Prepreg of Carbon fiber impregnated with PANI/P-2 M resin, (b) Fabricated 

CFRP using the PANI/P-2 M resin[86]. 

I.4.2.2.3 Aramid Fiber-Reinforced Composites (AFRP): 

Aramid fibers, such as Kevlar, play a central role as reinforcement material in AFRP (refer 

to Figure I-14). These aramid fibers, typically derived from aromatic polymers like poly-p-

phenylene terephthalamide (PPTA), undergo a spinning process to form highly resilient and 

flexible fibers[87]. The advantages of composites reinforced with aramid fibers include exceptional 

tensile strength, the ability to absorb impact energy, resistance to corrosion, and flexibility[88]. 

These characteristics make them particularly suitable for applications such as manufacturing 

ballistic protection equipment and lightweight automotive components[89]. However, the 

disadvantages of aramid composites include their relatively high cost and susceptibility to abrasion. 

Nevertheless, their usage continues to grow, especially in industries where the specific combination 

of properties offered by aramid fibers is essential to meet the specific requirements of 

applications[90]. 
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Figure I-14: (a) aramid-fiber fabric, (b) initially chopped aramid-fiber strands, (c) cotton-like 

aramid fibers, (d) 6 g/m2 thin tissue of short aramid fibers, and (e) 200 g/m2 thin tissue of short 

aramid fibers, (f) Braided AFRP bars[91, 92]. 

I.4.2.2.4 Metallic Fiber-Reinforced Composites: 

Metal fiber-reinforced composites utilize metal fibers as reinforcement embedded within a 

matrix. These fibers, typically composed of steel, aluminum, or titanium, are integrated into the 

matrix to enhance the mechanical properties of the composite material[93, 94] (refer to Figure I-

15). The manufacturing process involves blending the metal fibers with the matrix, followed by 

consolidation into sheets or layers. The benefits of these composites encompass high tensile 

strength, notable thermal and electrical conductivity, and effective corrosion resistance. They are 

extensively applied across various industries such as aerospace, automotive, construction, and 

electronics, where a combination of mechanical strength and conductivity is crucial. These 

composites are utilized to manufacture lightweight yet sturdy components, including aircraft body 

parts, structural elements, and electronic devices. Nevertheless, potential drawbacks may include 

their relatively high cost, greater weight compared to certain non-metallic fiber-reinforced 

composites, and challenges associated with corrosion in specific applications[95]. 
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Figure I-15: NexGen porous titanium fiber-mesh (Ti) tibial metal-backing with 4 short pegs for 

screw fixation in the proximal tibia[96]. 

I.4.2.2.5 Natural Fiber-Reinforced Composites: 

Composite materials enhanced with natural fibers represent an innovative class wherein 

fibers sourced from natural origins like flax, hemp, jute, or coconut are combined with a matrix to 

create a durable and adaptable structure. These composites present an eco-friendly substitute for 

traditional materials owing to the renewable, biodegradable, and often lighter characteristics of 

natural fibers[97]. Their manufacturing process entails a meticulous blending of these fibers with 

the matrix, followed by consolidation into sheets or molded components. Although natural fibers 

might demonstrate slightly lower mechanical strength compared to synthetic counterparts, they still 

exhibit compelling mechanical properties, particularly in lightweight and non-structural 

applications[98]. These composites serve various industries including automotive, construction, 

packaging, and furniture manufacturing, benefiting from their minimal environmental impact, 

biodegradability, and versatility, which address contemporary concerns regarding material 

sustainability[99, 100] (refer to Figure I-16). Nevertheless, it's crucial to acknowledge that certain 

natural fibers may be prone to moisture sensitivity, necessitating appropriate management to 

uphold optimal performance. In essence, natural fiber-reinforced composites offer a promising 

solution for eco-conscious applications, presenting a diverse range of options to cater to the specific 

requirements of diverse industries[101]. 
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Figure I-16: The use of Natural Fiber-Reinforced Composites in many different sectors[102]. 

I.5 Presentation of some plant fibers and their distinctive characteristics 

I.5.1 Hemp fiber 

Hemp fiber, derived from the hemp plant (Cannabis sativa) (see Figure I-17), possesses 

outstanding qualities that solidify its standing as both an environmentally friendly and high-

performing material[103]. Demonstrating impressive mechanical strength, this fiber showcases a 

tensile strength of approximately 550 MPa, comparable to that of glass[104]. Its environmental 

credentials are equally notable, requiring 50% less water for cultivation compared to cotton, while 

its rapid growth minimizes the need for pesticides. With its lightweight composition, boasting a 

density of roughly 1.48 g/cm³, hemp fiber is a favored option for lightweight composite materials. 

Additionally, it offers efficient thermal insulation and exceptional moisture absorption capabilities, 

capable of absorbing up to 20% of its weight in water, thus enhancing its versatility across a range 

of applications. These attributes position hemp fiber as highly esteemed in various sectors including 

the textile industry, construction, and the burgeoning field of sustainable composites[105, 106]. 
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Figure I-17: Extraction of hemp fibers [107] 

I.5.2 Jute fiber 

Jute fiber, derived from the Corchorus plant, is characterized by an impressive tensile 

strength, typically ranging between 400 and 650 MPa, contributing to its robustness[108]. With a 

moderate density of approximately 1.3 g/cm³, it is considered lightweight and easy to handle[109]. 

Regarding moisture absorption, jute fiber can absorb up to 15% of its weight in water, making it 

suitable for applications requiring effective moisture management. Cultivated primarily in tropical 

regions, the jute plant is renowned for its rapid growth and ability to thrive with minimal resources. 

These characteristics make it an environmentally friendly choice for various applications, including 

the production of bags, carpets, and other textile products[110]. (Refer to Figure I-18) 
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Figure I-18: Extraction of jute fibers [111] 

I.5.3 Kenaf fiber 

kenaf fiber, extracted from the Hibiscus cannabinus plant (see Figure I-19), is distinguished 

by its outstanding mechanical properties, rendering it an appealing material for various 

applications. Its tensile strength typically falls within the range of 420 to 920 MPa, indicating 

notable robustness. With an elasticity modulus fluctuating between 10 and 20 GPa, it demonstrates 

the capability to retain its shape and resist deformation under stress[112]. The elongation at break, 

estimated between 1.8% and 3.5%, underscores a degree of ductility prior to rupture. Concerning 

compressive strength, kenaf fiber exhibits values ranging from 150 to 300 MPa. Alongside these 

mechanical attributes, it is characterized as lightweight, biocompatible, renewable, and 

biodegradable. Its ability to offer thermal insulation, sound absorption, coupled with its competitive 

cost, renders it a versatile material. These specific figures elucidate the superior mechanical 

performance of kenaf fibers compared to other natural counterparts like jute and hemp[113-115]. 

 

Figure I-19: Extraction of kenaf fibers [116] 
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Developing composite materials with non-traditional (plant) reinforcements demands a 

profound comprehension of the physical and chemical properties inherent in these materials. 

Hence, the present study is dedicated to examining these properties specifically in the utilized fibers 

(date palm fibers). 

I.5.4 Palm fiber 

I.5.4.1 Chemical composition and structure 

The intricate arrangement of plant fiber is depicted in Figure 1-20. Within the cell wall of 

plant fibers, several layers are discernible: the secondary wall, the primary wall, and the middle 

lamella. The secondary wall comprises three sub-layers arranged from innermost to outermost: S3, 

S2, and S1. Of these, the S2 layer is the most substantial and significantly influences the overall 

fiber performance. Additionally, the hollow space, referred to as the lumen, facilitates the transport 

of water and nutrients during the plant's growth and photosynthesis[117, 118]. 

 

Figure I-20: Visual representation detailing the anatomy of plant fibers[119]. 

The chemical composition of palm fiber can vary depending on the specific source of the 

fiber, whether it is from oil palm, date palm, or other types of palms. Palm fiber is mainly composed 

of cellulose, hemicellulose, and lignin, which are the predominant components of plant fibers[120]. 

I.5.4.2 Cellulose   

Cellulose is a complex macromolecule composed of multiple glucose units linked together 

by β-1,4 glycosidic bonds. It serves as the primary structural component of the cell walls in plants 

and certain algae. Its general chemical formula is (C6H10O5)n, where "n" represents the number of 

repetitions of the glucose unit in the molecule (refer to Figure I-21). In summary, cellulose is an 
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essential polysaccharide composed of glucose, playing a crucial role in the structure of plant cells. 

Although the cellulose content of palm fiber may vary, it is generally between 40% and 50%, and 

even higher in certain varieties of palm fibers[121, 122]. 

 

Figure I-21: Structure of cellulose[123]. 

I.5.4.3 Hemicellulose  

Hemicellulose, a class of complex polysaccharides present in plant cell walls, coexists with 

cellulose within this structure. Unlike cellulose, hemicellulose is characterized by a more diverse 

composition, typically encompassing monosaccharides such as glucose, xylose, mannose, 

galactose, and others. The glycosidic bonds within hemicellulose exhibit diversity, potentially 

taking various forms, such as β-1,4, β-1,3, and others (refer to Figure I-22). This structural 

diversity imparts flexibility and solubility in water to hemicellulose, a distinguishing feature from 

cellulose, which remains insoluble[124]. The proportion of hemicellulose in palm fiber is estimated 

to be between 20% and 30%[125]. 

 

Figure I-22: Structure of Hemicellulose[126]. 

I.5.4.4 Lignin  

Lignin, a complex amorphous polymeric compound comprised of diverse phenolic 

monomers like coniferyl, sinapyl, and p-coumaryl, serves as a crucial component in the cell walls 

of vascular plants, playing a key role in their mechanical strength and tissue rigidity. Its formation 
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occurs through the radical polymerization of phenolic monomers, resulting in an intricate three-

dimensional structure (refer to Figure I-23). The precise composition of lignin can vary depending 

on the plant species[127]. For instance, the lignin content of palm fiber typically ranges from 20 to 

30%[128]. 

 

Figure I-23: Structure of Lignin[129]. 

The chemical composition varies across different plant species. Table I-1 illustrates a broad 

spectrum of average chemical constituents observed in various plants. 

Table I-1: Chemical composition of selected natural fibers[130-132]. 

Fibers 
 Chemical Composition (%) 

 Cellulose Hemicellulose Lignin 

Bambo  26-43 30 21-31 

Coir  32-43 10-20 43-49 

Ramie  68.6-76.2 13.1-16 0.6-0.7 

Cotton  95 2 1 

Cuara  73.6 9.9 7.5 

Abaca  56-63 20-25 7-9 

Hemp  70-75 18-23 3.5-6 

Jute  61-71 14-20 12-13 

Kenaf  72 20.3 9 

Flax  71 18.6-20.6 2.2 

Palm  32-35.8 24.4-28.1 26.7-28.1 
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I.5.4.5 Physical and mechanical properties 

Palm fiber, extracted from palm tree leaves such as oil palm or date palm, exhibits unique 

characteristics that make it an exceptional material. Its tensile strength, typically ranging between 

300 and 1000 MPa, attests to its mechanical robustness. The elasticity modulus, varying from 12 

to 30 GPa, indicates its ability to maintain shape and resist deformation under stress. The elongation 

at break, ranging from 2% to 4%, demonstrates a certain ductility before failure. With a relatively 

low density of approximately 1.2 g/cm³, palm fiber is lightweight and easy to handle[133-135]. It 

also displays excellent compression resistance, typically between 200 and 500 MPa. These 

mechanical properties make palm fiber an attractive material for various applications, from 

construction to furniture manufacturing[136]. In terms of sustainability, this fiber is renewable, 

being extracted from regenerative natural resources, and it is biodegradable, contributing to 

environmentally friendly choices. Its versatility, availability, and mechanical properties make it a 

crucial element for the development of sustainable solutions in the materials industry. 

Natural fibers exhibit a distinct array of physical and mechanical attributes, rendering them 

highly valuable in a variety of industrial applications. Physical properties encompass features like 

density, moisture absorption, and thermal conductivity, all of which play a vital role in 

comprehending how fibers interact with their environment. On the flip side, mechanical properties 

involve factors such as tensile strength, modulus of elasticity, and elongation at break, offering 

insights into the strength and flexibility of fibers across diverse conditions[137]. The physical and 

mechanical properties of different fibers are detailed in Table I-2 and Table I-3 respectively. This 

examination of the physical and mechanical characteristics of natural fibers plays a pivotal role in 

unlocking their full potential across industries such as textiles, composites, construction, and more. 

A profound understanding of these properties empowers researchers, engineers, and manufacturers 

to optimize the utilization of natural fibers, thereby contributing to the advancement of sustainable 

materials and environmentally conscious practices[138]. 

Table I-2: Physical properties of different fibers natural[139]. 

Fibers 

 Physical properties  

 Density 

 (g/cm3) 

Moisture 

Absorption (%) 

Length 

(mm) 

Diameter 

(µm) 

Cotton  1.54 25 10-60 11-22 

Wool  1.31 30 15-150 20-200 

Silk  1.34 20 300-1600 10-13 

Hemp  1.5 20 1-4 m 16-50 

Coconut Coir  0.1-0.3 10 4-12 inches 100-500 

Palm  1.2 5.36-8.7 200-300 80-120 
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Table I-3: Mechanical properties of different fibers natural. 

Fibers 

 Mechanical properties Ref 

 Tensile strenght 

(MPa) 

Young’s modulus 

(GPa) 

Elongation at break 

(%)  

 

Abaca  400 12 3-10 [140] 

Kenaf  930 53 1.6 [141] 

Coir  105-593 2-8 15-51 [142] 

Cotton  287-597 2.2-12.6 7.0-8.0 [143] 

Flax   1339±486 58±15 3.27±0.4 [144] 

Palm  68 3.774 20-25 [145] 

I.6 Absorption behavior of bio composites 

Moisture absorption in natural fiber-reinforced composite materials is a significant aspect 

that greatly impacts their performance and durability. This is attributed to the fact that natural fibers 

possess hygroscopic properties. The presence of moisture in composite materials can have 

profound effects on their mechanical, thermal, and dimensional stability properties[146]. 

Understanding and managing moisture absorption are of paramount importance to ensure the long-

term reliability and structural integrity of these bio-based composites. The present work presents 

some previous studies that focused on studying the adsorption behavior of bio composites, 

including: 

Arunkumar et al[147]. Investigated the impact of incorporating Samanea Saman Pod (SSP) 

pulp on the water absorption behavior of epoxy resin composites reinforced with sisal and hemp 

fibers. The researchers utilized a 40 wt% reinforcement ratio of sisal/hemp fibers to fabricate the 

hybrid composite. In contrast, varying proportions of SSP paste (0, 5, 10, 15 wt%) and epoxy resin 

(60, 55, 50, and 45 wt%) were blended for the matrix preparation. The findings revealed an increase 

in water absorption up to a certain threshold with the rise in SSP paste content. Furthermore, the 

results demonstrated that the absorption rate stabilized after 25 days. 

Ghasemzadeh et al[148]. Have explored the water absorption characteristics of 

polypropylene (PP) composites reinforced with hybrid glass/flax fibers. The composite fabrication 

involved setting the combined volume of glass and flax fibers at 40 vol% relative to the PP content. 

Furthermore, a PP hybrid composite containing 10% glass fiber and 10% flax (G10F10) was 

formulated. Each composition was represented by five samples measuring 25 × 76 × 3 mm³, which 

were fully immersed in distilled water maintained at 85°C in a container. To expedite the 

experiment, a high temperature was selected for their tests. The results indicated a rapid initial 

increase in water absorption rate, followed by a decrease towards saturation for all samples except 
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PP and G40. Moreover, all samples except PP reached equilibrium after approximately 1000 hours 

(42 days). 

Kairytė et al[149]. Conducted an experimental investigation on thermally self-treated wood 

plastic composites (WPC) derived from wood bark and a binder based on rapeseed oil. Various 

proportions of wood bark particles ranging from 0.7 to 1.0 were selected for sample preparation. 

The specimens were initially oven-dried at 70°C and then conditioned for a minimum of 72 hours 

to reach equilibrium at 23 ± 5°C and 50 ± 5% relative humidity. Subsequently, specimens 

measuring 200×200×50 mm3 were immersed in water at 20°C and drained for 10 minutes on a 45° 

inclined drainage surface at the end of each immersion period. The swelling test in thickness was 

conducted following the EN 317 standard, with measurements taken at intervals of 1, 7, 14, and 28 

days. The results revealed that water absorption and thickness swelling increased over time. 

Notably, WPC-0.85 samples exhibited reduced water absorption (~65% after 7 days and 19% after 

14 and 28 days of immersion) and thickness swelling (~14% after 7 days and 19% after 14 and 28 

days of immersion) compared to WPC-0.70 samples. 

Tezara et al[150]. Carried out an experimental inquiry to examine the influence of 

hybridizing the stacking sequence in jute-ramie composites on water absorption behavior. Epoxy 

resin (816A) with a density of 1.2 g/cm³ and cured (651) was employed as the matrix to 

manufacture composite films. The absorption of distilled water was assessed over a 4-week period 

for various types of five-layer tensile samples with dimensions of 30 cm × 30 cm × 4 mm. The 

maximum percentage gain in weight was observed in the following descending order: Jute (8.10%) 

> RJJJR “Ramie-Jute-Jute-Jute-Ramie” (8.02%) > JRRRJ “Jute-Ramie-Ramie-Ramie-Jute” 

(8.01%) > JRJRJ “Jute-Ramie-Jute-Ramie-Jute” (7.93%) > RJRJR “Ramie-Jute-Ramie-Jute-

Ramie” (7.90%) > RJRJ “Ramie-Jute-Ramie-Jute” (7.58%). The results indicated that the water 

absorption behavior of jute fibers was lower than that of ramie fibers. The stacking sequence and 

the choice of materials emerged as two primary factors influencing water absorption behavior. 

Ferede et al[151]. assessed the water absorption characteristics of a polypropylene (PP) 

composite reinforced with alkaline-treated sawdust. Composite materials were fabricated through 

a melt-mixing process followed by die casting, incorporating sawdust quantities ranging from 10 

to 50 wt%. The authors observed absorption rates of 70%, 79%, 90%, 155%, and 180%, 

respectively. These findings align with previous studies on PBS composites with kenaf fibers[152] 

and silk fibers [153], as well as poly lactic acid (PLA) composites with 15% and 70% kenaf [154] 

and Flax/PLA composites[155] . The authors noted a direct (linear) correlation between the water 

absorption rate and the fiber content, attributed to the hydrophilic nature of these fibers. This 

characteristic facilitated the formation of hydrogen bonds with water molecules [156]. 
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I.7 The machinability of bio composites 

Drilling holds significant importance as a machining process in the final stage of part 

assembly within the manufacturing industry[157]. Nevertheless, it presents a complex undertaking 

fraught with various challenges, such as delamination, fiber breakage, thermal degradation, 

deterioration of surface integrity, and fiber pull-out. Exploring the drilling process of 

biocomposites offers valuable insights into specific aspects of their mechanical characteristics. To 

comprehensively evaluate their mechanical behavior through drilling investigations, several factors 

are typically taken into account. Firstly, the analysis involves measuring the cutting forces and 

power consumption during drilling to understand the biocomposite's resistance to deformation and 

the energy required for material removal. Additionally, examining the chips generated during 

drilling provides insight into the material's brittleness, ductility, or shear behavior based on chip 

type, size, and morphology. Furthermore, assessing the surface finish of drilled holes offers 

information on the biocomposite's machinability and its response to cutting forces. Moreover, 

studying the impact of different drilling parameters, such as cutting speed, feed rate, and depth of 

cut, helps optimize machining conditions for enhanced mechanical performance. Integrating these 

considerations allows for a more thorough understanding of the mechanical behavior of 

biocomposites during the drilling process. While drilling studies provide valuable information, a 

comprehensive understanding of the mechanical behavior of biocomposites often involves 

additional tests. Tensile tests, compression tests, flexural tests, and impact tests are commonly 

employed to assess parameters such as modulus of elasticity, tensile strength, compressive strength, 

and impact resistance. Combining drilling studies with these tests can offer a more complete picture 

of the mechanical properties of biocomposites. 

 The current study is focused on analyzing the drilling behavior of bio composites. Below 

are some prior investigations that have explored this behavior in detail.  

Yallew et al[158]. Examined the impact of various drilling process parameters (spindle 

speed (N), feed rate (ƒ), and drill tip geometry) on the drilling performance of woven jute fiber-

reinforced polypropylene (PP) composites. The study utilized PP pellets as the matrix and 

incorporated 30%, 40%, and 50% weight of reinforcement (jute fabrics) to form the composite. 

Twist drills, Jo drills, and parabolic carbide drills with an 8 mm diameter and an angle of 118° were 

employed for drilling the samples. The feed rate was varied at 0.05, 0.12, and 0.19 mm/rev, while 

spindle speeds were set at 900, 1800, and 2800 rpm. The test results revealed an increase in the 

delamination factor with higher feed rates for twist drill and Jo geometries, whereas the parabolic 

drill showed a decrease in this factor. Conversely, the delamination factor decreased with 
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increasing spindle speed for twist and Jo geometries, while it slightly increased with the parabolic 

drilling geometry. 

Kumar et al[159]. Investigated delamination during the drilling process of sisal/banana fiber 

reinforced composites, which were manufactured with a volume ratio of (20:80) for fiber to matrix 

using the hand stratification method. The drilling operations on these bio composites involved three 

carbide tools with diameters of 6, 8, and 10 mm, along with three varying feed rates (50, 100, and 

150 mm/min) and three different spindle speeds (500, 1000, and 1500 rpm). Their findings revealed 

a consistent reduction in the delamination factor as spindle speed increased across all machining 

scenarios. Optimal drilling conditions were achieved at 1500 rpm, 50 mm/min feed rate, and a 6 

mm drill diameter. 

Sridharan et al[160]. Conducted an experimental investigation on the impact of matrix type, 

fiber treatment, and graphene addition on delamination during the drilling of a nano-hybrid 

jute/epoxy composite. Woven jute fabric and two different resins, polyester and epoxy, were 

utilized for specimen preparation. The jute fibers underwent a surface treatment with 5% NaOH 

for 2 hours. Graphene was incorporated into the resin at three concentrations: 0.3 wt% (denoted as 

lowest-L), 1 wt% (middle-M), and 3 wt% (highest-H). High-speed steel (HSS) twist drills were 

employed for drilling, with spindle speeds ranging from 500 to 1400 rpm and feed rates from 0.03 

to 0.12 mm/rev. The findings revealed that epoxy outperformed polyester, and the alkali treatment 

of fibers significantly enhanced the drilled hole quality, showing maximum improvements of 3.3% 

and 12.5% at the entrance and exit, respectively, in T-JFRP. Moreover, increasing graphene content 

in the resin resulted in reduced delamination at higher spindle speed and feed rate levels, with the 

maximum reductions observed at 5.4% and 13.8%, 6.4% and 10.9%, and 7.1% and 17.5% in L, M, 

and H-JFRP, respectively. Similar to prior research, the delamination factor was observed to 

increase with both spindle speed and feed rate. 

Pramod et al[161]. Concurred with the findings of the aforementioned research in their 

investigation, focusing on the assessment of drilling-induced delamination in nanoparticle-

reinforced polymer matrix composites. The study involved drilling all samples using Brad and Spur 

type carbide tools with diameters of 5, 6, 8, and 10mm. Various feed rates (0.5, 1.0, 1.5, and 2 

mm/rev) and spindle speeds (1000, 1500, 2000, and 2500 rpm) were applied under dry conditions. 

The results indicated that minimizing delamination damage and achieving a better circularity ratio 

were associated with higher spindle speeds, smaller drill diameters, and lower forward speeds. 

Chaudhary et al[162].Explored the impact of varying feed rates (0.05, 0.15, 0.25 mm/rev), 

spindle speeds (1500, 3000, 4500 rpm), and drill point angles (90⁰, 104⁰, 118⁰) on the machining 

characteristics of bi-directional cotton polyester composites during the drilling process. The study 
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utilized Taguchi's analysis, ANOVA, and regression analysis for data analysis. The research 

findings suggest that, within the tested range of variables, achieving superior hole quality (Thrust 

force (TF) = 9.85 N, delamination factor (DF) = 1.1446, and torque = 0.0083 Nm) was associated 

with lower feed rates (0.05 mm/rev), reduced point angles (90°), and higher cutting speeds (4500 

rpm). Furthermore, the study revealed that the mathematical models proposed exhibited a strong 

correlation between the predicted values and the experimental outcomes for process and 

machinability parameters (The adjusted R2 value was 94.79% for TF, 83.26% for torque, and 

90.93% for DF). 

Vinayagamoorthy et al [163]. Conducted a study focused on investigating the drilling 

parameters (feed rates: 0.2, 0.4, 0.6 mm/rev; spindle speeds: 1000, 2000, 3000 rpm; and point 

angles: 60°, 90°, 120°) for a natural fiber-reinforced composite. In this study, chemically treated 

vetiver was employed as a reinforcing element, constituting a reinforcement/matrix composition 

of 25%/75% w.t. The researchers utilized a central composite design-based fuzzy logic 

methodology to optimize machining parameters and simultaneously evaluated the resulting defects 

and cutting forces during the drilling process on these composite materials. The study revealed that 

the primary factors influencing the entry defect were the feed rate and point angle, with the drilling 

speed showing negligible impact on the entry defect. In contrast, the exit defect was primarily 

influenced by the drilling speed, feed rate, and point angle. The optimal drilling conditions were 

identified as 1450 rpm, 0.2 mm/rev, and a 60° angle for spindle speed, feed rate, and point angle, 

respectively.  

Diaz Alvarez et al[164]. Conducted a research study focusing on the experimental analysis 

of drilling-induced damage in aramid composites. These composites were manufactured with a 

density of 8.86 kg/m2 and were in the form of rectangular sheets measuring 200 × 28 × 3.5 mm3, 

consisting of 12 layers of aramid fabric impregnated in a phenolic matrix. Their findings indicated 

that using a 110° drill resulted in reduced delamination at both entry and exit sides. Conversely, 

employing a 118° drill demonstrated improved delamination performance at both sides of entry 

and exit when higher feed rates and cutting speeds were applied. 

I.8 Conclusion 

The preliminary chapter presents a comprehensive overview of the properties, applications, 

and experimental analyses related to composite materials. Through a detailed exploration of 

various composite types, including natural fiber-reinforced composites. One of the key results 

discussed in the chapter is the enhanced mechanical properties of composites reinforced with 

natural fibers such as palm fiber. The unique characteristics of palm fiber, including its strength 
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and durability, make it a promising reinforcement material for composite applications. 

Experimental studies on water absorption behavior and machinability parameters of composite 

materials provide valuable insights into optimizing fabrication processes and enhancing 

performance. Moreover, the chapter emphasizes the importance of understanding drilling 

parameters and machinability characteristics for natural fiber-reinforced composites, as 

demonstrated in studies focusing on drilling-induced damage and optimization of machining 

parameters. The findings underscore the significance of selecting appropriate drilling conditions to 

minimize defects and improve the overall quality of machined composite components. Overall, the 

chapter serves as a valuable resource for researchers, engineers, and industry professionals 

interested in composite materials, offering insights into material properties, fabrication techniques, 

and performance optimization strategies. The results presented in the chapter contribute to the 

ongoing efforts to develop sustainable and high-performance composite materials for a wide range 

of industrial applications. 
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II Chapter II: Materials and Methods 

II.1 Introduction 

The second chapter of the thesis focuses on the Materials and Methods employed in the 

investigation of bio composites reinforced with date palm fibers. This section is crucial for 

understanding the experimental protocols, data collection techniques, and analytical approaches 

utilized in the study. It outlines the systematic procedure followed for extracting date palm fibers, 

preparing bio composites, and examining their physical attributes and machinability. The chapter 

explores various methodologies such as artificial neural networks (ANN), response surface 

methodology (RSM), and the Taguchi method, underscoring their significance in the analysis and 

optimization of bio composite materials. Detailed explanations, equations, and diagrams are 

provided to elucidate the modeling processes and flowcharts associated with these methodologies. 

Moreover, the chapter delves into the absorption behavior of date palm fiber/Iso-polyester 

composites, shedding light on the diffusion  coefficient and water uptake characteristics of the 

materials. It also presents the physical and chemical properties of the liquids used in the research, 

providing valuable insights into the environmental conditions during the testing of bio composites. 

Additionally, it investigates the drilling behavior of date palm fiber/Iso-polyester composites with 

a 40% fiber rate (DPFP40) and Palm fiber powder/epoxy composites (PFPEs), explaining the 

delamination factor, circularity, and cylindricity errors of drilled holes. 

II.2 Fiber extraction  

The fibers were obtained from the cluster arms of date palm trees cultivated in Biskra, 

Algeria. Initially, the cluster arms were immersed in distilled water for around 30 days to ease the 

fiber extraction process [165]. Subsequently, the stems underwent peeling to remove the outer 

layer. The fibers were then delicately separated from the lignin by gently rubbing the surfaces of 

the cluster arms with a hammer and a wire brush, ensuring minimal damage to the fibers. (Refer to 

Figure II-1) 
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Figure II-1: The different steps for fiber extraction. 

II.3 Preparation of developed bio composites 

In this study, three types of bio composites were developed to investigate their physical, 

mechanical properties, and machinability, comprising: 

II.3.1 The first type of developed bio composites: Date Palm Fibers/ Iso-polyester (DPFPs) 

The bio composites were fabricated in three different configurations: unidirectional (UD) 

and crossed (C), with ply numbers ranging from 2 to 4. DPFPs were formulated with Iso-polyester 

matrix mass fractions of 85%, 80%, and 73%, along with date palm fiber reinforcements of 15%, 

20%, and 27%, respectively. Iso-polyester resin was chosen for its cost-effectiveness and ease of 

handling, commonly preferred in marine applications due to its high wax content and low water 

absorption rate. Vacuum molding, employing the 'bag' technique, was utilized for the fabrication 

of all bio composites (27 samples). Following fabrication, the specimens were subjected to a 70°C 

oven treatment for 24 hours to ensure complete polymerization and moisture removal. All 

specimens were then cut into rectangular pieces measuring 50×15×5mm3, adhering to the AFNOR 

57-101 standard. The specific sample configurations used in this study are detailed in Table II-1. 
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Table II-1: Formulation and composition of DPFPs composites. 

II.3.2 The second type of developed bio composites: Date Palm Fibers/ Iso-polyester 

(DPFP40) 

A bio composite of date palm fiber /Iso-polyester was created with a reinforcement volume 

fraction of 40% by weight. Fabrication involved utilizing a vacuum molding technique to create 

two equally crossed plies of fibers, each ply measuring 5mm thick. The resulting sample was 

shaped into a rectangular piece measuring 240×55×8 mm3, as illustrated in Figure II-2. 

Subsequently, the sample underwent 20 hours curing process in an oven set at 75°C to ensure 

thorough polymerization. Following curing, the sample was cut into three equal pieces for 

dedicated use in the drilling process. 

 

Figure II-2: DPFP40 composite: (a) top view, and (b) side view. 

Sample 
Fiber 

content 
Some samples used 

DPFP 1 

(UD-2 plies) 
15% 

   

DPFP 2 

(C-3 plies) 
20% 

   

DPFP 3 

(UD-4 plies) 
27% 
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II.3.3 The third type of developed bio composites: Palm Fibers Powder / Epoxy (PFPEs) 

Following the fiber extraction process, the fibers underwent crushing using a 

PULVERISETTE 6 planetary mono-mill with a maximum speed of 650 rpm. Fibers measuring 

630 μm in length were specifically chosen through sieving analysis.  

Epoxy was selected as the matrix for this type of bio composite, being a thermosetting 

polymer widely utilized in industries requiring both lightweight and high-strength materials, such 

as aeronautics, automotive, shipbuilding, and others. This matrix type was preferred due to its 

distinct characteristics, including high mechanical strength, rigidity, dimensional stability, 

chemical resistance, thermal resistance, and ease of processing.[166-168] 

The palm fiber powder epoxy (PFPE) composite comprised 18% by weight of palm fiber 

powder reinforcement. A total of 27 specimens were manufactured using a molding technique, 

with fibers randomly dispersed within the matrix. These specimens were shaped into rectangular 

pieces measuring 50 × 25 × 10 mm³ (length × width × thickness). Afterward, they were left to cure 

at room temperature (25°C) for 72 hours to allow the structure to solidify, facilitating easy removal 

from the mold. Subsequently, the specimens were placed in an oven set at 50°C for 12 hours to 

ensure complete polymerization [169, 170].(Refer to Figure II-3) 

 

Figure II-3: PFPEs manufacturing steps. 
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II.4 Experimental tests 

II.4.1 Absorption test 

II.4.1.1 Evaluation of water absorption property of DPF and DPFPs  

The water absorption characteristics of DPFPs were assessed following the ISO 62:1999 

standard protocol[171]. Initially, specimens were oven-dried at 70°C for 24 hours and subsequently 

cooled to room temperature (25°C). After precise weighing using a PLS360-3 type balance with a 

0.001 g precision, the dried samples were immersed in 50 mL containers filled with three distinct 

types of water (distilled water, seawater, and rainwater) each with experimentally determined 

properties (refer to Table II-2), all maintained at room temperature (25°C). At 24-hour intervals, 

the specimens were removed, gently blotted to eliminate excess surface moisture, and then 

reweighed. This procedure was repeated over a span of six days, with subsequent weight 

measurements taken every 48 hours for a total duration of 24 days, completing a 30-day evaluation 

period. (Refer to Figure II-4) 

Concurrently, the water absorption properties of date palm fibers (DPF) were investigated 

using three identical masses (5 g each), each immersed in separate graduated test tubes filled with 

the fluids specified for this study (80 mL per liquid), as depicted in Figure II-5. The amount of 

water absorbed was monitored at two-hour intervals over a 20-hour period. The relative water 

absorption (Mt) was calculated using Equation II-1:  

 𝑀𝑡 =
𝑊𝑡−𝑊0

𝑊0
 (II-1) 

 

Here, Wt denotes the current weight of the sample at time t, and Wo represents the initial weight of 

the sample. 

The mechanism of water absorption in bio composites can be elucidated by Fick's second 

law of diffusion, expressed as: 

 
Mt

Ms
= 1 −

8

π²
∑

1

(2n+1)²
∞
n=0 exp [−

(2n+1)²π²Dt

h²
  ] (II-2) 

Here, Mt represents the water uptake at time t, Ms denotes the water uptake when the sample is fully 

saturated, n is the summation index, and D signifies the diffusion coefficient[172-174]. 
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Table II-2: Physical and chemical properties of the liquids used. 

Type of liquid Density 

(g/cm3) 

pH Conductivity 

(mS/m) 

×10-3 

 

TAC 

(mol/L) 

× 10-3 

Chloride 

content 

(mg /L) 

 

Hardnes

s (°f) 

Distilled water 0.966 ± 0.014 6.635 ± 0.191 6.000 ± 0.003 1.4 3.2 14 

Seawater 1.025 ± 0.015 6.565 ± 0.346 4965 ± 0.064 5.4 19000 28 

Rainwater 0.907± 0.066 7.750 ± 0.212 9.000 ± 0.001 3.2 3  13 

 

 

Figure II-4: Assessment of the water absorption characteristics of DPFPs. 

 

Figure II-5: Water absorption evaluation of date palm fiber (DPF). 

II.4.1.2 Diffusion coefficient of DPFPs 

The primary function of the diffusion coefficient (D) lies in characterizing the capacity of 

water molecules to permeate and traverse the structure of bio composites. Consequently, the 

diffusion coefficient assumes a pivotal role in comprehending the absorption behavior exhibited 
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by bio composites[175, 176]. It is influenced by diverse factors, including the material's porosity, 

the characteristics of the matrix, and the type and alignment of reinforcing fibers. The 

determination of the diffusion coefficient contributes significantly to enhancing the design and 

performance of bio composite materials tailored for specific applications. This is particularly 

crucial in scenarios where water absorption can exert substantial impacts on both the structural 

integrity and overall functionality of the material, The diffusion coefficient is an important factor 

in Fick's law. By solving the diffusion equation, we get the following relation ( Equation II-3 

)[177]: 

 
Mt

Ms
=

4

h
√

Dt

π
 (II-3) 

The diffusion coefficient can be determined using Equation (II-4):  

 D = π(
kh

4M𝑠
)² (II-4) 

Here, k represents the initial slope observed in a plot of Mt against √t, Ms denotes the maximum 

weight gain, and h stands for the thickness of the sample. 

II.4.1.3 The porosity of natural fibers  

The porosity of natural fibers refers to the presence of voids or pores within their structure, 

with these spaces varying in size and being inherent to the porous nature of materials such as wood, 

bamboo, or plant fibers[178-180]. The role of the porosity of natural fibers is crucial in the water 

absorption behavior of bio composites, as these fibers can act as pathways for water, allowing 

moisture to penetrate into the structure of the bio composite[181]. A high porosity of natural fibers 

increases the water absorption capacity of the bio composite, which can be beneficial in certain 

applications where water absorption is desired, such as to improve fire resistance or in thermal 

insulation applications[182]. However, excessive porosity can lead to excessive water absorption, 

which may alter the mechanical properties of the bio composite and result in premature 

degradation[183]( refer to Figure II-6). The current investigation seeks to analyze and determine 

the porosity of palm fibers, intending to evaluate the extent to which these fibers influence the 

water absorption behavior of bio composites. 
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Figure II-6: Impact of water on the interface between fiber and matrix[131]. 

II.4.2 Drilling test  

II.4.2.1 Drilling procedure for DPFP40 

The drilling experiments were conducted utilizing a DOOSAN DNM 6700 universal CNC 

milling machine equipped with a spindle rotating at 8000 rpm and a feed speed ranging from 3.6 

to 1200 mm/rev (refer to Figure II-7). The sample developed was divided into three specimens 

measuring 80×55×8 mm³ each. Three distinct types of drill bits were employed: a high-speed steel 

drill bit with a TiN protective layer (HSS-TITAN), a carbide drill bit (HSS-CARBIDE), and a super 

high-speed steel drill bit (HSS-SUPER), all having a uniform diameter of 10 mm. 

Additionally, three spindle speeds (560, 1120, and 2240 rpm) and three feed speeds (40, 80, 

and 200 mm/min) were utilized, with cutting conditions summarized in Table II-3. The selection 

of these cutting parameters was informed by a comprehensive literature review, as outlined in 

Table II-4. Each drill was used to create nine holes per plate, resulting in a total of 27 holes drilled. 

The drilling took place under dry-cutting conditions, and the hole depth could reach up to 8 mm, 

corresponding to the sample thickness. 

The drilling process was programmed on a CNC machine using MasterCam software. 

Initially, two-dimensional parts (2D) were designed, which were then converted into three-

dimensional parts (3D), considering precise geometric dimensions. The center of the sample served 

as the reference point for drilling (hole center 2:2). The drill moved along the x-axis at a distance 

of 25 mm and along the y-axis at a distance of 15 mm in both positive and negative directions for 



Chapter II: Materials and Methods 

 

43 

 

each drilling center (refer to Figure II-8a) ranging from order 1:1 to 3:3 (9 holes) for the first plate, 

order 4:4 to 6:6 for the second plate, and order 7:7 to 9:9 for the third plate. Subsequently, separate 

operating conditions for spindle speed and feed were established for each hole, and the same 

process was iterated for all three drill bits (27 drilling operations). The entire procedure was 

executed in multiple stages, beginning with the selection of the machine type (default milling), 

followed by the choice of the path (drilling), and subsequent adjustments to working conditions for 

each drilling operation. Ultimately, G-code programs were automatically generated by the G-code 

generation module in MasterCam based on fundamental information about machining features, 

including basic dimensions and cutting specifications[184]. (Figure II-8c). The latter translates the 

part's geometry and cutting parameters into preparatory functions G and auxiliary functions M 

(such as G90 for absolute programming, G80 for cancelation of drilling cycles, G83 for Peck 

drilling cycle, M3 for spindle rotation clockwise, etc.), facilitating the implementation of 

manufacturing conditions by the CNC machine[185]. 

 

Figure II-7: Configuration for drilling of DPFP40 using the DOOSAN DNM 6700 CNC 

machine. 
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Table II-3: Machining conditions during drilling DPFP40.  

N° Factor Notation Unit Level 

    -1 0 +1 

A Spindle speed N tr/min 560 1120 2240 

B Feed rate ƒ mm/min 40 80 200 

C 
Drill material 

~ ~ T1: 

HSS TITAN 

T2: 

HSS CARBIDE 

T3: 

HSS SUPER 

    

   

Table II-4: Machining parameters available in the literature for drilling bio composites. 

Fiber % Matrix  Cutting parameters  Ref 

ƒ 

(mm/min) 

N 

(mm/min) 
Drill material 

d 

(mm) 

Hemp 52 Polyester 
 100,200, 

300 

1000, 

1500,2000 
Carbide drill 5 

 
[186] 

Bamboo 

and 

basalt 

~ Epoxy 

 0.08, 

0.125, 

0.20 

450,710, 

1120 

Standard twist 

drill-carbide 
6 

 

[187] 

Rice 

husk 
10 Polyester 

 
0.1, 0.15, 

0.2 

1500, 

2000,2500 

twist 118° drill, 

brad drill, 

endmill 

6 

 

[188] 

flax and 

Jute 

fabric 

~ Epoxy 

 0.01, 

0.015, 

0.020 

2500, 5000, 

7500 

HSS, HSS-TiN, 

WC 
4 

 

[189] 

Unidirect

ional jute 
30 

Polypropy

lene 

 0.1, 0.2, 

0.3 

600, 1260 

2700 
HSS, Co-HSS 

2,3, 

4 

 
[190] 

Glass-

sisal-jute 
~ Polyester 

 0.04, 

0.06, 0.08 

1000, 2000, 

3000 

Brad and spur, 

coated carbide 

6, 9, 

12 

 
[191] 

Palm 40 
iso-

polyester 
 

40, 

80,200 

560, 

1120,2240 

HSS-TITAN, 

HSS-

CARBIDE, 

HSS-SUPER 

10  Our work 
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Figure II-8: (a) A depiction revealing the locations of the holes, (b) the drilling simulation in 

MasterCam, and (c) the G-code program. 

II.4.2.2 Drilling procedure for PFPEs 

The PFPEs drilling procedure was executed utilizing a LEADWELL V-40 CNC machine, 

where the spindle operated at speeds ranging from 10 to 10,000 rpm, and a feed rate of 3.0 to 2000 

mm/min was maintained, employing 10 mm diameter drilling tools (HSS-SUPER). Various point 

angles (85°, 115°, and 135°), spindle speeds (500, 1000, and 1500 rpm), and feed rates (50, 100, 

and 150 mm/min) were employed. To ensure the production of high-quality holes, a specific 

approach was adopted. 

Initially, meticulous preparation of the CNC apparatus was carried out to ensure accurate 

installation and calibration. Following this, the drilling process was programmed utilizing 

MasterCam 2021 software. This involved defining the drilling trajectory, including the initiation 

and cessation points, drilling depths, as well as determining the spindle speed and feed rates 

required for each hole. The central reference point for drilling was established at the center of the 

sample. The drill bit was guided along the x-axis for 25 mm and along the y-axis for 25/2 mm in 

both positive and negative directions from the drilling center. Upon completion of the 

programming, a G-Code was generated. In the subsequent phase, the drill bits were securely affixed 

within the machine's tool holder, and the samples were firmly clamped onto the machine table 

using the screw clamping technique to minimize undesirable vibrations during the drilling 

process[192]. The executed G-Code initiated the drilling process, prompting the CNC machine to 

autonomously perform the designated drilling procedure according to the specified cutting 

parameters [184, 193, 194]. The drilling process underwent careful examination to identify any 

potential issues, such as excessive vibrations, chipping, or positional discrepancies. Finally, after 

completing the drilling process, the specimens were removed from the CNC machine, and a 
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comprehensive inspection of the drilled holes was conducted to verify their compliance with the 

prescribed specifications in terms of depth and diameter (refer to Figure II-9 and Table II-5). 

 

Figure II-9: Configuration of the drilling process using the LEADWELL V-40 CNC machine.  

 

Table II-5: The functions of the machining fixture. 

N° The functions of the machining fixture 

F1 The machining setup must allow compliance with the plan. 

F2 The machining setup must allow the part to be placed in an isostatic position. 

F3 The machining setup must allow the part to be maintained in isostatic position during 

machining. 

F4 The machining setup must allow the operator (user) to machine the part in complete 

safety. 

F5 The machining setup must be adapted to the machine tool used. 

F6 The machining fixture must resist the forces of the tool during cutting. 
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Table II-6: Representative specimens at the exit of holes (push out) after the drilling process. 
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3
5
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500 rpm 

   

1000 rpm 

   

1500 rpm 

   

II.4.2.3 Assessment of hole geometry 

II.4.2.3.1 Evaluation of delamination for drilled holes of DPFP40 

Delamination poses a significant challenge in achieving high-quality drilled holes in 

composite CRFNs. To assess the varying degrees of these defects resulting from hole 

manufacturing, post-drilling, the samples were subjected to microscopic examination to observe 

the damage incurred during the drilling process. The delamination factor at the exit of the drilled 

holes was determined using the free software Image J, as depicted in Figure II-10. This 

delamination factor is calculated as the ratio of diameters between the maximum delamination 

diameter (Dmax) and the drill diameter, expressed by the following equation II-5: 

 𝐹𝑑 =
𝐷𝑚𝑎𝑥

𝐷𝑑𝑟𝑖𝑙𝑙
  (II-5) 
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In this context, Dmax denotes the maximum damage diameter, while Ddrill refers to the drill 

diameter[195] . 

The delamination factor in this investigation is computed using the subsequent equation II-6: 

 𝐹𝑑 =
𝐴𝑚𝑎𝑥

𝐴𝑛𝑜𝑚
 (II-6) 

Here, Amax denotes the maximum damage area surrounding the periphery of the hole, while Anom 

represents the area associated with the actual hole[196]. 

 

Figure II-10: Quantification of the delamination factor utilizing Image J software. 

II.4.2.3.2 Evaluation of circularity and cylindricity for drilled holes of DPFP40 

Circularity and cylindricity are crucial geometric properties for perforations in bio 

composites, playing a significant role in the suitability, functionality, and overall effectiveness of 

bio composite components [197]. Consequently, this study emphasizes investigating these two 

parameters across the design, manufacturing, and quality assessment phases. A Coordinate 

Measuring Machine (CMM) employing a contact scanning technique was utilized to ascertain the 

values of these two parameters. 

Circularity holds paramount importance due to its potential impact on fit, functionality, and 

the structural integrity of components. Opting for circular apertures is generally preferred for 
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several compelling reasons. Firstly, circular perforations facilitate a more uniform distribution of 

stresses compared to irregularly shaped openings, thereby reducing the risk of stress concentration-

induced failures. Additionally, circular holes are often favored for their ease of manufacturing and 

ability to provide predictable performance characteristics, particularly in terms of fatigue 

resistance[198, 199]. The circularity values for the holes were obtained within a plane located 4 

mm away from the drill exit point (Figure II-11c). 

Similarly, maintaining cylindricity within holes is deemed essential due to its direct 

influence on achieving interference fits. Ensuring that apertures maintain a consistent diameter 

along their entire length is crucial to ensuring a precise match with mating components, thereby 

preventing undesirable outcomes such as loose connections and excessive friction. Furthermore, in 

fields where bio composites are utilized for fluid containment, meticulous adherence to 

cylindricality assumes critical importance as it acts as a barrier against leakage and inadvertent 

fluid seepage [200-202]. The cylindricity measurements were derived by averaging values obtained 

from scans conducted at three distinct plane levels, with a 2 mm separation between each level 

(Figure II-11d). 

 

Figure II-11: (a, b) CMM Machine, (c, d) plans for measuring circularity and cylindricity errors 

in holes drilled into DPFPs. 
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II.4.2.3.3 Evaluation of circularity and cylindricity for drilled holes of PFPEs 

The method used to assess circularity and cylindricity errors in holes drilled in PFPEs 

closely mirrored the procedure employed for DPFPs. These measurements were conducted at a 

comparable precision level. Specifically, circularity errors for PFPEs were evaluated within a plane 

positioned 5 mm from the drill entrance, while the average cylindrical errors were determined 

through scanning at three distinct levels, each separated by 2 mm. (Refer to Figure II-12) 

 

Figure II-12: (a, b) CMM Machine, (c, d) plans for measuring circularity and cylindricity errors 

in holes drilled into PFPEs. 

II.5 Methods  

Lately, the use of various methods of analysis and optimization has become essential in a 

wide range of studies. These methods are crucial for optimization as they enable the search for 

parameters or conditions that maximize or minimize a specific cost function or criterion, thereby 

improving the performance of the system or process. They are also pivotal in the field of modeling, 

where they are employed to develop mathematical or statistical models to represent and understand 

the relationships between variables in complex systems. Additionally, these methods are utilized 

to reduce data dimensionality, enhance performance, and make predictions using models to 
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anticipate future outcomes based on available data. Among the numerous methods commonly used 

in this field, such as linear regression, principal component analysis (PCA), finite element method 

(FEM), particle swarm optimization (PSO), genetic algorithm, sensitivity analysis, etc., the current 

focus is on three of the most significant methods in analysis and optimization: artificial neural 

networks (ANN), response surface methodology (RSM), and the Taguchi method. 

II.5.1 Artificial Neural Networks (ANN) 

The diagram depicted in Figure II-13 illustrates the modeling methodology and flowchart 

of an artificial neural network (ANN). This network comprises interconnected units referred to as 

artificial neurons, which consist of the input layer (referred to as Xi), the hidden layer (referred to 

as Hj, according to Equation II-7), and the output layer (referred to as Ok, according to Equation 

II-8), with each unit being assigned a distinct weight (wi). These units are connected through either 

mono-directional or bi-directional connectivity (wijXi, Hjwjk)[203, 204]. 

Input parameters encompass a time range (from 24 to 672 hours), types of liquids (Sea, 

Distilled, and Rainwater), and fiber rates (15%, 20%, and 27%), while output parameters involve 

the water uptake rate by DPFPs (Mass of DPFPs). Additionally, input parameters include feed rates 

(40, 80, and 200 mm/min), spindle speeds (560, 1120, and 2240 rpm), and drill bit materials (HSS-

TITAN, HSS-CARBIDE, and HSS-SUPER), with output parameters focusing on the delamination 

factor of drilled holes in DPFP40. Further input parameters consist of feed rates (50, 100, and 1500 

mm/min), spindle speeds (500, 1000, and 1500 rpm), and various drill bit angles (85°, 115°, and 

135°), while output parameters encompass circularity errors and cylindricity errors of drilled holes 

in PFPEs. 

The training dataset encompasses 70% of the entire data, with 107, 19, and 19 samples 

allocated for testing DPFPs, DPFP40, and PFPEs, respectively. In the data validation phase, 20% 

comprises 31 samples for DPFPs, and 15% includes 4 samples each for both DPFP40 and PFPEs. 

For the data test phase, 10% comprises 15 samples for DPFPs, while 15% includes 4 samples each 

for both DPFP40 and PFPEs. 

The Levenberg–Marquardt algorithm was employed to train the network, with 29 epochs 

utilized for the water uptake rate by DPFPs, 19 epochs for the delamination factor of DPFP40, and 

5 and 6 epochs for circularity errors and cylindricity errors of PFPEs, respectively, using separate 

training sets. The implementation of the ANN structure was carried out using MATLAB software. 
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 Hj = ƒ(∑ wijXi + θj) (II-7) 

 Ok = ∑ Hj wjk + bk (II-8) 

In the context of the network, Xi represents input layer, Hj represents hidden layer, Ok denotes the 

output layer, ƒ is the chosen activation function, wij signifies the weight between the ith input and 

the jth neuron in the hidden layer, wjk indicates the weight between the jth neuron in the hidden layer 

and the kth neuron in the output layer, and both θ and b stand for the bias parameters[205]
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Figure II-13: Diagram and flowchart of developed artificial neural network model. 
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II.5.2 Response Surface Methodology (RSM)  

Response surface methodology (RSM) stands as a robust statistical technique utilized for 

enhancing system response by constructing refined approximations of structural responses through 

result analysis, thereby exploring the correlation between input parameters and output responses 

[206, 207]. This method proves advantageous in scenarios where the relationship is intricate or 

nonlinear [208]. Its applications span various industries including chemical engineering, 

manufacturing, biotechnology, and pharmaceuticals. RSM finds utility in optimizing the 

production of intricate chemical compounds, enhancing efficiency in manufacturing processes, and 

refining the performance of medical devices [209]. 

In this investigation, a model with 10 specified points and 143 points indicating lack-of-fit 

(resulting in a total of 153 outcomes) was employed to examine the impact of three variables: time 

(ranging from 24 to 672 hours), liquid type (including distilled water, seawater, and rainwater), and 

fiber loading (at 15%, 20%, and 27%) on the response, which is the water uptake rate by DPFPs 

(Mass of DPFPs). For the study of three factors (spindle speed, feed rate, and drill materials) each 

having three levels as previously outlined in Table II-3, a model with 10 specified points and 17 

lack-of-fit points (resulting in 27 experimental runs) was used to analyze their influence on the 

response, specifically the delamination factor (Fd) of drilled holes of DPFP40. The data underwent 

Analysis of Variance (ANOVA), which dissects the overall observed variability in the response, 

isolating contributions from each factor along with their interactions[210]. 

RSM entails conducting a series of experiments guided by the principles of Design of 

Experiments (DOE) to methodically assess the impact of variables on the response variable. 

Additionally, RSM enables the estimation of optimal values for independent variables and the 

determination of their primary effects[211]. The data underwent Analysis of Variance (ANOVA), 

which dissects the overall observed variability in the response, isolating contributions from each 

factor along with their interactions. 

Equation II-9 illustrates the correlation between the input parameters and the corresponding 

responses. 

 𝑌 = 𝑓(𝑥1, 𝑥2, … 𝑥𝑛) + ɛ (II-9) 

The controllable variables are represented by (x1, x2 ... xn), while ε denotes the error detected in the 

response (Y)[212]. 

The relationship between the predictor variables and the response parameters is uncertain; it is 

approximately represented by a second-degree polynomial (Eq. II-10). 
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 𝑌 = 𝛽0 + ∑ 𝛽𝑖
𝑘
𝑖=1 𝑋𝑖 + ∑ 𝛽𝑖𝑖

𝑘
𝑖=1 𝑋𝑖

2 + ∑ ∑ 𝛽𝑖𝑗𝑋𝑖𝑋𝑗
𝑘
𝑗=2

𝑘−1
𝑖=1  (II-10) 

where i=1,2,3…, (k–1), and j=1,2,3…, k and i<j [213, 214]. 

II.5.3 Taguchi method 

Lately, the Taguchi method has gained widespread acceptance in various sectors, including 

automotive, aerospace, chemical industries, and environmental engineering[215-217]. Its 

significant effectiveness in promoting robust designs and improving both product and process 

performance has been instrumental in its extensive adoption. The method is acclaimed for its ability 

to enhance quality, reduce variability, and mitigate the impact of external factors on system 

dynamics[218, 219] . 

The Design of Experiments (DOE) was utilized to systematically investigate the effects of 

multiple factors, including feed rate, spindle speed, and drill bit point angles, as well as their 

interactions, on output variables such as circularity and cylindricity errors of PFPEs. This analysis 

was conducted using Minitab software version 21.2. An experimental design based on an L27 

(3^13) orthogonal matrix was chosen to address the study's requirements. This matrix enabled the 

examination of primary effects and lower-order interactions, necessitating a total of 27 

experimental runs [220]. 

The Taguchi method introduces the concept of utilizing the signal-to-noise ratio (S/N) as an 

indicator of system performance. This ratio evaluates the quality of a product or process by 

considering both the mean performance (signal) and the variance or noise associated with the 

performance [221, 222]. Within the Taguchi method framework, maximizing the S/N ratio is 

crucial for achieving an optimal and robust design that enhances desirable outcomes (signal) while 

minimizing undesirable outcomes (noise). Various forms of S/N ratios exist, each tailored to 

specific objectives, and the selection of the appropriate ratio depends on the characteristics of the 

response variable being analyzed [223-225]. The three primary types of S/N ratios are as follows: 

Larger is Better:  

 𝑆 𝑁⁄ = −10 ∙ log10 (
1

𝑛
∑ (

1

𝑦𝑖
2)𝑛

𝑖=1 ) (II-11) 

Nominal is Best:  

 𝑆 𝑁⁄ = −10 ∙ log10 (
1

𝑛
∑ (

1

(𝑦𝑖−𝑇)2)𝑛
𝑖=1 ) (II-12) 

Smaller is Better:  

 𝑆 𝑁⁄ = −10 ∙ log10 (
1

𝑛
∑ (𝑦𝑖

2)𝑛
𝑖=1 ) (II-13) 

In this context, yi signifies the performance observed in the ith experimental run, n denotes the total 

number of experiments, and T represents the target or desired value. 
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Considering the current experimental focus on minimizing circularity and cylindricity 

errors of PFPEs, the S/N ratio computation was conducted according to Equation II-13. 

II.6 Conclusion 

The second chapter encapsulates a wealth of critical information essential for understanding 

the development and evaluation of bio composites incorporating date palm fibers and Iso-polyester-

Epoxy resins. Key highlights from this chapter include: 

• Fiber Extraction: Detailed procedures for extracting fibers from date palm trees, 

emphasizing the importance of gentle handling to preserve fiber integrity. 

• Bio Composite Preparation: The fabrication of bio composites in various configurations, 

highlighting the matrix mass fractions and fiber reinforcements used in the study. 

• Absorption Behavior: Discussion on the porosity of natural fibers and its impact on water 

absorption in bio composites, emphasizing the role of porosity in influencing water 

absorption capacity and mechanical properties. 

• Drilling Behavior: the chapter  includes methodologies for evaluating the drilling behavior 

of the bio composites, assessing factors such as delamination factor, circularityt and 

cylindricity errors of drilled holes of DPFP40 and PFPEs 

• Analytical Techniques: Mention of analytical tools such as ANN,RSM,Taguchi methods 

for modeling and optimizing the properties of bio composites. 

In conclusion, the second chapter provides a comprehensive overview of the processes 

involved in creating and testing bio composites with date palm fibers and Iso-polyester resin. The 

chapter's emphasis on fiber extraction, composite preparation, absorption behavior, and analytical 

techniques underscores the meticulous approach taken to study the performance of these innovative 

materials. By integrating experimental methodologies with theoretical frameworks, this chapter 

lays a solid foundation for further exploration into the absorption and drilling behavior of bio 

composites, offering valuable insights for researchers and practitioners in the field of composite 

materials.
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III Chapter III: Absorption behavior of (Date Palm Fiber /Iso-Polyester) 

composites 

III.1 Introduction  

In the realm of bio-polymeric materials, a prevalent trait among many is their inherent 

hydrophilic nature. As such, a meticulous examination of the water absorption characteristics of 

bio-composites is imperative. This study delves into the comprehensive analysis of these 

properties, aiming to shed light on the intricate dynamics at play within these materials. Central to 

this investigation is the utilization of the water absorption test, a widely recognized methodology 

employed to gauge the extent of water uptake by a substance within a defined timeframe[226]. 

Through this exploration, we aim to unravel the nuances of water absorption behavior exhibited by 

the bio-composites under scrutiny, providing valuable insights into their suitability and 

performance across various applications. 

III.2 Assessment of the average mass gain 

The examination of average mass gain stands as a pivotal element offering invaluable 

insights into the water absorption tendencies of DPFPs. This scrutiny not only fosters a thorough 

comprehension of how these composites absorb water but also serves as a guiding instrument for 

devising tailored approaches to enhance their efficacy and utility. Through the optimization of 

water absorption properties, these composites hold promise for diverse applications across 

industries where meticulous control over water absorption behavior is paramount. 

Figure III-1 illustrates the progression of average mass gain over various immersion 

durations, regardless of fiber contents and water types. As depicted in the figure, the trend in 

average mass gain reveals a steady increase with prolonged immersion times, signifying the 

substantial influence of exposure duration on the water absorption behavior of DPFPs. 

Nevertheless, with continued extension of immersion times, the rate of mass gain begins to 

decelerate, eventually reaching a plateau. The saturation behavior, depicted in Figure I-1, implies 

that there exists a limit to the water absorption capacity of DPFPs. 
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 Figure III-1: The progression of average mass gain of DPFPs over immersion durations. 

Moreover, the examination of the variance in mass gain between successive immersion 

durations, depicted in Figure III-2, unveils a diminishing pattern with the augmentation of 

immersion time. This implies that the composites are nearing saturation, where the incremental 

mass gain between consecutive immersions diminishes progressively. The saturation trend, 

illustrated in Figure III-2, signifies that the composites have attained their peak water absorption 

capacity. 

 

 Figure III-2: Disparities in mass gain of DPFPs between every two successive immersion 

intervals. 
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The evolution of average mass gain with fiber content whatever the immersion times and 

the type of water, as illustrated in Figure III-3, shows that higher fiber contents result in greater 

mass gains. This indicates that the amount of fiber incorporated into the composites directly affects 

their water absorption behavior. Previous research has also identified a parallel trend, linking 

higher fiber content to a heightened water absorption rate[192]. This phenomenon is attributed to 

reduced adhesion between the fiber and matrix, as elucidated in[193], elucidating the underlying 

cause for this elevated water absorption rate. 

 

Figure III-3: The progression of average mass gain with varying fiber content. 

The fluctuation in average mass gain across different water types, irrespective of immersion 

durations and fiber contents, as portrayed in Figure III-4, implies that the choice of water source 

employed during the water absorption process influences the water absorption behavior of the 

composites. Distinct water sources such as distilled water, rainwater, and seawater exhibit diverse 

water absorption characteristics, resulting in varying levels of mass gain in the composites. A 

noteworthy observation highlights those fibers demonstrate the highest water absorption capacity 

in Rainwater, attributed to its elevated pH level, as indicated in Table II-2. In contrast, Seawater, 

characterized by its comparatively lower pH level, exhibited the lowest water absorption among 

the three types. 
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Figure III-4: The progression of average mass gain with varying water types. 

III.3 Assessment of Percentage Contribution 

The assessment of percentage contributions is pivotal for comprehending the significance 

of diverse factors in the water absorption process of DPFPs. Through the precise quantification of 

the individual and interactive impacts of fiber content, immersion time, and water type, researchers 

and engineers acquire valuable insights into the influence of these factors on mass gain. The 

percentage contribution serves as a definitive measure of the relative sway of each factor, 

facilitating well-informed decision-making during the design and fabrication phases of composites. 

This information aids in the selection of optimal fiber content, regulation of immersion time, and 

consideration of specific water types to attain desired water absorption characteristics. 

Furthermore, percentage contribution assists in discerning interactions between these factors, 

shedding light on combined effects that may contribute to determining water absorption behavior. 

In essence, a comprehensive understanding of percentage contribution enhances our capacity to 

optimize the properties and performance of DPFPs across various applications where water 

absorption behavior holds critical significance. 

Figure III-5 depicts the individual contributions of each factor to the mass gain observed 

in the water absorption process. Examination of the water absorption dynamics of DPFPs reveals 

the predominant role of fiber content (Fc), contributing approximately 96.61% to the overall mass 

gain. This underscores the critical importance of selecting an appropriate fiber content to achieve 

the desired water absorption properties. These findings align with previous studies emphasizing 

the significant influence of fiber content on water absorption properties[194, 227, 228]. An increase 

in the quantity of fiber corresponds to an elevated rate of water absorption[192, 229-231]. This 
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heightened water absorption rate is primarily attributed to reduced adhesion between the fiber and 

matrix[193]. The quantity of fiber employed significantly influences the mass gain during water 

absorption, rendering it a pivotal factor to consider in composite fabrication. 

On the other hand, the impacts of immersion time (T) and water type (W) are comparatively 

minimal, constituting approximately 2.11% and 1.28% respectively. Despite appearing less 

significant in comparison to the effect of fiber content, these contributions still provide meaningful 

insights into the water absorption characteristics of the composites[232]. The modest contribution 

of immersion time underscores its role in mass gain. Extended immersion periods lead to relatively 

lower mass gains, indicating that the duration of exposure has a diminishing influence on water 

retention properties compared to fiber content. 

 

Figure III-5: Separate contributions of factors to the mass gain in the water absorption process of 

DPFPs. 

Fine-tuning the immersion time continues to be crucial for customizing the composites for 

specific applications that demand precise water absorption properties. To ascertain the importance 

of immersion time in mass gain, additional statistical analysis is required, and this aspect will be 

thoroughly explored in the subsequent sections of this thesis. Further comprehensive statistical 

analysis will be undertaken in the upcoming sections of this thesis to determine the true significance 

of immersion time in relation to mass gain. 
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Similarly, the influence of water type suggests that the selection of a water source has a 

relatively marginal impact on the water absorption behavior of DPFPs. While varying water 

sources may result in slight differences in water absorption, the overall effect of water type is 

comparably smaller when contrasted with the influence of fiber content. Nevertheless, 

understanding these nuances can be pertinent for applications requiring precise control over water 

absorption properties. To discern the significance of water type in mass gain, additional statistical 

analysis is imperative, and this aspect will be thoroughly addressed in the subsequent sections of 

this thesis. 

When considering the interplay between these factors, the analysis of the water absorption 

process in DPFPs reveals notable distinctions. Figure III-6 illustrates the collaborative 

contributions of these factors to the mass gain in the water absorption process. 

 

Figure III-6: Collaborative impacts of factors on mass gain in the water absorption process of 

DPFPs. 

The interplay among factors, including the interactions between fiber content and 

immersion time (Fc×T), fiber content and water type (Fc×W), and immersion time and water type 

(T×W), collectively shapes the overall behavior of the composites. While their individual impacts 

may be modest, examining these interactions provides a comprehensive understanding of how 

multiple factors interact and influence the water absorption process. The percentage contribution 

of the interaction between fiber content and water type (Fc×W) exhibited a significant effect on the 

absorbed water percentage, followed by the interaction between immersion time and water type 

(T×W), and finally, the interaction between fiber content and immersion time (Fc×T). (Refer to 

Figure III-6) 
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III.4 Fickian Behavior 

Many bio-polymeric materials exhibit hydrophilic properties. Therefore, it is crucial to 

investigate the water absorption characteristics of the bio-composites prepared in this study. The 

water absorption test is a common method used to assess the amount of water absorbed by a 

substance over a specified period[226]. Figures III-7, III-8, and III-9 illustrates the weight gain 

evolution resulting from water absorption at room temperature (25°C) plotted against the square 

root of time for palm fiber composites with varying fiber loadings, ply stacking sequences, and 

densities. The density of 27 samples was measured, and the average density of three pieces for each 

composite type is presented in Table III-1. 

The water absorption characteristics of DPFPs are depicted in Figures III-7, III-8, and III-

9, where these Figures represent the ratio (Mt/Ms) plotted against the square root of time (√h). 

These graphs exhibit two distinct phases. The initial phase shows rapid linear absorption, resulting 

in ratios (Mt/Ms) exceeding 0.39, 0.50, 0.82 for seawater, and 0.40, 0.56, 0.73 for distilled water, 

and 0.37, 0.51, 0.63 for rainwater, with respective fiber contents of 15% (UD), 20% (C), and 27% 

(UD) during the initial 25 hours. In the subsequent phase, the rate (Mt/Ms) irregularly increases 

with time at a considerably slower pace compared to the first phase, eventually reaching a plateau 

indicative of water uptake equilibrium. These results suggest Fickian behavior. 

These findings indicate that composites with a higher proportion of natural fibers absorb 

more water as anticipated, compared to those with lower fiber content. Additionally, it was 

observed that composites featuring fibers arranged in unidirectional stacking sequences absorb 

more water than those with crisscross layers. This phenomenon is attributed to the presence of polar 

hydroxyl groups in the structure of cellulose fibers, hemicellulose, and lignin, which can form 

hydrogen bonds with water[233-236]. 
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Figure III-7: The Absorption behavior of Seawater by DPFPs as a function of the square root of 

time (√h). 

 

Figure III-8: The Absorption behavior of Distilled water by DPFPs as a function of the square 

root of time (√h). 
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Figure III-9: The Absorption behavior of Rainwater by DPFPs as a function of the square root of 

time (√h). 

Table III-1: Density of DPFPs. 

Material  Sample 

N° 

 

Density (g/cm³) Average 

density 

(g/cm³) 

Standard 

deviation 

(SD) 

Coefficient 

of variance 

(CV) Trial 1 Trial 2 Trial 3 

DPFP 1  SP1 1.216 1.207 1.040 1.154 0.099 0.086 

SP2 1.166 1.131 1.073 1.123 0.047 0.042 

SP3 1.137 1.041 0.998 1.059 0.071 0.067 

DPFP 2  SP4 1.150 1.120 1.112 1.127 0.020 0.018 

SP5 1.142 1.126 1.018 1.096 0.067 0.061 

SP6 1.131 1.207 0.957 1.098 0.128 0.117 

DPFP 3 SP7 1.013 0.941 0.965 0.973 0.037 0.038 

SP8 1.075 1.111 0.865 1.017 0.133 0.130 

SP9 1.123 1.065 0.851 1.013 0.143 0.141 

The absorption capacity of the date palm fiber (DPF) for the liquids under investigation is 

depicted in curves in Figure III-10a. Water absorption increases rapidly within the initial five 

hours, with the ratio (Mt/Ms) surpassing 0.70. Subsequently, the weight gain gradually rises until 

the fibers enter a relatively stable phase, typically after about 9 hours. Meanwhile, Figure III-10b 

illustrates the water absorption rate of the fibers alone, reaching 52.63% for seawater, 53.25% for 

distilled water, and 86.55% for rainwater after reaching saturation. These relatively high percentage 



Chapter III: Absorption behavior of (Date palm fiber /Iso-polyester) 

 

67 

 

values are primarily attributed to the physical composition of DPF, which aids in facilitating water 

diffusion compared to bio-composites. The water absorption rate of the "fiber alone" varies with 

the type of water. The lowest absorption rate was observed for fibers immersed in seawater, 

possibly due to salt particles hindering the free movement of water molecules, resulting in lower 

absorption compared to distilled water. Moreover, the presence of inert salt particles on the fiber 

contributes to reduced water absorption. Rainwater comprises various gases that can alter the 

water's pH level. Specifically, carbon dioxide induces mild acidity upon dissolution in rainwater. 

This slight acidity may create pathways within the fiber, thereby facilitating water absorption[237, 

238]. 

 

Figure III-10: Water absorption by various types of water by date palm fiber (DPF). 

III.5 Diffusion coefficient of DPFPs 

The diffusion coefficient values are presented in Table III-2 . Table III-2 represents the 

average of three measurements for each type of composite. The results indicate a significant 

variation in water diffusion parameters, primarily influenced by two factors: fiber content and the 

stacking sequence of plies in the bio composites. Concerning the first factor, a higher percentage 

of fibers resulted in a higher diffusion coefficient value, with D (DPFP 3_27%) being greater than 

D (DPFP 1_15%). Regarding the second factor, unidirectional stacking sequences allowed for 

greater water penetration compared to cross-stacking sequences, with D (UD_ DPFP 3) being 

greater than D (C_ DPFP 2). Additionally, it is important to note that the water diffusion coefficient 

values showed insignificant differences based on the type of liquid used. This phenomenon was 

attributed to the distinct physical and chemical compositions of each liquid. 
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Table III-2: Diffusion parameters for the DPFPs. 

Type of liquid Material K × 10-3 D × 10-6 (mm2/s) Mm (%) 

Seawater 

DPFP 1 1.8 2.20573 67 

DPFP 2 3.6 2.31613 120 

DPFP 3 4.0 3.99549 158 

Distilled water  

DPFP 1 1.7 2.1155 66 

DPFP 2 2.9 2.25995 110 

DPFP 3 3.2 3.74372 144 

Rainwater 

DPFP 1 1.6 2.11015 55 

DPFP 2 2.5 2.33936 100 

DPFP 3 2.9 3.53131 125 

III.6 Scanning electron microscopy analysis of date palm fibers (DPF) for the assessment of 

their porosity 

The images depicted in Figure III-11 were captured using the ESEM QUANTA 200 

environmental scanning electron microscope (SEM), offering a resolution of up to 3584 x 3094 

pixels. Figures III-11a, III-3b, and III-11c showcase cross-sections of an FPD composite with 

varying zoom levels. Conversely, Figures III-11d and III-11e display the cross-section of date 

palm fibers, highlighting details of their cells with distinct zoom levels. These images are 

invaluable for analyzing fiber morphology and measuring porosity. In this phase, ImageJ software 

was introduced and utilized to quantify the porosity of palm fibers, as illustrated in Figure III-11f. 

The micrograph of the FPD cross-section reveals the composition of numerous porous cells 

with a round and undulating shape. Notably, some centrally located cells exhibit significantly larger 

sizes compared to their surroundings, contributing to the overall porous nature of the fibers. Similar 

observations have been reported in other studies on date palm fibers by Kaddami et al[239]. and 

Amroune et al[240]. It's worth noting that the shape, volume, and location of these larger cells can 

vary even among fibers of the same origin and within the same species. 

 The identification of pores using Image J indicates that palm fibers exhibit significant 

porosity, with the measured porosity exceeding 51,130%. This validates the hypothesis proposed 

earlier in this study, suggesting that an increase in the volume fraction of fibers correlates with a 

higher porosity capacity. Consequently, this leads to an elevated absorption rate of the composite. 
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Figure III-11: (a), (b), and (c): Cross-sectional SEM images of DPFPs with varying zooms. (d) 

and (e): Cross-sectional SEM images of a palm fiber with different zooms. (f): Image J detection 

of pores in palm fiber. 

The findings of this investigation align with previous research, as demonstrated by Chen et 

al[241]. In their study, it was observed that longer soaking times and higher fiber loadings of rice 

husk resulted in increased water absorption and diffusion coefficients. Moreover, they determined 

the absorption rates for bio composites with fiber loadings of 40%, 60%, and 80% to be 6.331%, 

13.729%, and 18.974% for distilled water, and 5.772%, 11.028%, and 22.936% for seawater, 

respectively. Additionally, the diffusion coefficient values were found to be 1.668, 3.467, and 

42.540 ×10-13 m2/s for distilled water, and 1.683, 2.221, and 23.692×10-13 m2/s for seawater. 

Similarly, in a related study by Sair et al[242], which focused on the mechanical and thermal 

conductivity properties of hemp fiber-reinforced polyurethane composites, they found that the 

absorption rates were 28.98% for 5% PU and 64.3% for PU30%. The diffusion coefficient values 

were determined to be 1.47 × 10-5 mm2/s and 7.45 × 10-5 mm2/s, respectively. Their results 

indicated that the water absorption rate of polyurethane composites increased with higher hemp 

fiber content, leading to the conclusion that the water uptake rate of polyurethane composites 

escalates with increasing hemp fiber content. Furthermore, Sodoke et al [243] conducted a study 

estimating the diffusion coefficient to be 3.98 ± 0.120×10-6 mm2/s and the upper limit of humidity 

to be 25.68 ± 1.36%. The rapid increase in water uptake was primarily attributed to the substantial 

fiber proportion (68.07%) and inherent gaps in the material. 
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III.7 conclusion 

In conclusion, the chapter on the absorption behavior of (Date palm fiber /Iso-polyester) 

composites provides valuable insights into the intricate dynamics of water absorption in bio-

composites. The study highlights the Fickian behavior of bio-polymeric materials and emphasizes 

the significance of understanding water absorption characteristics for composite design and 

application. Key findings include the critical role of fiber content in mass gain, the impact of 

immersion time on water absorption properties, and the influence of water type on composite 

behavior. Optimization of fiber content is crucial for enhancing water absorption properties, while 

considering the interplay between fiber content, immersion time, and water type is essential for 

tailoring composite performance. By providing a comprehensive analysis of the absorption 

behavior of (Date palm fiber /Iso-polyester) composites, the chapter offers valuable insights for 

optimizing the performance and application of these materials in various industries. 
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IV Chapter IV: Drilling behavior of DPFP40, PFPEs 

IV.1 Introduction  

The fourth chapter delves into the intricacies of drilling of DPFP40,PFPEs composites . 

This chapter serves as an in-depth exploration of machining performance, parameter optimization, 

and the critical factors influencing the quality of machined features in natural fiber-reinforced 

materials. Through a detailed analysis of key parameters affecting drilling performance and the 

importance of selecting optimal parameters, this chapter illuminates the challenges associated with 

achieving high-quality machined features. Additionally, the discussion on the impact of feed rate, 

spindle speed, drill bit materials, and drill bit point angles on hole quality, alongside the utilization 

of advanced tools and methodologies for parameter optimization, provides valuable insights into 

enhancing drilling processes. Visual aids such as Ishikawa diagrams are utilized to visually 

represent the multifaceted variables affecting machining quality, offering a comprehensive 

understanding of the complexities and considerations involved in drilling DPFP40 and PFPEs. In 

summary, Chapter IV presents a thorough examination of drilling behavior in biocomposites, 

offering a pathway toward improved drilling processes and superior quality of machined features 

in natural fiber-reinforced materials. 

IV.2 Machining performance of bio composites 

The machining performance of composites reinforced with natural fibers involves a 

nuanced interplay between fiber characteristics, matrix properties, and machining processes. The 

heterogeneous nature of natural fibers, including variations in length, diameter, and alignment, 

introduces challenges during machining. Fiber orientation significantly impacts the cutting forces 

and tool wear, with machining across the fibers being particularly sensitive to potential issues like 

fiber pullout and delamination. The type of natural fiber used, such as flax or hemp, introduces 

variability in mechanical properties, affecting the overall machinability of the composite[244]. 

The choice of matrix material is critical. Thermosetting resins, like epoxy, may require 

different machining strategies compared to thermoplastics such as polypropylene. The curing 

behavior of thermosetting matrices adds complexity, influencing cutting speeds and tool selection. 

Natural fiber composites can be abrasive, necessitating the use of robust tools, possibly with 

diamond or carbide coatings, to withstand wear[245]. 

Optimizing cutting parameters becomes crucial for achieving a balance between material 

removal rates and minimizing heat generation. Excessive heat can impact the resin matrix and 
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compromise the integrity of the fibers. Cooling and lubrication strategies play a vital role in 

dissipating heat and reducing thermal damage. 

Tool wear, an inherent challenge in machining composites, requires continuous monitoring. 

Wear patterns can vary based on the abrasive nature of natural fibers and the matrix material. The 

consideration of tool life is essential for maintaining machining efficiency and achieving desired 

surface finishes[246]. 

Post-machining processes contribute to the final quality of the product. Sanding and coating 

may be necessary to address surface irregularities and enhance the aesthetic and functional aspects 

of the machined components. Achieving a balance between machining efficiency and product 

quality requires a comprehensive understanding of the composite's composition, coupled with 

meticulous planning and optimization of machining parameters. Successful machining of natural 

fiber composites demands a holistic approach that considers the intricacies of the material system, 

the chosen machining method, and the desired properties of the final product.  

Holes can be generated through machining methods like drilling[247, 248] or non-

machining methods like punching[249]. In their review, Ramnath et al[250] identified key 

parameters affecting machining performance, including cutting speed, feed rate, and depth of cut. 

Nassar et al[251] outlined numerous factors influencing machined features' quality, offering a 

guideline for parameter selection, especially in drilling, using the fishbone diagram method. 

Another approach involves enhancing machining performance to minimize waste during 

production. For instance, when drilling holes in composite panels, it is crucial to use optimal 

parameters to reduce rejection, typically referring to significant damage around the machined holes, 

known as delamination. Delaminated holes can compromise the structure during application. To 

mitigate this, Madhavan et al[252] and Turki et al[253] proposed optimal machining parameters. 

Similarly, Zain et al[254] investigated the impact of die clearance and puncher profile on 

delamination in the punching process. Babu et al[255] recommended optimal milling parameters 

to enhance surface quality. Ismail et al[256] explored the effects of drilling parameters, such as 

feed rate, thrust force, and cutting speed, on the types of chips formed in hole drilling, 

demonstrating that higher feed rates and cutting speeds produce wider, longer, lighter, and more 

ribbon-like hybrid fiber-reinforced polymer (HFRP) chips. Powdery or dusty, smaller, and darker 

chips are observed with converse conditions in carbon fiber-reinforced polymer (CFRP). These 

chip characteristics result in lower surface roughness for CFRP and reduced delamination and drill 

wear for HFRP[257]. 
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The presence of moisture from coolants or lubricants used during machining composite 

panels may impact material integrity[258]. For this reason, Josyula et al[259] enhanced the 

machinability of metal-based composites (MMCs) by introducing pressurized liquid nitrogen 

(LN2) as a substitute for conventional coolant. LN2 was found to reduce surface roughness, tool 

wear, cutting temperatures, and built-up edge formation, while being harmless and environmentally 

friendly. 

Numerous studies emphasize optimizing machining parameters, such as feed rate, cutting 

speed, and thrust force, by observing factors like hole diameter, chip formation, delamination, and 

surface roughness. Research suggests that minimal surface roughness and delamination are 

associated with a low feed rate, moderate-to-high cutting speed, and a small drill diameter[260, 

261]. 

In the context of energy optimization for machining, minimizing torque and thrust force is 

essential. Therefore, Ramesh et al[191] and Debnath et al[262] recommend a combination of low 

feed, high spindle speed, and a parabolic drill. Ghalme et al [263] discovered that for milling glass 

fiber-reinforced polymer (GFRP), speed is the most influential parameter on surface roughness, 

aligning with similar findings in Meena and Kumar[264] and Panduranguda et al[265]. Various 

tools and methods, such as the Taguchi Method[266], grey-fuzzy algorithm[267], and neural 

network[268, 269] , have been developed and employed for determining optimal parameters. 

Figure IV-1 visually presents the variables influencing the quality of machined features in 

Natural Fiber Reinforced Composites (NFRCs). Meanwhile, Figure IV-2 (thesis focus) visually 

represents the phenomenon of delamination, circularity, and cylindricity errors. 
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Figure IV-1: Ishikawa diagram of variables that impact the quality of machined features in Natural Fiber Reinforced Composites (NFRCs).

 

Figure IV-2: Ishikawa diagram of variables that impact the delamination and the circularity and cylindricity errors of DPFP40, PFPEs.
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IV.3 Drilling of DPFP40 

IV.3.1 Delamination  

The samples were drilled using the specified cutting conditions. Delamination factors were 

compared for all the drilled holes. Table IV -1 compiles the averages of three distinct delamination 

factor values for each hole in the DPFP40, considering various spindle speeds, feed rates, and drill 

materials. 

Table IV -1 validates that cutting parameters significantly influence delamination factor 

values. It was observed that the feed rate has a more pronounced effect compared to the spindle 

speed. Increasing the feed rate resulted in higher delamination factor values, whereas increasing 

the cutting speed reduced this factor. For the DPFP40 drilled with the HSS-TITAN drill, the 

delamination factor value at a feed rate of 40 mm/min was reduced by approximately 29% 

compared to a 200 mm/min feed rate. Similarly, at a spindle speed of 2240 rpm, the delamination 

factor value decreased by approximately 22% compared to a spindle speed of 560 rpm. 

Additionally, it was observed that the drill materials also play a significant role in 

determining the delamination factor value. The study revealed that the uncoated drill (HSS-

SUPER) caused less delamination compared to the TITAN and CARBIDE-coated HSS drills. For 

the DPFP40 drilled with the HSS-SUPER drill, the delamination factor value at a feed rate of 40 

mm/min and a spindle speed of 560 rpm was reduced by approximately 19% compared to the 

DPFP40 drilled with the HSS-TITAN drill, and approximately 38% compared to the DPFP40 

drilled with the HSS-CARBIDE drill. These findings suggest that the optimal cutting parameters 

are as follows: spindle speed = 2240 rpm, feed rate = 40 mm/min, and drill materials = HSS-

SUPER. While the most unfavorable hole quality was obtained with the HSS-CARBIDE drill, with 

a spindle speed of 560 rpm and a feed rate of 200 mm/min (refer to Figure IV -3). 

The findings from this study align closely with earlier research, such as the results reported 

by Zohir et al[270], where they discovered that the lowest delamination occurred at the lowest and 

highest values of cutting feed rate and speed (ƒ=51.162 mm/min, N=1397.54 rpm, respectively) 

for HSS-TiN. Similarly, Lotfi et al[271] observed that increasing the spindle speed reduced the size 

of delamination in drilled holes, while higher feed rates resulted in a significant increase in the 

delamination factor. They found that optimal hole quality was achieved with samples drilled at a 

spindle speed and feed rate of 3000 rpm and 0.11 mm/rev, respectively. In another investigation 

by Senol Bayraktar[272], the same observations regarding cutting conditions were noted. 

Additionally, the results indicated that uncoated drills caused less delamination compared to TiN 

and TiAlN-coated HSS drills under the same cutting conditions. 
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Table IV-1: Entrance (Peel-up) and exit (Push-down) of the drilled holes under various drilling 

conditions for "HSS TITAN / 10mm." 

No. Code 
Drill entrance 

(Peel-up) 

Drill exit 

(Push-down) 
Drilling condition 

Delamination 

factor, Fd 

    
N 

(rpm) 

ƒ 

(mm/min) 
 

1 1:1 

  

560 40 1.37 

2 2:1 

  

1120 40 1.31 

3 3:1 

  

2240 40 1.07 

4 1:2 

  

560 80 1.87 

5 2:2 

  

1120 80 1.57 

6 3:2 

  

2240 80 1.21 

7 1:3 

  

560 200 1.91 

8 2:3 

 

 

1120 200 1.64 

9 3:3 

  

2240 200 1.43 
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Table IV-1: (Continued). “HSS CARBIDE / 10 mm”. 

No. Code 
Drill entrance 

(Peel-up) 

Drill exit 

(Push-down) 
Drilling Condition 

Delamination 

factor, Fd 

    N (rpm) ƒ(mm/min)  

10 4:4 

  

560 40 1.78 

11 5:4 

  

1120 40 1.52 

12 6:4 

  

2240 40 1.11 

13 4:5 

  

560 80 1.90 

14 5:5 

  

1120 80 1.68 

15 6:5 

  

2240 80 1.24 

16 4:6 

  

560 200 1.98 

17 5:6 

  

1120 200 1.84 

18 6:6 

  

2240 200 1.54 

 



Chapter IV: Drilling behavior of DPFP40, PFPEs 

79 

 

Table IV-1: (Continued). “HSS SUPER / 10 mm”. 

No. Code 
Drill entrance 

(Peel-up) 

Drill exit 

(Push-down) 
Drilling condition 

Delamination 

factor, Fd 

    N (rpm) ƒ(mm/min)  

19 7:7 

  

560 40 1.11 

20 8:7 

  

1120 40 1.09 

21 9:7 

  

2240 40 1.02 

22 7:8 

  

560 80 1.26 

23 8:8 

  

1120 80 1.14 

24 9:8 

  

2240 80 1.09 

25 7:9 

  

560 200 1.33 

26 8:9 

  

1120 200 1.17 

27 9:9 

  

2240 200 1.14 



Chapter IV: Drilling behavior of DPFP40, PFPEs 

80 

 

 

Figure IV-3: (a), (b) the lowest hole quality, and (c), (d) the highest hole quality. 

IV.3.2 Circularity and cylindricity measurements for DPFP40 holes 

Figure IV-4 illustrates the circularity and cylindricity errors of the drilled holes using the 

tools involved in this study, considering various feed rates and spindle speeds (refer to Table IV-

2) The findings indicate that variations in the feed rate had a more significant impact compared to 

changes in spindle speed, a trend consistent with previous research by Koklu et al[273]. Their study 

demonstrated that hole circularity at the top was notably affected by the feed rate, which increased 

as the feed rate increased, leading to a degradation of circularity and cylindricity. 

The increase in feed rate necessitates a greater pushing force, contributing to elevated 

temperatures in the cutting zone, and leading to chip adhesion to the drill bit[274, 275]. Moreover, 

holes drilled using coated tools (T1 and T2) exhibited fewer deviations and errors compared to the 

uncoated tool (T3). Figure IV-5 visually depicts the condition of the drills after completing the 

drilling process, indicating that chips tend to adhere to the drill body due to heat generated from 

various sources, such as tool/chip and tool/part interaction and heat-induced by fracture zones[276]. 

Lower adhesion observed with tools T1 and T2 suggests that accurate holes are generated compared 

to T3, where chip adherence to the drill body affects hole accuracy. 

These findings underscore that the tools coated with thinner layers result in holes drilled 

with higher accuracy[277, 278]. The optimal cutting parameters for achieving better circularity are 

a spindle speed of 1120 rpm, a feed rate of 80 mm/min, and drill material of HSS-TITAN. For 
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improved cylindricity, the recommended parameters are a spindle speed of 560 rpm, a feed rate of 

80 mm/min, and a drill material of HSS-CARBIDE. 

 

Figure IV-4: Circularity and cylindrical errors for tools T1, T2, and T3 as a function of (a) and 

(c): feed rate, (b) and (d): spindle speed. 

 

Figure IV-5: Chip adhesion on the drill bits. a) T1: HSS-TITAN, b) T2: HSS-CARBIDE and c) 

HSS-SUPER.  
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Table IV-2: Circularity and cylindricity error data for DPFP40 holes drilled using "HSS TITAN / 

10 mm" tools. 

No. Code Drilling Condition Circularity 
pat-

downs 
Cylindricity 

pat-

downs 

  
N 

(rpm) 

ƒ 

(mm/min) 
    

1 1:1 560 40 

 

134 

 

384 

2 2:1 1120 40 

 

162 

 

361 

3 3:1 2240 40 

 

134 

 

399 

4 1:2 560 80 

 

120  377 

5 2:2 1120 80 

 

124 

 

391 

6 3:2 2240 80 

 

129 

 

387 

7 1:3 560 200 

 

135 

 

403 

8 2:3 1120 200 

 

134 

 

398 

9 3:3 2240 200 

 

114 

 

331 
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Table IV-2: (Continued). “HSS CARBIDE / 10 mm”. 

No. Code Drilling Condition Circularity 
pat-

downs 
Cylindricity 

pat-

downs 

  
N 

(rpm) 

ƒ 

(mm/min) 
 

 

 
  

10 4:4 560 40 

 

127 

 

387 

11 5:4 1120 40 

 

133 

 

348 

12 6:4 2240 40 

 

124 

 

402 

13 4:5 560 80 

 

132 

 

390 

14 5:5 1120 80 

 

129 

 

364 

15 6:5 2240 80 

 

128 

 

392 

16 4:6 560 200 

 

134 

 

403 

17 5:6 1120 200 

 

134 

 

397 

18 6:6 2240 200 

 

134 

 

392 
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Table IV-2: (Continued). “HSS SUPER / 10 mm”. 

No. Code Drilling Condition Circularity 
pat-

downs 
Cylindricity 

pat-

downs 

  
N 

(rpm) 

ƒ 

(mm/min) 
 

 

 
  

19 7:7 560 40 

 

127 

 

387 

20 8:7 1120 40 

 

133 

 

348 

21 9:7 2240 40 

 

124 

 

402 

22 7:8 560 80 

 

132 

 

390 

23 8:8 1120 80 

 

129 

 

364 

24 9:8 2240 80 

 

128 

 

392 

25 7:9 560 200 

 

134 

 

403 

26 8:9 1120 200 

 

134 

 

397 

27 9:9 2240 200  134 

 

392 
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IV.4 Drilling of PFPEs 

IV.4.1 Circularity and cylindricity measurements for PFPEs holes 

Table IV-3 illustrates the variations in circularity and cylindricity errors observed during 

the drilling operation of PFPEs, contingent upon the feed rate and different spindle speeds utilized 

in this research. The results demonstrate that at a spindle speed of 500 rpm, the circularity error 

reaches 0.1807, which experiences a notable decrease of 58.32% at 1000 rpm, reaching 0.0753. 

This reduction can be attributed to the increased spindle speed leading to a decrease in drilling 

force, consequently minimizing the formation of burrs and contributing to an improvement in the 

circularity of the drilled holes[279, 280]. Conversely, circularity responds inversely to the feed rate 

variable: at 50 mm/min, the circularity error is 0.1105, but it increases by 80.18% at 100 mm/min, 

reaching 0.1991. The drill bit point angle also significantly influences circularity, with the 115° 

HSS-SUPER drill bit outperforming the 85° and 135° counterparts, yielding values of 0.1108, 

0.1554, and 0.2204, respectively. 

In terms of cylindricity errors, it demonstrates a linear response to both spindle speed and 

feed rate. This indicates that an increase in cylindricity values corresponds directly to increases in 

both spindle speed and feed rate. At a spindle speed of 1000 rpm, cylindricity errors are recorded 

at 0.1861, which rise by 51.07% at 1500 rpm, reaching 0.2811. This phenomenon can be attributed 

to the misalignment of holes and indentations resulting from the uneven distribution of palm fiber 

powder. This imbalance becomes more pronounced at higher spindle speeds, leading to an increase 

in cylindrical error[281]. Similarly, at a feed rate of 100 mm/min, cylindricity errors measure 

0.1323, but they experience an 23.28% increase at 150 mm/min, reaching 0.1631. The drill point 

angle also influences cylindricity, with the 85° drill showing inferior performance compared to the 

115° and 135° drills. For instance, at 1500 rpm and a feed rate of 50 mm/min, cylindricity errors 

are 0.2082 for the 85° drill, while they decrease to 0.1895 and 0.1323 for the 135° and 115° drills, 

respectively. 
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Table IV-3: Experimental outcomes for the circularity and cylindricity errors of the holes drilled 

in PFPEs under diverse cutting conditions. 

N°   Drilling Condition  circularity errors  cylindricity errors 

 
Feed 

rate 

Spindle 

speed 

Point angles of 

the drill bits 
  

1  

50 

 

500 

H
S

S
-S

U
P

E
R

 8
5
° 

0.1105 0.1247 

2 1000 0.1992 0.1861 

3 1500 0.2367 0.2811 

4  

100 

 

500 0.1991 0.1699 

5 1000 0.2204 0.2082 

6 1500 0.2091 0.2040 

7  

150 

 

500 0.1779 0.2106 

8 1000 0.2087 0.2055 

9 1500 0.1328 0.1840 

10  

50 

 

500 

H
S

S
-S

U
P

E
R

 1
5
5
° 

0.1807 0.2028 

11 1000 0.0753 0.0928 

12 1500  0.1288 0.2315 

13 

100 

500  0.0346 0.0356 

14 1000 0.1108 0.1323 

15 1500 0.1147 0.1723 

16 

150 

500 0.1239 0.1607 

17 1000 0.1198 0.1631 

18 1500 0.1280 0.1503 

19  

50 

 

500 

H
S

S
-S

U
P

E
R

 1
3
5
° 

0.2095 0.2662 

20 1000 0.1682 0.1872 

21 1500 0.1940 0.2085 

22  

100 

 

500 0.0900 0.1021 

23 1000 0.1554 0.1895 

24 1500 0.1447 0.1768 

25  

150 

 

500 0.1803 0.2051 

26 1000 0.0986 0.1299 

27 1500 0.1037 0.1404 
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The optimal quality of the drilled holes in PFPEs was attained using an HSS-SUPER drill 

with a 115°-point angle, operating at a spindle speed of 500 rpm and a feed rate of 100 mm/min 

(shown in Figures IV-6a and IV-6b). Conversely, the least desirable hole quality was observed 

when employing an HSS-SUPER drill with an 85°-point angle, at a spindle speed of 1500 rpm and 

a feed rate of 50 mm/min (depicted in Figures IV-6c and IV-6d). 

 

Figure IV-6: (a), (b) Best value Circularity and Cylindricity errors of PFPEs (hole of specimen 

13), and (c), (d) Worst value Circularity and Cylindricity errors of PFPEs (hole of specimen 03). 

The findings of this study are consistent with previous research, exemplified by the work 

of Farzad et al[282]. They extensively investigated the effect of drilling parameters on hole 

geometry and circularity in a composite material consisting of walnut shell powder and 

polyethylene. Their findings revealed a direct relationship between increasing spindle speed and a 

decrease in circularity error, accompanied by an increase in cylindricity error for the drilled holes. 

Specifically, at a spindle speed of 1100 rpm, the circularity error was 0.014, while the cylindricity 

error was 0.007. Conversely, at 1400 rpm, the circularity error decreased to 0.009, while the 

cylindricity error increased to 0.012. Moreover, an increase in feed rate led to a simultaneous 

increase in both circularity and cylindricity errors. For example, at a feed rate of 20 mm/min, the 

circularity error was 0.014, and the cylindricity error was 0.007. At 100 mm/min, the circularity 

error decreased to 0.0018, while the cylindricity error increased to 0.0019. In another study, 

Krishnamurthy et al[283]. Aimed to optimize machining parameters for drilling CFRP composites. 

Their results indicated that lower feed rates, higher spindle speeds, and shallower drill point angles 

contribute to improved surface quality. Additionally, Rubio et al[284]. Examined the influence of 

feed rate, spindle speed, and drill point angle on thrust force and circularity error during the drilling 

of unreinforced and reinforced polyamide. Their findings suggested a significant effect of drill 

point angle on both thrust force and circularity error, with these parameters reaching their minimum 

values at the highest drill point angle of 130° and the lowest drill point angle of 85°, respectively. 



Chapter IV: Drilling behavior of DPFP40, PFPEs 

88 

 

IV.5 Conclusion  

In summary, the fourth chapter of the thesis investigating the drilling behavior of DPFP40 

and PFPEs in biocomposites has yielded noteworthy insights and key discoveries. The study 

revealed that the optimal quality of drilled holes in DPFP40, as determined by the delamination 

factor, was achieved using an HSS-SUPER drill bit operated at a spindle speed of 2240 rpm and a 

feed rate of 40 mm/min. Conversely, the least favorable hole quality was observed when employing 

an HSS-CARBIDE drill bit at a spindle speed of 560 rpm and a feed rate of 200 mm/min. Moreover, 

for enhanced circularity of the drilled holes of DPFP40, the recommended cutting parameters 

include a spindle speed of 1120 rpm, a feed rate of 80 mm/min, and an HSS-TITAN drill material, 

while for improved cylindricity, the suggested parameters are a spindle speed of 560 rpm, a feed 

rate of 80 mm/min, and an HSS-CARBIDE drill material. Similarly, in PFPEs, the optimal quality 

of drilled holes was achieved using an HSS-SUPER drill with a 115° point angle, operating at a 

spindle speed of 500 rpm and a feed rate of 100 mm/min. Conversely, the least desirable hole 

quality was observed with an HSS-SUPER drill featuring an 85° point angle, at a spindle speed of 

1500 rpm and a feed rate of 50 mm/min. 

These findings highlight the critical importance of selecting appropriate drilling parameters 

to enhance the quality of machined features in natural fiber-reinforced materials. Overall, Chapter 

IV underscores the significance of parameter optimization and the selection of suitable drilling 

tools in achieving superior quality machined features in biocomposites. By understanding and 

implementing the optimal parameters identified in this study, manufacturers and researchers can 

improve drilling processes, minimize waste production, and enhance the overall quality of 

machined features in biocomposites. 
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V Chapter V: Analysis, optimization and modeling of outcomes   

V.1 Introduction  

The concluding chapter of the thesis extensively examines the detailed analysis, 

optimization, and modeling of the absorption behavior of DPFPs, as well as the drilling behavior 

of DPFO40 and PFPEs. This section employs sophisticated methodologies such as Artificial Neural 

Networks (ANN) and Response Surface Methodology (RSM) to forecast and refine the absorption 

properties of DPFPs and the drilling behavior of DPFP40. Furthermore, it utilizes ANN and the 

Taguchi method to predict and enhance the drilling behavior of PFPEs. Through regression 

analysis, error histograms, and a comparative assessment of experimental and predicted values, 

this chapter offers valuable insights into the accuracy and reliability of the developed models. 

Moreover, it discusses the research findings in relation to prior studies, underscoring the 

consistency and significance of the outcomes. In essence, this chapter provides a comprehensive 

exploration of modeling and optimizing the absorption behavior of DPFPs, along with DPFP40 

and PFPEs drilling behavior, showcasing the potential of advanced techniques in predicting and 

improving material properties. 

V.2 Optimization and modelization of absorption behavior of DPFPs using ANN and RSM 

V.2.1 ANN 

Mean Squared Error (MSE) and regression analysis were employed to evaluate the precision 

of the fit. An MSE value below 0.001 is considered acceptable, thus, a lower MSE value indicates 

higher accuracy in the predictions[285]. Figures V-1 and V-2, along with Table V-1, demonstrate 

that MSE values are notably low, approximately 1.20×10-4 for training, 1.38×10-4 for validation, 

and 7.04×10-4 for tests. Furthermore, the correlation coefficient "R" values for the training, 

validation, and test datasets all exceed 0.99 across all studied samples. Figure V-3b and Table V-

2 provide a comparison between the actual experimental data for the average mass of DPFPs and 

the expected values generated by the ANN model, as well as the residual between them. The 

maximum mass values after the saturation phase are summarized in Table V-2. In Figure V-3a, 

all 153 average mass values from the initial to the final measurement are depicted, illustrating the 

proximity between the experimental and expected data with minimal error deviation, estimated at 

an average value of 3×10-5. Consequently, based on these findings, it can be inferred that the 

optimized ANN model exhibits favorable and high accuracy. 
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Figure V-1: MSE of network data with increasing epoch. 

 

Figure V-2: Regression analysis of the ANN model. 
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Figure V-3: a) Experimental and predicted values from the ANN model, b) Graphical 

representation of errors from the ANN model using a histogram. 

Table V-1: Performance evaluation of the ANN architecture. 

Materials Data used Sample 

( weight) 

MSE×10-4 R2 

DPFPs  

Training  107 1.20369    0. 999908   

Validation 31 1.38922   0. 999889 

Testing 15 7.04631      0.999582 

Table V-2: Analysis of process parameter effects on the absorption responses of DPFPs. 

N
° 

E
x
p

er
ie

n
ce

 Input  Output 

Type of liquid 
Fiber 

content 
Exp ANN 

Error 

E-P 
RMSE R² 

% Error 

E−P/ 

E× 100 

 

          

1 Seawater 15%  4.7483 4.7456 0.0028 0.0063 0.9998 0.0585 

2 Seawater 20%  6.6553 6.6487 0.0066 0.0123 0.9945 0.0989 

3 Seawater 27%  5.3537 5.3559 -0.0023 0.0143 0.9931 -0.0425 

          

4 Distilled water 15%  4.6262 4.6416 -0.0154 0.0075 0.9950 -0.3330 

5 Distilled water 20%  6.3490 6.3438 0.0052 0.0109 0.9924 0.0825 

6 Distilled water 27%  5.0121 5.0125 -0.0005 0.0137 0.9847 -0.0090 

          

7 Rainwater 15%  4.5233 4.5540 -0.0307 0.0109 0.9883 -0.6789 

8 Rainwater 20%  6.1770 6.1728 0.0042 0.0059 0.9973 0.0678 

9 Rainwater 27%  4.6140 4.6210 -0.0070 0.0192 0.9706 -0.1522 
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𝑀𝑆𝐸 =
1

n
∑ |(𝑌p,i − 𝑌e,i)²|n

i=1   (V-1) 

 𝑅𝑀𝑆𝐸 = √
∑ (𝑌𝑝,𝑖−𝑌𝑒,𝑖)²𝑛

𝑖=1 

𝑛
 (V-2) 

 𝑅² = 1 −
∑ (𝑌𝑝,𝑖

𝑛
𝑖=1 −𝑌𝑒,𝑖)²

∑ (𝑌𝑝,𝑖
𝑛
𝑖=1 −𝑌𝑒)²

 (V-3) 

MSE represents the mean square error, RMSE is the square root of the MSE, and R² stands for the 

coefficient of determination. The variables Ye,i and Yp,i denote the experimental and predicted 

corresponding data, respectively. Ye represents the mean value of the experimental data, and n 

represents the number of experimental runs[286-289]. 

V.2.2 RSM  

In this experiment, the RSM design was employed to construct a quadratic model consisting 

of 153 trials. The "optimal design" approach was applied to assess the influence of three variables 

“Levels Factors =33” (Time: 24 to 672h, Fiber rate: 15,20, and 27%, and type of liquids: Sea, Distilled, 

and Rain water) with varied tiers on the DPFPs mass responses by manipulating the input factors 

during the absorption process of the bio composites. The algebraic expression for the quadratic 

regression, which correlates the DPFPs mass with the three aforementioned factors, is presented in 

Table V-3. This equation was derived using Design Expert software, which recommends the use 

of quadratic models. 

The outcomes of the ANOVA model are detailed in Table V-4. The R² and adjusted R² 

coefficients for the Mass of DPFPs are 99.63% and 99.61%, respectively, indicating an excellent 

alignment between responses and factors. The regression model is statistically significant, with a 

P-value less than 0.0001. The linear coefficients A, B, and C, along with the quadratic term 

coefficients B×C, A×A, and B×B, exhibit significant impacts on the Mass of DPFPs, as evidenced 

by their substantial F-value and small P-value. The F-value is utilized to identify and assess the 

relative impact of different factors; a higher F-value and lower P-value signify a greater influence 

on the response of the process[290]. 

From the data in Table V-4, it can be deduced that the most influential variable affecting 

the Mass of DPFPs in the engineered bio composites is the Type of liquids, with an F-value of 

2195.14, followed by fiber rate with a value of 1116.01, and time with a value of 617.40. Another 

crucial coefficient is the predicted R², which has a high value of 99.57%, signifying a robust 

association between the anticipated and actual values, as demonstrated in Figure V-5. 

All 153 average mass values of DPFPs are depicted in Figure V -5. The data indicates that 

the measured and anticipated values are very similar, with a slim differential of error and a high R² 
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coefficient of 99.63%, 99.52%, and 99.80% for seawater, distilled water, and rainwater, 

respectively. Therefore, based on these results, it can be inferred that the optimized RSM model is 

accurate and reliable. 

Figure V-4a illustrates the relationship between predicted and experimental results for the 

DPFPs mass. The results demonstrate substantial agreement with the regression model, as the 

anticipated and experimental values align statistically with a confidence level of 99.63%. In Figure 

V-4b, the normal probability curve of the residuals for DPFPs mass is presented. The residuals 

predominantly follow a linear pattern, indicating a favorable distribution of errors. These 

observations imply that the quadratic model is statistically significant in analyzing DPFPs mass, 

and there is no evidence of any violation in the assumptions of independence or constant 

variance[291, 292]. 

Table V-3: Algebraic model representing the DPFPs mass obtained through the RSM approach. 

RSM output Algebraic Model 

Mass of DPFPs 

-15.23627 + 0.001480×Time + 1.99773×Fiber rate + 0.301623×Type of 

liquids + 8.57385×10-6× Time×Fiber rate - 0.000081× Time×Type of 

liquids - 0.020600×Fiber rate×Type of liquids - 1.45041×10-06×Time2 -

0.045988× Fiber rate ² - 0.019289× Type of liquids² 

Table V-4: ANOVA for the Quadratic Model of DPFPs Mass. 

Source Sum Of 

Squares 

Df Mean Square F-Value P-Value 
 

Model 96.41 9 10.71 4295.75 < 0.0001 significant 

A-Time 1.54 1 1.54 617.40 < 0.0001 
 

B-Fiber Rate 2.78 1 2.78 1116.01 < 0.0001 
 

C-Type of Liquids 5.47 1 5.47 2195.14 < 0.0001 
 

AB 0.0118 1 0.0118 4.71 0.0316 
 

AC 0.0286 1 0.0286 11.49 0.0009 
 

BC 1.05 1 1.05 420.41 < 0.0001 
 

A² 0.3915 1 0.3915 157.00 < 0.0001 
 

B² 87.28 1 87.28 34998.22 < 0.0001 
 

C² 0.0127 1 0.0127 5.07 0.0258 
 

Residual 0.3566 143 0.0025 
   

Cor Total 96.77 152 
    

d. Dev. 0.0499 
 

R² 99.63% 

Mean 5.22 
 

Adjusted R² 99.61% 

C.V. % 0.9572 
 

Predicted R² 99.57% 
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Figure V-4: a) A comparison between anticipated and actual values for DPFPs mass. b) The 

normal probability distribution of deviations in DPFPs mass. 

 

Figure V-5: Comparison between observed experimental values and predicted values from the 

RSM model. 
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Figure V-6 illustrates 3D surface plots depicting the Mass of DPFPs concerning different 

types of liquids, varied Fiber rates, and diverse times. These surface plots can aid in forecasting the 

absorption rate analysis at any point within the experimental zone. Figures V-6a, V-6b, and V-6c 

demonstrate the variation in the Mass of DPFPs concerning Time. The absorption rate rises with 

an increase in the immersion time of the bio composites in liquids. For instance, the Mass of DPFPs, 

with 15% fiber reinforcement and immersed in seawater for 24 hours, is estimated at 4.439g. 

Contrastingly, it reaches a higher estimated value of 4.804 g after 670 hours under the same 

conditions of liquid type and fiber rate. Meanwhile, Figures V-6d, V-6e, and V-6f reveal that the 

fiber content and the arrangement of fiber layers significantly impact the absorption rate. For 

instance, the absorption rate peaks at 12.30% for the bio composite immersed in seawater for 24 

hours with a 15% fiber content, compared to the bio composite with a 27% fiber content. This 

percentage reaches a maximum of approximately 41.30% for the bio composite with a 20% fiber 

content under the same immersion conditions. On the other hand, Figures V-6g, V-6h, and V-6i 

highlight the substantial effect of different types of liquids on the absorption rate. For instance, the 

absorption rate for bio composites with 15% fiber reinforcement, immersed in seawater for 24 

hours, is estimated at 38.60%. This percentage increases to an estimated rate of 42.10% when the 

same bio composite is immersed in distilled water. 
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Figure V-6: 3D surface plots illustrating the Mass of DPFPs as a function of Time, Fiber rate, 

and Type of liquids (water): (a) 24h, (b) 336h, and (c) 672h, (d) 15%, (e) 20%, and (f) 27%, (g) 

Seawater, (h) Distilled water, and (i) Rainwater. 

These findings are in accordance with the observations reported by Makhlouf et al[293].  In 

their study on the water sorption behavior of bio composites (HDPE/%JF), absorption experiments 

were conducted by immersing the bio composite samples in distilled water at 24°C for several days 

until the water uptake rate stabilized. The researchers noted a direct correlation between the amount 

of jute filler in the samples, the duration of immersion, and the amount of water absorbed. They 

observed that the absorption rate was initially rapid, reaching saturation after approximately 120 

hours of immersion. Similar observations were reported by Lekrine et al[294]. In their investigation 

of water absorption behavior and bio-composite kinetics. They immersed HDPE matrices 

reinforced with varying contents of Washingtonia filifera (WF) fibers (10%, 20%, and 30%) in 
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distilled water at 25°C. The study, which analyzed the RSM model to assess the impact of WF fiber 

content and immersion time on water absorption in HDPE/WF bio composites, found that the water 

absorption process followed the Fickian diffusion mode, and the addition of WF fibers to the HDPE 

matrix reduced diffusivity. The results indicated that the most favorable conditions for achieving 

the highest absorption were a fiber rate of 29.88% and a submersion period of 751 hours. 

V.3 Optimization and modelization of drilling behavior of DPFP40 using ANN and RSM 

V.3.1 ANN 

Figures Figure V-7a and Figure V-8, along with Table V-6, highlight the exceptional 

values of MSE, approximately 1.04×10-7 for training, 1.09×10-4 for validation, and 2.51×10-4 for 

testing, alongside correlation coefficient “R” values exceeding 0.98 for training, validation, and 

testing datasets. Furthermore, Table V-5 and Figure V-7b present the comparison between 

experimental and expected values for ANN regarding the delamination factor, revealing closely 

aligned values with minimal deviation error, averaging at 4.3×10-4. These findings are consistent 

with the outcomes of Tabet et al[270], who investigated the impact of drilling parameters on 

delamination damage in a bio sandwich structure, highlighting the effectiveness of ANN models 

developed for HSS drills TiN and BSD as predictive tools for the delamination factor. 

 

Figure V-7: a) MSE of network data, b) Error histogram of ANN model. 
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Figure V-8: ANN model regression analysis. 
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Table V-5: Experimental and predicted outcomes using ANN for the delamination factor of 

DPFP40. 

N°  Input variables  Output variables 

 ƒ (mm/min) N (rpm) Drill materials 

 

Fd 

     EXP ANN Error 

1  560 40 

H
S

S
-T

IT
A

N
 

1.37 1.36 -0.006 

2  1120 40  1.31 1.31 0.001 

3  2240 40  1.07 1.05 -0.019 

4  560 80  1.87 1.87 0.002 

5  1120 80  1.57 1.61 0.047 

6  2240 80  1.21 1.21 0.004 

7  560 200  1.91 1.88 -0.022 

8  1120 200  1.64 1.62 -0.014 

9  2240 200  1.43 1.42 -0.005 

10  560 40 
H

S
S

 –
C

A
R

B
ID

E
 

 1.78 1.79 0.011 

11  1120 40  1.52 1.52 0.001 

12  2240 40  1.11 1.10 -0.003 

13  560 80  1.90 1.88 -0.013 

14  1120 80  1.68 1.67 -0.008 

15  2240 80  1.24 1.24 0.008 

16  560 200  1.98 2.03 0.051 

17  1120 200  1.84 1.9 0.140 

18  2240 200  1.54 1.54 0.006 

19  560 40 

H
S

S
-S

U
P

E
R

 

 1.11 1.08 -0.027 

20  1120 40  1.09 1.09 0.005 

21  2240 40  1.02 1.00 -0.012 

22  560 80  1.26 1.30 0.040 

23  1120 80  1.14 1.16 0.020 

24  2240 80  1.09 1.10 0.016 

25  560 200  1.33 1.31 -0.015 

26  1120 200  1.17 1.17 0.001 

27  2240 200  1.14 1.09 -0.042 

 

Table V-6: Performance of ANN Architecture. 

Materials Data used Sample MSE R2 

DPFP40 

Training 19 1.04731×10-7 0.999999 

Validation 41 1.09879×10-4 0.996943 

Testing 20 2.51005×10-4 0.987593 

V.3.2 RSM 

Table V-7 displays the output parameters, specifically the delamination factor (Fd), for the 

drills utilized in this study (HSS-TITAN, HSS-CARBIDE, and HSS-SUPER) across various 

machining conditions. The experimental setup employed the RSM design to construct a quadratic 

model, comprising 27 trials. These outcomes were derived from an optimal design aimed at 
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investigating the impact of three factors (feed rate, spindle speed, and drill material) with three 

levels on the delamination factor (Fd) responses. The mathematical equation representing the 

second-order regression for the delamination factor concerning these factors is outlined in Table 

V-8. This equation was generated using the Design Expert software, which advocates quadratic 

models for such analyses. 

Table V-7: Experimental and predicted outcomes using RSM for the delamination factor of 

DPFP40. 

N° Test   Input variables 

 

Output variables 

 
 ƒ (mm/min) N (rpm) Drill materials Fd 

  EXP RSM Error 

1  560 40 
  

 

H
S

S
-T

IT
A

N
 

    

 1.37 1.56 -0.19 

2  1120 40  1.31 1.33 -0.01 

3  2240 40  1.07 0.97 0.10 

4  560 80  1.87 1.76 0.11 

5  1120 80  1.57 1.53 0.04 

6  2240 80  1.21 1.18 0.03 

7  560 200  1.91 1.94 -0.03 

8  1120 200  1.64 1.72 -0.09 

9  2240 200  1.43 1.4 0.04 

10  560 40 

H
S

S
-C

A
R

B
ID

E
 

 1.78 1.67 0.11 

11  1120 40  1.52 1.49 0.03 

12  2240 40  1.11 1.24 -0.13 

13  560 80  1.90 1.84 0.06 

14  1120 80  1.68 1.66 0.02 

15  2240 80  1.24 1.42 -0.18 

16  560 200  1.98 1.94 0.04 

17  1120 200  1.84 1.77 0.06 

18  2240 200  1.54 1.56 -0.01 

19  560 40 

H
S

S
-S

U
P

E
R

 

 1.11 1.17 -0.06 

20  1120 40  1.09 1.05 0.04 

21  2240 40  1.02 0.91 0.11 

22  560 80  1.26 1.31 -0.05 

23  1120 80  1.14 1.19 -0.05 

24  2240 80  1.09 1.06 0.02 

25  560 200  1.33 1.33 0.01 

26  1120 200  1.17 1.22 -0.05 

27  2240 200  1.14 1.11 0.03 
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Table V-8: A mathematical model for the delamination factor of DPFP40 using the RSM method. 

RSM 

response 

 Mathematical model 

Fd 

0.8687 - 0.0006 × A + 0.0082 × B + 0.9935 × C + 1.5894×10-7 × AB + 

9.7861×10-5 × AC - 0.0007 × BC + 5.640910-8 × A2 - 2.1566×10-5 × B2 - 0.3035 

× C2 

Table V-9 presents the outcomes of the quadratic ANOVA model for delamination. The R2 

coefficient and adjusted R2 coefficient associated with delamination are 93.09% and 89.43%, 

respectively. This indicates a strong alignment between the regression model and the factors 

influencing delamination. The model is statistically significant, as the P-value for the model is 

below 0.0001. Moreover, the linear coefficients A, B, and C, along with the quadratic term 

coefficient C×C, exhibit significant effects on delamination, evident from their substantial F-values 

and small P-values. The F-value provides qualitative insights into the relative effects of factors, 

with larger values and smaller P-values indicating greater significance in influencing the process 

response[295]. From the data presented in Table V-9, it can be inferred that spindle speed is the 

most crucial variable affecting the delamination factor in the engineered bio composites, 

accounting for 69.13%. Following this, drill material contributes by 47.95%, and feed rate by 

37.25%. Another noteworthy coefficient is the predicted R², known as the coefficient of 

determination in the ANOVA tables, with a high value of 82.44%, indicating a robust correlation 

between experimental and predicted values. 

Table V-9: ANOVA for the Quadratic Model of DPFP40 delamination. 

Source Sum of 

squares 

Df Mean 

square 

F-value P-value Remarks 

Model 2.32 9 0.2581 25.43 <.0001 significant 

A-Spindle speed 0.7017 1 0.7017 69.13 <.0001 
 

B-Feed rate 0.3781 1 0.3781 37.25 <.0001 
 

C-Drill materials 0.4866 1 0.4866 47.95 <.0001 
 

AB 0.0015 1 0.0015 0.1515 0.7019 
 

AC 0.0841 1 0.0841 8.29 0.0104 
 

BC 0.0420 1 0.0420 4.14 0.0579 
 

A² 0.0072 1 0.0072 0.7136 0.4100 
 

B² 0.0593 1 0.0593 5.85 0.0271 
 

C² 0.5530 1 0.5530 54.48 <.0001 
 

Residual 0.1725 17 0.0101 
   

Cor Total 2.50 26 
    

Std. Dev. 0.1007    R² 93.09% 

Mean 1.42    Adjusted R² 89.43% 

C.V. % 7.10    Predicted R² 82.44% 
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Figure V-9a illustrates the correlation between predicted and experimental outcomes for 

the delamination of the DPFP40 produced in this study using the T1, T2, and T3 drills. The obtained 

results demonstrate a satisfactory agreement with the regression model, as the predicted values 

align statistically with the experimental values at a confidence level of 82.44%. In Figure V-9b, 

the normal probability curve of delamination residuals (Fd) is presented. The residuals exhibit a 

generally linear distribution, indicating a favorable error distribution. These findings affirm that 

the quadratic model is statistically significant for delamination analysis, and there is no indication 

of a violation of the assumptions of independence or constant variance[292, 296, 297]. 

 

Figure V-9: a) Predicted vs. actual values and b) Normal probability distribution of the Fd 

residuals of DPFP40. 

Figures V-10 and V-11 depict 3D contour and surface plots illustrating delamination (Fd) 

in the DPFP40, showcasing its relationship with the feed rate across various spindle speeds for 

different drill materials. These plots serve as valuable tools for predicting delamination analysis 

across the experimental spectrum. The results indicate that when utilizing the HSS-TITAN tool, 

delamination remains below 1.0 within a feed rate range of 40 to 50 mm/min and spindle speeds 

of 2000 to 2240 rpm. However, delamination exceeds 1.8 at feed rates between 120 and 160 

mm/min, along with spindle speeds ranging from 560 to 980 rpm (Figure V-10a). Similarly, for 

the HSS-CARBIDE tool, delamination surpasses 1.8 within a feed rate range of 120 to 160 mm/min 

and spindle speeds between 560 and 1050 rpm, while it remains below 1.4 at feed rates of 40 to 60 

mm/min and spindle speeds ranging from 560 to 980 rpm (Figure V-10b). Regarding the HSS-

SUPER tool, delamination stays below 1.0 for feed rates between 40 and 50 mm/min, coupled with 
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spindle speeds of 1400 to 1820 rpm. However, it exceeds 1.3 within a feed rate range of 120 to 160 

mm/min and spindle speeds between 560 and 1000 rpm (Figure V-10c). 

The delamination factor exhibits a notable increase with escalating feed rate, as evidenced 

in Figures V-11a, V-11b, and V-11c. This cutting condition exerts a significant influence on the 

delamination factor. Conversely, Figures V-11d, V-11e, and V-11f distinctly demonstrate a 

decrease in the delamination factor with rising spindle speed. Additionally, Figures V-11g, V-11h, 

and V-11i elucidate the impact of drill material and feed rate on Fd across three constant spindle 

speed  values. It was observed that when drilling with the HSS-CARBIDE drill under the same 

cutting conditions (feed rate of 40 mm/min and spindle speed of 560 rpm), the delamination factor 

exhibited a higher value compared to the utilization of the other two drills (Fd (HSS-CARBIDE) = 

1.78, exceeding Fd (HSS-TITAN) = 1.37 and Fd (HSS-SUPER) = 1.11). These findings align 

closely with those reported in the studies conducted by Kant et al[298], which assessed the 

mechanical properties and delamination factor of polymer composites reinforced with cellulose 

fibers (nettle), and Belaadi et al[299], who investigated the mechanical and drilling performance 

of bio composite polymers reinforced with short jute fibers. 
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Figure V-10: Representation of response surfaces of Fd data of DPFP40 versus ƒ, N, and drill 

materials: a) HSS TITAN, b) HSS CARBIDE, and c) HSS SUPER, d) 40mm/min, e) 80mm/min, 

f) 200 mm/min, g) 560 rpm, h) 1120 rpm, i) 2240 rpm. 
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Figure V-11: 3D surface plots of Fd data of DPFP40 versus ƒ, N, and drill materials: a) HSS-

TITAN, b) HSS-CARBIDE, and c) HSS-SUPER, d) 40mm/min, e) 80mm/min, f) 200 mm/min, 

g) 560 rpm, h) 1120 rpm, i) 2240 rpm. 
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V.4 Optimization and modelization of drilling behavior of PFPEs using ANN and Taguchi 

V.4.1 ANN 

In this study, a neural network was constructed with three input layers consisting of spindle 

speed, feed rate, and various drill bit point angles, along with ten hidden layers and two output 

layers. The primary objective of the network is to predict the circularity and cylindricity errors of 

the drilled holes in PFPEs. The determination of the number of neurons in the hidden layers relies 

on minimizing the error with an increasing number of hidden nodes[300, 301]. The training of the 

artificial neural network (ANN) model utilized the Levenberg–Marquardt algorithm, which 

combines the principles of the quasi-Newton algorithm and steepest descent backpropagation. This 

algorithm was specifically tailored for solving nonlinear least squares problems and curve fitting. 

Neural network modeling provides a powerful methodology, allowing for the emulation of the 

behavior of various nonlinear processes[302]. The accuracy of the ANN model's predictions is 

evaluated using mean squared error (MSE) and regression analysis. A lower MSE value indicates 

higher prediction accuracy, typically set at < 0.001 for acceptance. Analysis of Figure V-12 and 

Table V-10 indicates that the MSE values are very low, approximately 1.70×10-4 and 1.85×10-4 for 

training, 2.38×10-4 and 2.27×10-4 for validation, and 6.03×10-4 and 9.08×10-4 for tests related to 

circularity and cylindricity errors, respectively. The correlation coefficient "R" for the training, 

validation, and test datasets ranges between 0.89 and 0.99 for all studied samples, except for the 

cylindricity test dataset, where R= 0.47446. Consequently, the developed ANN models 

demonstrate a robust ability to effectively interpret data, serving as efficient tools for predicting 

the circularity and cylindricity errors of holes. 
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Figure V-12: ANN outcomes. 
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Table V-10: ANN structure performance. 

Material Data used samples MSE R 

PFPEs 

 

Circularity errors   

Training  

 

 

19 

 

 

1.70359 ×10-4    

 

 

0. 95754  

Validation 04 2.38122 ×10-4  0. 98952 

Testing 

 

Cylindricity errors 

04 6.02630 ×10-4      0.99043 

Training  19 1.85369 ×10-4    0. 89712   

Validation 04 2.26902 ×10-4   0. 99376 

Testing 04 9.07521 ×10-4      0.47446 
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Table V-11: Experimental and predictive outcomes for the circularity and cylindricity errors of the holes drilled in PFPEs under diverse cutting 

conditions. 

N
° 

 Input variables    Output variables 

 Circularity errors 

 

Cylindricity errors 

Feed rate 

(mm/min) 

Spindle speed 

(rpm) 

Drill 

bit 
EXP ANN Err_ANN Taguchi Err_Taguchi S/N ratios EXP ANN Err Taguchi Err_Taguchi S/N ratios 

1 

50  

500  

H
S

S
-S

U
P

E
R

 8
5

° 

0.1105 0.0936 0.0169 0.1613 -0.0508 19.133  0.1247 0.131 -0.006 0.1793 -0.0546 18.083 

2 1000  0.1992 0.1987 0.0005 0.1834 0.0158 14.014 0.1861 0.180 0.006 0.1664 0.0197 14.605 

3 1500  0.2367 0.2338 0.0029 0.2017 0.0350 12.516 0.2811 0.253 0.028 0.2462 0.0349 11.023 

4 

100  

500  0.1991 0.1959 0.0032 0.1546 0.0445 14.019 0.1699 0.164 0.006 0.1240 0.0459 15.396 

5 1000  0.2204 0.2232 -0.0028 0.2503 -0.0299 13.136 0.2082 0.200 0.008 0.2278 -0.0196 13.630 

6 1500  0.2091 0.2095 -0.0004 0.2237 -0.0146 13.593 0.2040 0.230 -0.026 0.2303 -0.0263 13.807 

7 

150  

500  0.1779 0.1747 0.0032 0.1716 0.0063 14.997 0.2106 0.190 0.020 0.2019 0.0087 13.531 

8 1000  0.2087 0.2163 -0.0076 0.1946 0.0141 13.610 0.2055 0.215 -0.010 0.2056 -0.0001 13.744 

9 1500  0.1328 0.1401 -0.0073 0.1532 -0.0204 17.536 0.1840 0.131 0.053 0.1925 -0.0085 14.704 

10 

50  

500  

H
S

S
-S

U
P

E
R

 1
1
5

° 

0.1807 0.1689 0.0118 0.1333 0.0474 14.861 0.2028 0.204 -0.001 0.1704 0.0324 13.859 

11 1000  0.0753 0.0618 0.0135 0.0973 -0.0220 22.464 0.0928 0.137 -0.044 0.1223 -0.0295 20.649 

12 1500  0.1288 0.1361 -0.0073 0.1541 -0.0253 17.802 0.2315 0.234 -0.003 0.2344 -0.0029 12.709 

13 

100  

500  0.0346 0.0548 -0.0202 0.0577 -0.0231 29.219 0.0356 0.081 -0.046 0.0561 -0.0205 28.971 

14 1000  0.1108 0.1191 -0.0083 0.0953 0.0155 19.109 0.1323 0.130 0.002 0.1247 0.0076 17.569 

15 1500  0.1147 0.1029 0.0118 0.1071 0.0076 18.809 0.1723 0.137 0.036 0.1594 0.0129 15.274 

16 

150  

500  0.1239 0.1246 -0.0007 0.1482 -0.0243 18.139 0.1607 0.198 -0.038 0.1726 -0.0119 15.880 

17 1000  0.1198 0.1169 0.0029 0.1132 0.0066 18.431 0.1631 0.158 0.005 0.1412 0.0219 15.751 

18 1500  0.1280 0.1271 0.0009 0.1102 0.0178 17.856 0.1503 0.149 0.001 0.1603 -0.0100 16.461 

19 

50  

500  

H
S

S
-S

U
P

E
R

 1
3
5

° 

0.2095 0.2081 0.0014 0.2061 0.0034 13.576 0.2662 0.244 0.023 0.2440 0.0222 11.496 

20 1000  0.1682 0.1600 0.0082 0.1620 0.0062 15.484 0.1872 0.195 -0.008 0.1774 0.0098 14.554 

21 1500  0.1940 0.1936 0.0004 0.2036 -0.0096 14.244 0.2085 0.213 -0.004 0.2405 -0.0320 13.618 

22 

100  

500  0.0900 0.1018 -0.0118 0.1114 -0.0214 20.915 0.1021 0.101 0.001 0.1275 -0.0254 19.820 

23 1000  0.1554 0.1402 0.0152 0.1410 0.0144 16.171 0.1895 0.183 0.006 0.1775 0.0120 14.448 

24 1500  0.1447 0.1707 -0.0260 0.1377 0.0070 16.791 0.1768 0.166 0.010 0.1633 0.0135 15.050 

25 

150  

500  0.1803 0.1880 -0.0077 0.1623 0.0180 14.880 0.2051 0.216 -0.011 0.2018 0.0033 13.761 

26 1000  0.0986 0.1015 -0.0029 0.1192 -0.0206 20.123 0.1299 0.168 -0.038 0.1517 -0.0218 17.728 

27 1500  0.1037 0.0563 0.0474 0.1011 0.0026 19.684 0.1404 0.143 -0.003 0.1219 0.0185 17.053 
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V.4.2 Taguchi  

Figure V-13 illustrates the primary influence of means and S/N ratios on circularity and 

cylindricity errors concerning feed rate, spindle speed, and drill bit point angles. Analysis of  

Figure V-13 and Table V-11 indicates that the factors of feed rate and drill bit point angles have 

a more significant impact compared to the spindle speed factor. The slope below the levels of each 

factor signifies the effects on the machining process response[303, 304]. As discussed previously 

in the context of the Taguchi method. Highlighting the importance of maximizing the signal-to-

noise ratio (S/N) for an optimal and robust design, it is notable that circularity and cylindricity 

errors peak at a feed rate of 50 mm/min, spindle speed of 1500 rpm, and drill bit angle of 85°. The 

corresponding minimum S/N ratios are estimated at 12.516 and 11.0228 for circularity and 

cylindricity errors, respectively. Conversely, the lowest values for circularity and cylindricity errors 

are observed at a feed rate of 100 mm/min, spindle speed of 500 rpm, and drill bit angle of 115°, 

with maximum S/N ratios estimated at 29.2185 and 28.971, respectively. 

 

Figure V-13: The main effect for means and S/N ratios for circularity and cylindricity error of 

PFPEs. 
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Figure V-14 presents residual plots for means and S/N ratios in relation to circularity and 

cylindricity errors as functions of input parameters. The alignment of points along a straight line in 

these plots validates the normal distribution of residuals for all output parameters, consistent with 

the indications from Normal Probability Plots. Analyzing the histogram of residuals provides 

insights into the overall characteristics of the data, encompassing typical values and spread[305]. 

It was noted that circularity errors show a milder deviation compared to cylindricity errors. The 

presence of long tails in the plot suggests notable skewness in the data. 

 Versus Fits Plots revealed that the percent deviation ranged between -0.025% and +0.025% 

for both circularity and cylindricity errors. Some outliers reached a percentage deviation of 

±0.05%. In an ideally constructed experimental design, residual plots would display a random 

distribution of points around zero[306, 307]. Circularity and cylindricity errors exhibit a positive 

correlation, as most residues share the same sign. Analysis of residuals against control order plots 

during 27 runs, a method that serves as a tool for discerning the characteristics of errors (random 

or non-random), unveils subtle and closely grouped fluctuations in the signs of successive 

residuals, suggesting a positive relationship. In the context of circularity and cylindricity errors, 

there was a dispersion of positive residuals prevailing over negative residuals, signifying the non-

random nature of the errors. 

 Figure V-15 presents the Interaction plot depicting means and S/N ratios for circularity and 

cylindricity errors. It provides insights into the relationships among different input parameters and 

their impact on the output response. Nonparallel lines on the plot suggest a significant interaction 

between the factors[308, 309]. Specifically, for circularity errors, the interaction effect is notable 

for the feed rate and point angles of drill bits, as evidenced by nonparallel lines. Conversely, for 

the spindle speed factor, the interaction effect is relatively lower, as indicated by the lines appearing 

near parallel (refer to Figure V-16a). In terms of cylindricity errors, the spindle speed factor exerts 

the most significant influence on the response values, followed by the feed rate factor and 

subsequently the point angles of the drill bits, respectively (refer to Figure V-16b). 

A predictive regression model is developed by integrating statistically significant main 

effects and interactions, with the aim of forecasting circularity and cylindricity errors within the 

specified factor ranges. The estimated coefficients derived from factorial analysis are utilized in 

constructing the regression model for output parameters in coded variables, as depicted in Table 

V-12. 

The ANOVA model results are presented in Table V-13, revealing R² coefficients of 

78.33% and 79.22% for circularity and cylindricity errors of PFPEs, respectively. These 
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coefficients suggest a strong alignment between responses and factors, affirming the statistical 

significance of the regression model. Notably, the linear coefficients A and C, along with the 

coefficients A×B and C×A, demonstrate significant effects on circularity errors. Similarly, the 

linear coefficients A and C, in conjunction with the coefficients A×B and B×A, exhibit significant 

effects on cylindricity errors, as evidenced by their substantial F-values and small P-values[310]. 

In conclusion, the point angle of drill bits emerges as the variable exerting the most significant 

influence on the circularity and cylindricity errors of PFPEs, with F-values of 7.01 and 2.89, 

respectively. This is followed by the feed rate with values of 1.05 and 2.34, and spindle speed with 

values of 0.11 and 1.40 for circularity and cylindricity errors, respectively. 

 

Figure V-14: Residual plots for means and S/N ratios for circularity and cylindricity errors of 

PFPEs. 
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Figure V-15: Interaction plot for means and S/N ratios for circularity and cylindricity errors of 

PFPEs. 

 

Figure V-16: Pareto chart of the standardized effects for circularity and cylindricity errors of 

PFPEs. 

Table V-12: The regression equation for circularity and cylindricity errors of PFPEs. 

Reponses  Regression equation 

Circularity errors_PFPEs  0,2050 - 0,000255 Feed rate + 0,000010 Spindle speed 

- 0,0194 Point angle of drill bits 

Cylindricity errors_PFPEs 
 0,1891 - 0,000257 Feed rate + 0,000030 Spindle speed- 

0,0094 Point angles of drill bits  
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Table V-13: Analysis of variance for means for circularity and cylindricity errors of PFPEs. 

Source DF Seq SS Adj SS Adj MS F P 

~ Circularity errors ~       

A: Feed rate (mm/min) 2 0.003807 0.003807 0.001903 1.05 0.395 

B: Spindle speed (rpm) 2 0.000414 0.000414 0.000207 0.11 0.894 

C: Point angle of drill bits 2 0.025532 0.025532 0.012766 7.01 0.017 

Feed rate * Spindle speed 4 0.009482 0.009482 0.002371 1.30 0.347 

Feed rate * Point angle of drill bits 4 0.009125 0.009125 0.002281 1.25 0.363 

Spindle speed * Point angle of drill bits 4 0.004272 0.004272 0.001068 0.59 0.682 

Residual Error 8 0.014563 0.014563 0.001820     

Total 26 0.067194         

     R2 78.33% 

~ Cylindricity errors ~       

A: Feed rate (mm/min) 2 0.008556 0.008556 0.004278 2.34 0.158 

B: Spindle speed (rpm) 2 0.005130 0.005130 0.002565 1.40 0.300 

C: Point angle of drill bits 2 0.010572 0.010572 0.005286 2.89 0.113 

Feed rate * Spindle speed 4 0.019846 0.019846 0.004961 2.71 0.107 

Feed rate * Point angle of drill bits 4 0.005714 0.005714 0.001429 0.78 0.568 

Spindle speed * Point angle of drill bits 4 0.005913 0.005913 0.001478 0.81 0.553 

Residual Error 8 0.014622 0.014622 0.001828     

Total 26 0.070353         

     R2 79.22% 

V.4.3 Comparison of Experimental, ANN, and Taguchi Results 

Figure V-17 presents a comparison between the results predicted by the ANN and Taguchi 

models and those obtained experimentally. It is evident that both models effectively describe the 

experimentally obtained results. The correlation coefficients for predicting circularity and 

cylindricity errors of PFPEs by the ANN model are 96.61% and 89.64%, respectively. In contrast, 

the Taguchi model yields percentages of 78.33% for circularity errors and 79.22% for cylindricity 

errors. The high correlation coefficients signify the appropriateness of the optimization process. 

Consequently, the ANN model demonstrates a more precise prediction compared to the Taguchi 

model.  

 
Figure V-17: Comparison of Experimental, ANN, and Taguchi Results. 
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V.5 Conclusion  

In summary, Chapter V of the thesis offers significant insights into the absorption behavior 

of DPFPs, as well as the drilling behavior of DPFP40 and PFPEs. By employing advanced 

methodologies including Artificial Neural Networks (ANN), Response Surface Methodology 

(RSM), and the Taguchi method, the chapter provides a thorough analysis, optimization, and 

modeling of outcomes for these materials. Key outcomes from this chapter can be summarized as 

follows: 

1. Regarding the absorption behavior of DPFPs: 

• Algebraic models were developed using Artificial Neural Networks (ANN) and Response 

Surface Methodology (RSM), establishing correlations between the mass of DPFPs and 

input factors such as time, fiber rate, and liquid type.    

• Utilizing ANN, correlation coefficient "R" values for training, validation, and test datasets 

consistently exceeded 0.99 across all studied samples. 

• RSM analysis demonstrated statistical significance with a low P-value (<0.0001), 

underscoring the reliability of the regression model. 

• High R² and adjusted R² coefficients (99.63% and 99.61%, respectively) indicated a robust 

alignment between responses and factors in the regression model. 

• 2D and 3D surface plots illustrated the impact of input parameters on the mass of DPFPs, 

offering insights into absorption rate analysis. 

2. Concerning the drilling behavior of DPFP40 and PFPEs: 

• Algebraic models were developed using ANN, RSM, and the Taguchi method, correlating 

delamination factor, circularity, and cylindricity errors with input factors such as feed rate, 

spindle speed, and drill bit materials (for DPFP40) or feed rate, spindle speed, and drill bit 

point angles (for PFPEs).  

• ANN models accurately predicted cutting parameters in DPFP40 drilling processes, 

exhibiting strong correlation with experimental data and an average error value of 4.3×10⁻⁴. 

• The preponderant importance of drill material and spindle speed in relation to feed rate on 

delamination factor of DPFP40 was highlighted, with contributions as follows: spindle 

speed 69.13%, drill material 47.95%, and feed rate 37.25%.   

• ANN models accurately predicted circularity and cylindricity errors in drilled holes of 

PFPEs, demonstrating strong correlation coefficients ranging from 0.89 to 0.99 with 

experimental data.  
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• Circularity and cylindricity errors of PFPEs peaked at a feed rate of 50 mm/min, spindle 

speed of 1500 rpm, and drill bit angle of 85°, with corresponding minimum S/N ratios 

estimated at 12.516 and 11.0228, respectively.    

• The lowest values for circularity and cylindricity errors of PFPEs were observed at a feed 

rate of 100 mm/min, spindle speed of 500 rpm, and drill bit angle of 115°, with maximum 

S/N ratios estimated at 29.2185 and 28.971, respectively. 

These collective results underscore the efficacy of advanced modeling techniques in 

predicting and optimizing the absorption and drilling behavior of DPFPs, DPFP40, and PFPEs. 

The findings significantly contribute to a deeper understanding of the absorption and drilling 

dynamics of these materials, paving the way for further research and advancements in the field of 

composite materials and machining processes. 
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V.6 Conclusion and Perspectives 

The thesis conducted a comprehensive examination of the physical properties of newly 

manufactured Date Palm Fiber/ Iso polyester composites (DPFPs) in three different configurations: 

unidirectional (UD) and cross-linked (C), with layer numbers ranging from 2 to 4. Moreover, it 

explored the mechanical behavior and the machinability of two recently developed biocomposites: 

DPFP40 (Date Palm Fiber/ Iso polyester), characterized by a 40% by-weight fiber reinforcement, 

and PFPEs (palm fiber powder/epoxy) featuring an 18% by-weight fiber reinforcement. 

The absorption behavior of the DPFPs was scrutinized across three water types - seawater, 

distilled water, and rainwater. This examination encompassed parameters such as the percentage 

of water absorbed, diffusion coefficient, and fiber porosity. Subsequently, the drilling behavior of 

DPFP40 was investigated using both coated and uncoated tools (HSS-TITATN, HSS-CARBIDE, 

and uncoated HSS-SUPER tool) under varying cutting conditions. The impact of machining 

parameters, specifically spindle speed and feed rate, along with the drill bit materials, was assessed 

in terms of delamination factor, circularity, and cylindricity errors of holes. Following this, the 

study extended to the drilling behavior of PFPEs utilizing tools with different point angles (85°, 

115°, and 135°). This exploration also considered diverse cutting conditions, evaluating the 

influence of machining parameters on the drilling process concerning circularity and cylindricity 

errors of holes. 

To enhance performance and facilitate predictive capabilities based on existing data, three 

optimization, analysis, and modelization methods were developed. These methods comprised 

Artificial Neural Networks (ANN), Response Surface Methodology (RSM), and the Taguchi 

approach. 

The water absorption study reveals a clear relationship between absorption rates and 

increased fiber content in the bio composite. Notably, the lowest absorption rates were achieved at 

39.20%, 40.41%, and 37.00% with 15% reinforcement, while the highest rates reached 82.99%, 

73.08%, and 63.94% with 27% reinforcement for seawater, distilled water, and rainwater, 

respectively. The examination of diffusion coefficients unveiled minimum and maximum values 

of approximately 2.11×10-6mm²/s and 3.99×10-6mm²/s with 15% reinforcement in rainwater and 

27% reinforcement in seawater, respectively. SEM images, analyzed using Image J, highlighted 

the notably high porosity of palm fibers, exceeding 51%. The application of ANN modeling, 

subjected to rigorous statistical evaluation, demonstrated an exemplary trend with an average error 

value of 3×10-5. The Mean Squared Error (MSE) values were commendable, standing at about 

1.2×10-4 for training, 1.4×10-4 for validation, and 7.0×10-4 for testing, indicating the robustness of 

the model. Correlation coefficient (R) values across datasets surpassed 0.99. Furthermore, the 
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results of RSM showcased an exceptional alignment between experimental and predicted data, with 

correlation coefficients (R² and adjusted R²) reaching approximately 99.63% and 99.61%, 

respectively. 

Examination of the drilling properties of DPFP40 indicated that an increase in the feed 

rate led to a rise in the delamination factor, while elevating the spindle speed mitigated this factor. 

Notably, the uncoated HSS-SUPER drills exhibited less delamination compared to TITAN and 

CARBIDE-coated HSS drills. Optimal hole quality in terms of delamination was achieved using 

the HSS SUPER drill at a spindle speed of 2240 rpm and a feed rate of 40 mm/min. For optimal 

circularity, the recommended cutting parameters include a spindle speed of 1120 rpm, a feed rate 

of 80 mm/min, and HSS-TITAN drill material. Similarly, for optimal cylindricity, the suggested 

parameters are a spindle speed of 560 rpm, a feed rate of 80 mm/min, and HSS-CARBIDE drill 

material. 

The Artificial Neural Network (ANN) models demonstrated a high correlation with 

experimental data, with an average error value of 4.3×10-4. The correlation coefficient "R" values 

across datasets exceeded 0.98, indicating strong agreement. According to ANOVA analysis, the R2 

coefficient and adjusted R2 coefficient for delamination were determined to be 93.09% and 89.43%, 

respectively, indicating excellent agreement between the predictive model and experimental 

measurements. Furthermore, the contribution of various elements to the optimal drilling conditions 

was assessed. Spindle speed accounted for 69.13% of the contribution, followed by drill material 

at 47.95%, and feed rate at 37.25%. 

 The analysis of PFPEs drilling characteristics revealed that increasing the feed rate led 

to heightened circularity errors in drilled holes, whereas raising the spindle speed improved hole 

circularity. Simultaneous increases in both feed rate and spindle speed resulted in elevated 

cylindricity errors. The drill point angle exerted a significant influence on circularity and 

cylindricity errors, with the 115° drill exhibiting superior performance compared to the 85° and 

135° drills. Peak circularity and cylindricity errors were observed at a feed rate of 50 mm/min, 

spindle speed of 1500 rpm, and a drill bit angle of 85°. Correspondingly, the minimum signal-to-

noise (S/N) ratios were estimated at 12.516 and 11.0228 for circularity and cylindricity errors, 

respectively. Conversely, the lowest values for circularity and cylindricity errors were identified at 

a feed rate of 100 mm/min, spindle speed of 500 rpm, and a drill bit angle of 115°, with maximum 

S/N ratios estimated at 29.2185 and 28.971, respectively. The ANN and Taguchi models provided 

accurate predictions of the experimentally obtained results. Notably, the correlation coefficients 

for predicting circularity and cylindricity errors of PFPEs using the ANN model reached impressive 
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values of 96.61% and 89.64%, respectively. Conversely, the Taguchi model yielded slightly lower 

percentages, with 78.33% for circularity errors and 79.22% for cylindricity errors. These robust 

correlation coefficients affirm the effectiveness of the optimization process. Consequently, the 

ANN model stands out for its precision in prediction when compared to the Taguchi model. 

Certainly, manufacturers are actively seeking improved machinability for their products. 

The outcomes from this study offer valuable insights into selecting optimal machining conditions. 

These findings can guide the enhancement of machinability for newly developed Natural Fiber 

Reinforced Composites (NFRCs), particularly those utilized in lightweight structural applications 

across various industries, such as shipbuilding, aeronautics, and automotive. This becomes 

particularly crucial as the substitution of synthetic fibers with natural fibers becomes essential, 

driven by both environmental concerns and economic considerations. 

Through the assessment of biocomposite absorption behavior, this thesis neglects the 

consideration of evaluating the absorption rate under diverse conditions. For instance, the 

utilization of various types of oils (such as vegetable or mineral oil) could be explored to understand 

absorption characteristics in scenarios involving oil contact, such as in applications like food 

packaging or lubrication. Additionally, investigating the absorption behavior in biological fluids 

like blood, urine, or saliva can simulate real-world conditions relevant to medical or bioengineering 

applications. Recognizing the importance of these alternative conditions, which are equally crucial 

as those employed in the current absorption rate assessment, future research endeavors should 

encompass tests conducted under such conditions. 

Shifting the focus to the machinability of biocomposites, this thesis disregards the 

consideration of the trimming of these composites, which aims to assess or enhance the quality of 

contours or cut surfaces in manufactured parts. It also overlooks the measurement of thrust force 

and torque concerning the drilling behavior, despite their significance comparable to the evaluation 

of delamination, circularity, and cylindricity errors that impact the quality of drilled holes. 

Consequently, the validity of this assertion should be examined in subsequent studies.
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