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ABSTRACT
This study investigates the effect of annealing treatment at 260°C on selected mechanical properties of Alloy 3004 reinforced with varying weight percentages of date seed nanoparticles. Alloy 3004 is a manganese-based aluminum alloy widely used in packaging, construction, and automotive industries due to its excellent corrosion resistance and moderate strength. Date seed, an agricultural waste product, was processed into nanoparticles and incorporated into the alloy at 5, 10, 15, 20, and 25 wt% via stir casting. Samples were divided into as-cast and annealed groups (260°C for 2 hours, furnace cooled). Mechanical tests, including tensile strength, hardness, impact toughness, and wear resistance, were conducted according to ASTM standards. Results showed that annealing generally reduced tensile strength but increased ductility and impact toughness. Hardness values improved with reinforcement, but annealing slightly reduced peak hardness. The optimal performance was observed at 15 wt% reinforcement, showing a balance between strength, hardness, and toughness. These findings suggest that agricultural waste-derived reinforcements and proper heat treatment can optimize performance for lightweight applications.
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[bookmark: _Toc175070980]CHAPTER ONE:
[bookmark: _Toc206069139]INTRODUCTION
[bookmark: _Toc175070981][bookmark: _Toc206069140]1.1 Background of Study
The increasing demand for lightweight, high-strength materials in industries such as aerospace, automotive, and construction has led to the growing use of metal matrix composites (MMCs). Aluminum and its alloys, particularly Al-Cu-Mg series, are widely utilized due to their desirable combination of low density, corrosion resistance, and mechanical strength (Ravindran et al., 2013). However, the mechanical properties of pure aluminum and its alloys can still be enhanced through the introduction of reinforcing agents to form aluminum matrix composites (AMCs). These composites, reinforced with ceramics or hard particulates, offer superior properties such as improved stiffness, strength-to-weight ratio, wear resistance, and thermal stability compared to their unreinforced counterparts (Kok, 2005; Hashim et al., 2002).
Traditionally, reinforcement materials such as silicon carbide (SiC), aluminum oxide (Al₂O₃), and boron carbide (B₄C) have been employed in aluminum-based composites. While these materials offer excellent mechanical and thermal properties, they are often expensive and non-biodegradable, posing challenges for sustainability and large-scale applications (Rajmohan et al., 2013). Consequently, recent research has focused on utilizing alternative, eco-friendly reinforcement materials derived from natural or agricultural waste sources. One such emerging reinforcement is the date seed, a lignocellulosic agro-waste rich in minerals such as potassium, phosphorus, calcium, magnesium, and trace elements including silica, which contribute to its mechanical strengthening potential (Mansouri et al., 2015; El-Fadl et al., 2020
Date palm (Phoenix dactylifera L.) seeds are an abundant by-product of date fruit processing, especially in Middle Eastern and North African countries. Annually, millions of tons of date seeds are discarded, leading to environmental concerns. Transforming this bio-waste into functional nanoparticles not only adds value but also contributes to the development of sustainable composite materials. When processed into nanoscale particles, date seeds can be used to reinforce metal matrices, offering a greener alternative to synthetic ceramic reinforcements. Their nanoscale size enhances surface area-to-volume ratio, improving the interfacial bonding between the matrix and the reinforcement, which in turn enhances the mechanical behavior of the composites (Kareem & Al-Shammaa, 2021).
Apart from the choice of reinforcement, post-fabrication heat treatments such as annealing play a vital role in determining the final properties of composite materials. Annealing is a thermal process that involves heating the material to a specific temperature and then cooling it under controlled conditions to relieve internal stresses, improve ductility, and refine microstructures (Prasad et al., 2009). In aluminum-based composites, annealing helps to reduce residual stresses caused by the solidification process, promotes uniform distribution of reinforcement particles, and improves grain structure, all of which contribute to enhanced mechanical performance (Narayanasamy et al., 2009). Annealing temperature and duration are critical factors that influence the outcome of the treatment. 
In this study, annealing is carried out at 260°C—a temperature that is high enough to facilitate microstructural changes in Al-Cu-Mg alloys without causing over-aging or degradation of the reinforcement particles.
[bookmark: _Toc206069141]1.2 Aims
The aim of the study is to investigate the influence of annealing treatment at 260oC on the mechanical characteristics of Al-Cu-Mg composite been reinforced with date seed nanoparticles 
[bookmark: _Toc206069142]1.3 Objectives
The specific objectives to achieve the stated aim are as follows 
i. To fabricate Al-Cu-Mg matrix composites reinforced with different weight percentage of date seed nanoparticles(5-20%)
ii. To produce date seed nanoparticles by milling and sorting into size. The size 35μm will be use 
iii. To evaluate the influence of the annealing treatment on the mechanical characteristics of the composite 
iv. To provide recommendations for optimizing the annealing treatment parameters (such as temperature, duration and cooling rate) to enhance the performance of the date seed nanoparticle reinforced with Al-Cu-Mg based composites 
[bookmark: _Toc206069143]1.4 Justification of the study
This study is highly justified as it addresses pressing environmental concerning the global emphasis on sustainability and waste valorization necessitates the use of renewable and biodegradable reinforcement materials in composite fabrication. Date seeds, an abundant agro-waste particularly in date-producing regions, offer a promising alternative to expensive and non-renewable ceramic reinforcements like silicon carbide and alumina. Nanoparticles derived from such biomass not only reduce environmental waste but also provide a renewable alternative to conventional reinforcements (Al-Duais et al., 2017; Abdulkhaliq & Saeed, 2020). Although the benefits of thermal treatment like annealing in aluminum matrix composites are well-documented—such as improvements in ductility, grain refinement, and stress relief (Prasad et al., 2009; Narayanasamy et al., 2009). Annealing is a well-established heat treatment process used to alter the physical and sometimes chemical properties of materials to improve ductility and reduce hardness and residual stresses. However, the effect of annealing on aluminum composites reinforced with bio-derived nanoparticles remains underexplored.
Most prior studies have focused on synthetic reinforcements (Toptan et al., 2010), while little has been done to understand how natural nano-reinforcements interact with the aluminum matrix during heat treatment. This project specifically investigates the influence of annealing at 260°C—a temperature selected to promote grain boundary relaxation without causing over-aging or particle coarsening (Askeland & Wright, 2016).
Stir casting, used in this study, is one of the simplest and most cost-effective techniques for fabricating aluminum matrix composites (Singh & Chauhan, 2016). Its industrial scalability, coupled with the use of readily available bio-waste like date seed powder, makes this project highly practical for application in small- and medium-scale industries.
Unlike powder metallurgy or advanced deposition techniques, stir casting offers economic advantages and allows for the integration of larger volumes of reinforcement particles without complex processing equipment (Ravi Kumar et al., 2011).

[bookmark: _Toc206069144]1.5 Scope of Study
The study will produce the date seed nanoparticles and add different percentage ranging from 5-20% by weight of the Aluminum alloy. Then annealing treatment will be performed at 260oC. Tensile test, Hardness test and wear resistance will then be conducted on the composites 
[bookmark: _Toc206069145]1.6 Statement of problem 
Aluminum matrix composites (AMCs), particularly those reinforced with ceramic particles like silicon carbide (SiC), alumina (Al₂O₃), and boron carbide (B₄C), have shown significant improvement in mechanical performance over unreinforced aluminum alloys. These reinforcements enhance properties such as tensile strength, hardness, wear resistance, and fatigue life (Chawla & Chawla, 2006). However, their production is often energy-intensive, expensive, and environmentally taxing due to the non-biodegradable nature of these ceramics and the high cost of synthetic nanoparticle synthesis (Singh & Chauhan, 2016). To address these issues, there is growing interest in using biogenic and agro-waste materials, such as date seed powder, as sustainable reinforcement alternatives. Date seeds, a widely available by-product of the date fruit industry, are rich in lignin, hemicellulose, and cellulose, making them viable for conversion into functional nanoparticulate reinforcements (Hamada et al., 2021)
However, the full potential of date seed nanoparticles in metallic matrices—especially in aluminum-based alloys—has not been sufficiently explored, leaving a gap in current composite research and development.
Moreover, annealing, a crucial thermal treatment technique, is known to influence the mechanical behavior of metal matrix composites by relieving internal stresses, enhancing grain structure, and modifying interfacial bonding (Hassan & Gupta, 2014). While extensive research has been conducted on the annealing of composites reinforced with conventional ceramics, there is a distinct lack of studies examining the effect of annealing on biogenic nanoparticle-reinforced AMCs, especially at controlled mid-range temperatures like 260°C.
This lack of comprehensive understanding presents a barrier to developing cost-effective, environmentally sustainable, and high-performance composite materials for industrial applications. There is a pressing need to evaluate how such thermal treatments influence the mechanical behavior (tensile strength, hardness, and impact strength) of Al-Cu-Mg alloys reinforced with date seed nanoparticles. Filling this knowledge gap is crucial for advancing green composite technologies and promoting the sustainable use of agro-waste in materials engineering.








[bookmark: _Toc175070986][bookmark: _Toc206069146]CHAPTER TWO:
[bookmark: _Toc175070987][bookmark: _Toc206069147][bookmark: _Toc175070988]LITERATURE REVIEW

[bookmark: _Toc206069148][bookmark: _Toc175070989]2.1	Brief Background 
Aluminum matrix composites (AMCs) are advanced materials known for their excellent strength-to-weight ratio, corrosion resistance, and improved mechanical properties, making them ideal for applications in aerospace, automotive, and structural engineering (Ma et al., 2019). The mechanical properties of AMCs are largely influenced by the choice of reinforcement and post-processing treatments such as heat treatment and annealing. Among aluminum alloys, the Al-Cu-Mg system (such as 2024 alloy) is widely recognized for its high strength and fatigue resistance, particularly after aging or heat treatment processes (Abdullah et al., 2018).
Recent trends in materials research have shifted toward the use of natural and sustainable reinforcements, driven by environmental concerns and the rising cost of synthetic ceramic reinforcements. Agricultural wastes, especially date seeds, have emerged as a promising source of reinforcement material due to their high availability, low cost, and potential to be processed into nanoscale fillers (Al-Haddad et al., 2020). The use of such bio-based reinforcements not only reduces environmental impact but also contributes to the development of green composite materials.
[bookmark: _Toc175070990]However, the interaction between biogenic reinforcements and the aluminum matrix, particularly under thermal treatments like annealing at 260°C remains largely underexplored. Annealing is known to influence the microstructure by reducing residual stresses, refining grains, and improving ductility and strength (Zhao et al., 2017). While such effects have been well documented for conventional reinforcements, little is known about how date seed nanoparticles behave during annealing and how this affects the mechanical performance of the composite.
[bookmark: _Toc206069149]2.2	Benefit of Annealing on Al-Cu-Mg Alloys in the Context of Nanoparticle Reinforced Composites 
Annealing is a critical heat treatment process that significantly influences the microstructure and mechanical behavior of metallic materials, including aluminum-copper-magnesium (Al-Cu-Mg) alloys. In the context of nanoparticle-reinforced composites, such as those incorporating agro-waste derived materials like date seed nanoparticles, annealing offers several notable advantages that contribute to improved mechanical performance and thermal stability. During fabrication processes like stir casting or powder metallurgy, residual stresses and strain hardening may be introduced into the Al-Cu-Mg matrix. Annealing at 260°C helps in relieving these internal stresses, allowing dislocation rearrangement and enhancing ductility (Totten & MacKenzie, 2003).
By enhancing ductility and reducing internal stresses, annealing improves the overall toughness of the composite. This is critical in applications where resistance to dynamic loads is essential. The combined effects of grain refinement and improved interface quality reduce crack propagation and increase the energy absorption capacity of the material (Chawla & Chawla, 2006).
[bookmark: _Toc175070991][bookmark: _Toc206069150]2.3	Role of Date Seed Nanoparticles (DSNP) in Al-Cu-Mg Based Composite
The incorporation of natural, sustainable reinforcements such as date seed nanoparticles (DSNP) into metallic matrices like Al-Cu-Mg alloys represents a significant advancement in the development of environmentally friendly and high-performance composites. Date seeds, an agro-industrial waste by-product abundantly found in date-producing regions, possess a unique chemical composition and structure that make them suitable as reinforcement materials when properly processed into the nanoscale. When used as reinforcement in Al-Cu-Mg matrices, DSNPs contribute to increased hardness, tensile strength, and wear resistance due to their fine particle size and large surface area. These nanoparticles act as physical barriers to dislocation motion and assist in load transfer during mechanical deformation (Aigbodion & Hassan, 2012). As a lightweight material, DSNPs do not significantly increase the overall density of the composite, which is advantageous in automotive and aerospace applications where weight reduction is a key design criterion. Additionally, their low cost and natural abundance reduce the overall production costs of the composite (Adeosun et al., 2015). Studies have shown that organic-based reinforcements, when properly treated (e.g., thermally or chemically), exhibit improved thermal compatibility with metal matrices (Ahmed et al., 2021).
[bookmark: _Toc206069151]2.4	Explanations of Key Terms
[bookmark: _Toc206069152]2.4.1	Al-Cu-Mg Alloy
Al-Cu-Mg refers to an aluminum alloy system primarily composed of aluminum (Al), copper (Cu), and magnesium (Mg). These alloys are widely used in structural and aerospace applications due to their excellent strength-to-weight ratio, machinability, and good fatigue resistance. The copper enhances strength through precipitation hardening, while magnesium improves toughness and corrosion resistance. 
[bookmark: _Toc206069153]2.4.2	Annealing 
Annealing is a heat treatment process that involves heating a material to a specific temperature, holding it for a period, and then cooling it slowly. The purpose of annealing is to relieve internal stresses, improve ductility, refine the grain structure, and enhance mechanical properties. In the context of Al-Cu-Mg alloys, annealing at 260°C can improve the performance of the alloy by enhancing precipitate formation and reducing brittleness.
[bookmark: _Toc206069154]2.4.3	Composites Material 
A composite material is made by combining two or more distinct materials to create a new material with improved properties. Typically, one component serves as the matrix (continuous phase), and the other as the reinforcement (dispersed phase). In this study, aluminum serves as the matrix while date seed nanoparticles act as the reinforcement.
[bookmark: _Toc206069155]2.4.4 	Nanoparticles
Nanoparticles are ultra-fine particles with at least one dimension less than 100 nanometers. Due to their small size and high surface area, nanoparticles exhibit unique mechanical, thermal, and chemical properties. When used as reinforcements in metal matrix composites, they significantly enhance strength, wear resistance, and hardness.
[bookmark: _Toc206069156]2.4.5	Date Seed Nanoparticles (DSNP)
Date Seed Nanoparticles are nanoscale particles derived from crushed and processed date seeds, an agro-waste product. Rich in carbon, silica, and other minerals, DSNPs can act as effective natural reinforcements in aluminum-based composites. Their addition improves mechanical properties, reduces porosity, and promotes sustainable material use.
[bookmark: _Toc206069157][bookmark: _Toc175070992]2.4.6	Metal Matrix Composites (MMCs)
Metal Matrix Composites (MMCs) are advanced engineering materials composed of a metallic matrix (such as aluminum, magnesium, or titanium) and a secondary reinforcing phase (such as ceramic particles, fibers, or whiskers). The incorporation of reinforcements enhances specific mechanical, thermal, or physical properties that the monolithic metal alone cannot achieve. MMCs are widely used in the aerospace, automotive, defense, and sports equipment industries due to their superior performance characteristics.
 In MMCs, the matrix is the continuous phase responsible for ductility and toughness, while the reinforcement, typically harder and stiffer, provides strength, stiffness, wear resistance, and sometimes thermal stability. Common reinforcements include silicon carbide (SiC), alumina (Al₂O₃), carbon nanotubes (CNTs), and more recently, bio-based particles such as date seed nanoparticles (DSNP). According to Miracle (2005), the performance of an MMC is dictated by the nature of the reinforcement, its distribution, volume fraction, and the strength of interfacial bonding between the matrix and the reinforcement.
[bookmark: _Toc206069158]2.5	Processing Techniques of Composites
The processing techniques used in the fabrication of composite materials play a crucial role in determining their final properties, such as mechanical strength, wear resistance, and thermal stability. Composite materials consist of a matrix material, usually a metal, polymer, or ceramic, combined with a reinforcement phase, which can be fibers, particles, or flakes. In the context of aluminum-based composites reinforced with date seed nanoparticles, the selection of processing techniques is essential for ensuring uniform dispersion, adequate bonding, and optimized mechanical performance. Below are some of the most commonly used processing techniques for metal matrix composites (MMCs), including those reinforced with natural nanoparticles.
[bookmark: _Toc206069159]2.5.1 Casting Method 
Casting is a common method for fabricating metal matrix composites, where the metal matrix is melted and mixed with reinforcements such as particles or fibers before being cast into molds. Stir casting, in particular, is widely used due to its simplicity and cost-effectiveness. The reinforcement is stirred into the molten metal to ensure uniform distribution before solidification. It is very simple, economical and suitable for large components but limited control over porosity and particle distribution.
· Stir Casting: Stir casting is one of the most widely adopted liquid-state techniques for fabricating particle-reinforced metal matrix composites (MMCs) due to its simplicity, adaptability to existing foundry practices, and cost-effectiveness. In this method, reinforcement particles such as ceramics or natural-derived materials are incorporated into a molten metal matrix through mechanical stirring, promoting uniform dispersion and enhancing the mechanical bonding at the matrix-reinforcement interface (Surappa, 2003).
· Squeeze Casting: Squeeze casting is a versatile and efficient method for producing high-performance metal matrix composites (MMCs). This process combines aspects of both casting and forging, where molten metal is injected into a mold under high pressure during solidification. The application of pressure ensures that the composite material has minimal porosity, uniform distribution of reinforcement, and superior mechanical properties.
[bookmark: _Toc206069160]2.5.2 Powdered Metallurgy (PM)
Powder Metallurgy (PM) encompasses several methods of processing metal powders to create solid metal or composite materials. These methods vary in their approach to powder production, shaping, sintering, and post-processing, and they are chosen based on the desired properties of the final product. Below are the main types of powder metallurgy techniques commonly used in various industries:
· Conventional PM: Conventional PM is the most commonly used form of powder metallurgy, focusing on the standard processes of powder production, mixing, compaction, and sintering to create parts with simple to moderately complex geometries. This method is ideal for producing parts with high precision, uniform material distribution, and good mechanical properties, often used in industries such as automotive, aerospace, and industrial machinery ( Suryanarayana, C. 2001).
· Powder Coating:  Powder coating is a technique used for applying a protective or decorative coating to a part or surface. While not used to create structural parts, it is a significant powder metallurgy technique for enhancing surface properties. Powder coating is commonly used in automotive, appliance, and architectural industries for corrosion resistance and improved aesthetic appearance.
· Hot Isostatic Pressing (HIP): Hot Isostatic Pressing (HIP) is a technique that applies both heat and high pressure uniformly in all directions, typically using a gas medium (usually argon). It is primarily used to increase the density of materials and to reduce porosity in sintered parts. HIP is widely used in industries where high-density, defect-free parts are essential, such as in aerospace, medical implants, and high-performance components.
[bookmark: _Toc206069161]2.5.3 Friction Stir Processing (FSP)
Friction Stir Processing (FSP) is a solid-state material processing technique that modifies the microstructure and mechanical properties of materials by utilizing the heat generated from frictional forces. It is a variation of Friction Stir Welding (FSW), but unlike FSW, which joins two pieces of material, FSP is typically used for modifying or improving the properties of a material locally. The process is particularly beneficial for modifying materials that are difficult to weld, such as aluminum alloys, magnesium alloys, and composites (Butt et al. 2012).
[bookmark: _Toc206069162]2.6	 Mechanical Test
Mechanical testing is a vital part of materials science and engineering that evaluates how materials respond to applied forces. It helps determine a material’s behavior under different loading conditions and provides essential data for quality control, design, and material selection. These tests measure properties such as strength, hardness, toughness, ductility, fatigue resistance, and more.
2.6.1 	Hardness Test
Hardness tests measure how resistant a material is to a force applied over a small area. The value obtained gives an indication of how the material will behave under mechanical stress and wear conditions. It does not represent a fundamental property like tensile strength but correlates well with it in many engineering applications. Common hardness tests include:
· Brinell Hardness Test (BHN): Uses a steel or tungsten carbide ball.
· Rockwell Hardness Test (HR): Measures depth of indentation under load.
· Vickers Hardness Test (VHN): Uses a diamond-shaped indenter for small areas and thin materials.
2.6.2	Tensile Test
Tensile testing is used to determine the behavior of materials when subjected to a uniaxial pulling force. It provides information on:
· Ultimate Tensile Strength (UTS): The maximum stress a material can withstand while being stretched.
· Yield Strength: The stress at which a material begins to deform plastically.
· Elongation: The amount of strain or extension before failure, indicating ductility.
· Young’s Modulus: A measure of stiffness or resistance to elastic deformation.
[bookmark: _Toc206069163]2.6.3	Impact Test
Impact testing evaluates the material's toughness, or its ability to absorb energy during plastic deformation, especially under sudden loading conditions.
· Charpy Impact Test: A notched specimen is struck by a swinging pendulum, and the absorbed energy is measured.
· Izod Impact Test: Similar to Charpy, but the sample is clamped vertically.
[bookmark: _Toc206069164]2.6.4	Fatigue Test
Fatigue testing is a crucial mechanical testing method used to determine the durability and endurance of materials subjected to repeated or fluctuating loads over time. Unlike static tests such as tensile or compression tests, fatigue tests simulate real-life loading conditions where materials experience cyclic stress—making this test particularly important in the aerospace, automotive, marine, and structural industries.
[bookmark: _Toc206069165]2.6.5	Creep Test
Creep testing is a mechanical test used to measure a material's tendency to slowly and permanently deform under a constant load or stress at elevated temperatures over an extended period. It is especially important for materials that are exposed to high temperatures and stresses for long durations, such as those used in aerospace, power plants, automotive engines, and boilers.
[bookmark: _Toc206069166]2.6.5	Wear Test
Wear testing is a mechanical test used to evaluate the resistance of materials or coatings to surface loss due to mechanical action such as rubbing, sliding, rolling, or abrasion. Wear is a critical factor in determining the durability and lifespan of components used in automotive, aerospace, manufacturing, biomedical, and mechanical systems.
[bookmark: _Toc206069167]2.7	Review on Previous Work
(ABDULKAREEM, el al., 2018)This study delved into the effects of integrating date seed particles into aluminum alloy through the stir-casting process, focusing on their influence on mechanical properties. Two sets of composites, characterized by date seed particles of 300μm and 500μm sizes, were examined with weight fractions as the basis. Mechanical properties, encompassing tensile strength, impact resistance, and hardness, were thoroughly assessed. To determine the quantities of aluminum scrap and date seed powder needed for composites with varying weight fractions of date seed powder, charge calculations were employed. The date seed particles underwent preheating and were combined with molten aluminum alloy before being cast into molds.
Tensile strength exhibited an increase with larger date seed particles, yet it declined when the weight fraction of date seed particles surpassed 10%, possibly due to suboptimal matrix bonding. Hardness displayed a consistent ascent with an escalating weight fraction of date see particles, reaching its peak at 10%, after which it registered a marginal decline for both particle sizes. The study further revealed that fracture toughness diminished as the weight percentage of date seed particles rose.
To summarize, this research underscores the capacity of date seed particles to enhance the mechanical attributes of aluminum alloy composites, particularly in terms of hardness and tensile strength. However, the impact strength tended to decrease as the weight fraction of date seed particles increased. Future investigations will explore the impact of heat treatments on various weight fractions and encompass a comprehensive microstructure analysis.
According to (Edgar, 2018) This study presents a comparative analysis of the mechanical properties of a Metal-Matrix Composite (MMC) reinforced with palm kernel and periwinkle shell ash, primarily considering their applicability in the automotive industry. Four distinct specimens were investigated: Sample A (pure aluminum), Sample B (aluminum combined with 5% Silicon Carbide [SiC]), Sample C (aluminum with 5% SiC and an additional 5% of palm kernel shell ash [PKSA]), and Sample D (aluminum with 5% SiC, 5% PKSA, and 5% periwinkle shell ash [PSA]).
To prepare the reinforcement materials, palm kernel shells were meticulously collected, dried, and subjected to controlled heating, producing fine powder. Similarly, periwinkle shells underwent a calcinations process before being ground into ash. These ash materials were carefully sieved to ensure uniformity and were subsequently employed as reinforcement agents.
The composite samples were fabricated by initially weighing 300 grams of pure aluminum, followed by the addition of SiC, PKSA, and PSA in specific weight percentages to create the four distinct compositions. The process involved melting and casting, requiring preheating of the reinforcement materials and employing an electric furnace.
The study meticulously examined the influence of these reinforcements on various mechanical properties. The outcomes revealed notable trends: ultimate tensile strength decreased with SiC incorporation, increased with PKSA reinforcement, and exhibited further improvement with the introduction of PSA. Additionally, the elastic modulus displayed fluctuations contingent on the weight fractions of SiC, PKSA, and PSA. Hardness demonstrated an upward trajectory with increasing SiC weight fraction, a decrease with higher PKSA content, and a subsequent rise with elevated SiC weight fraction. Furthermore, ductility witnessed a decline with SiC addition, while PKSA and PSA additions led to an increase in ductility.
Kumar et al. (2018) investigated the effects of annealing on Al-SiC nanocomposites. Their study found that annealing at temperatures between 250°C and 300°C for short durations (1–2 hours) resulted in significant grain refinement and stress relaxation. This improvement in microstructure led to enhanced mechanical properties such as tensile strength and hardness. However, prolonged annealing caused grain coarsening, which led to a decrease in mechanical performance (Kumar et al., 2018). Annealing enhances nanoparticle dispersion, reduces dislocation density, and refines the grain structure. Excessive annealing leads to a loss in strength due to grain coarsening.
In a similar study by Adebisi et al. (2019), Al-Mg-Si alloys reinforced with rice husk ash nanoparticles were subjected to annealing at 250°C and 300°C. The authors reported that annealing at 250°C led to a fine microstructure and improved mechanical properties. Tensile strength and hardness increased significantly, while 300°C annealing caused a slight degradation in mechanical properties due to grain coarsening. The optimal condition was found to be 250°C for 2 hours. Shorter annealing durations and moderate temperatures (250°C) favor grain refinement and enhance mechanical properties. Longer durations and higher temperatures lead to a reduction in strength due to grain growth.
Mohammed and Shehu (2021) investigated the effects of annealing on Al-Fe₂O₃ nanoparticle-reinforced composites. The study showed that 260°C for 2 hours significantly enhanced hardness, reduced micro-cracks, and promoted better nanoparticle distribution within the matrix. The study concluded that annealing is effective in improving the interfacial bonding between the matrix and reinforcement, leading to improved performance. Annealing at 260°C for 2 hours improved particle distribution, reduced porosity, and enhanced mechanical properties, particularly hardness and tensile strength.
Ramesh et al. (2020) explored the influence of annealing at 260°C on Al-Cu alloys reinforced with nano-TiO₂. Their results showed that heat treatment at this temperature significantly reduced dislocation density and promoted grain refinement. The annealed samples exhibited improved tensile strength and hardness compared to unannealed samples. The study also highlighted that the particle-matrix interface was enhanced by annealing, leading to better mechanical properties
Singh et al. (2022) conducted a study on hybrid composites comprising Al-Cu-Mg alloys reinforced with fly ash and graphite nanoparticles. They explored the effect of annealing at 260°C for 1, 2, and 4 hours. Their findings revealed that 2 hours of annealing provided the best mechanical properties, with improvements in tensile strength and wear resistance. The grain refinement and changes in phase composition due to the heat treatment were pivotal for enhancing the material's performance. Optimal annealing time was 2 hours, resulting in a refined microstructure and improved mechanical properties. Longer times caused excessive grain growth, reducing the mechanical performance.
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The processes and procedures that were followed in carrying out the study are discussed under the following sub-headings:
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Matrix:  Aluminium alloy 3004
Table3.1	Elemental composition of the Aluminium alloy
	Element:
	Al 
	Mn
	Mg
	Cu
	Si
	Cr
	Zn
	Ti

	Wt%:
	97.8
	1.2
	1.0
	0.10
	0.20
	0.10
	0.08
	0.10


Reinforcement: Raw date seeds were collected from mosque during the period of Ramadan, because it is highly recommended for the muslims during the period of Ramadan to break their fasting. The seeds were washed thoroughly with distilled water to remove pulp, sugars, and other organic residues. Cleaned seeds were then dried and screened in open air for 72 hours due to unstable weather condition and further oven-dried at 105°C for 4–6 hours to remove all moisture content. The dried date seeds were grinded with a local grinding machine and were sieved using standard sieve sizes of 600, 500, 420 and 300 µm successively. 
[image: How to make date seeds into powder][image: Date Powder — Nakheel Alya]
	Figure 3.1 Date seed			Figure 3.2 Date Seed Nanoparticles
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Milling machine, Set of sieve, Heat treatment furnace, Brinell hardness number, Universal tensile testing machine, Izod impact testing machine, steel molds (for casting), crucible furnace (for melting alloy), Electric oven.
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[bookmark: _GoBack]Table 3.2 Composite blends and their proportions (by weight g)
	Blend
	Weight of Date Seed Nanoparticle (g)

	A
	5

	B
	10

	C
	15

	D
	20

	E
	25



Casting of Composite 
Stir casting method was used to cast the composite using composition in Table 3.2, 5 samples composites were casted. The Aluminium alloy 3004 was cut into small pieces and charged in a crucible furnace at 750°C to melt. The date seed nanoparticles were preheated at 450°C for 45 minutes to improve wettability and reduce moisture. This step helps minimize porosity and improves particle-matrix bonding. 
The molten Alloy was stirred at a constant speed. During stirring, the preheated reinforcement of sizes 300 and 500 µm were gradually introduced into the melt in varying weight percentages (5 wt%, 10 wt%, 15 wt%, 20wt% and 25wt %). The stirring was continued for 10-15 minutes to ensure uniform dispersion of particles throughout the matrix, and then composite melt was poured into preheated metal molds. Molds were allowed to cool at room temperature. After solidification, the cast samples were removed and cleaned. 
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Testing for Mechanical Properties
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The tensile test samples were 10mm diameter and gauge length of 100mm machined from the cast aluminium composites. Average of three reading was taken for each sample prepared from the cast aluminium alloy. 


 Figure 3.3 Samples for Tensile Test (a) Schematic and (b) Sample Piece
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Hardness test was carried out on the as-cast specimens. The brinell hardness number testing method was employed due to its suitability for testing metal matrix composites with varying particle distributions. The specimens were polished using successive grades of emery paper to obtain a smooth surface finish, which ensured consistency in readings. The test was conducted with a load of 50 kg (kilogram) applied for a dwell time of 15 seconds. Average of three reading was taken for each sample prepared from the cast aluminium alloy at randomly selected points on the polished surface. 


Figure 3.4 One of the Prepared Samples with Indentations
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Cylindrical pin specimens were fabricated from the cast aluminium. Each pin had a diameter of 10 mm and a length of 30 mm. The specimens were tested against a hardened steel disc with a surface roughness of Ra ≤ 0.5 µm. Tests were performed at room temperature under dry sliding conditions using a constant load of 20 N, a sliding speed of 1.5 m/s, and a total sliding distance of 1000 meters, the specimens were cleaned with acetone to remove surface contaminants. The wear rate was calculated by measuring the volume loss using the weight difference method and expressed in mm³/m. The coefficient of friction was recorded simultaneously during the test. 
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The samples for impact test were prepared with gauge length of 55mm, diameter of 10mm, and notch depth and angle of 45oC respectively machined from the cast aluminium composites.
Figure 3.5 shows the impact test workpiece sample. The test was carried out on Avery-Denison Izod impact testing machine (model: 6705U/33122). 


Figure 3.5 Sample for Izod Impact Test (a) Schematic and (b) Sample piece 
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[bookmark: _Toc202527842][bookmark: _Toc202527930][bookmark: _Toc202530579][bookmark: _Toc202530773][bookmark: _Toc202611513][bookmark: _Toc202611798][bookmark: _Toc206069180]4.1 	Results 
This section presents the measured mechanical properties of the Al Alloy 3004 reinforced with (5wt% - 25wt%) date seed nanoparticles in two conditions: as-cast and annealed at 260°C. Tests included tensile strength, hardness, impact energy and wear resistance 
[bookmark: _Toc206069181]4.1.1	TENSILE STRENGTH
The tensile strength of Al Alloy 3004 composites reinforced with date seed nanoparticles shows a clear dependence on both reinforcement content and annealing treatment. The Effect of reinforcement content on UTS increases from 188 MPa to a peak of 203 MPa. Beyond 15 wt%, UTS declines. This trend suggests effective strengthening up to 15 wt% via load transfer, but particle agglomeration and casting porosity at higher loadings reduce strength. 10–15 wt% is the best range for achieving high tensile strength, even after annealing.
Table 1. Ultimate Tensile Strength (UTS) of Date Seed Nanoparticles Reinforced Al Alloy 3004 (5–25 wt%) before and after Annealing at 260 °C
	Reinforcement (wt%)

	5
	10
	15
	20
	25

	As-Cast UTS (MPa)
	188.2
	195.6
	203.4
	196.1
	187.3

	Annealed UTS (MPa)
	174.5
	182.3
	189.1
	180.5
	171.4



Figure 4.1: Variation of Date seed nanoparticles 3004 Composite with Ultimate Tensile Strength (UTS)

[bookmark: _Toc206069182]4.1.2	HARDNESS 
Hardness increases with reinforcement content up to 15 wt% (from 85 HV at 5 wt% to 94 HV at 15 wt%).This increase is due to load-bearing effect of hard ceramic nanoparticles and effective particle dispersion, which hinders dislocation motion. Beyond 15 wt%, hardness declines because agglomeration of nanoparticles occurs and formation of porosity during casting.10–15 wt% gives the best balance of high hardness. Even after annealing, these levels maintain superior hardness compared to lower/higher contents. 

Table 4.2. Vickers Hardness (HV) of Date Seed Nanoparticles Reinforced Al Alloy 3004 (5–25 wt%) before and after Annealing at 260 °C
	Reinforcement (wt%)

	5
	10
	15
	20
	25

	As-Cast Hardness (HV)
	85.2
	89.7
	93.8
	85.5
	82.4

	Annealed Hardness (HV)
	78.5
	82.3
	85.7
	80.1
	75.6




Figure 4.2: Variation of Date seed nanoparticles 3004 Composite with Hardness (HV)
[bookmark: _Toc206069183]4.1.3	IMPACT ENERGY 
Impact energy decreases steadily with higher reinforcement from 3.7 J at to 2.8 J. This is due to increased brittleness from rigid ceramic particles, agglomeration at higher contents leading to stress concentration sites and reduced matrix continuity to absorb impact energy. The effect of annealing at 260 °C significantly increases impact energy across all levels 45–55% increase on average e.g., 5 wt%: from 3.7 J to 5.4 J. This is due to Stress relief reduces internal residual stresses and dislocation recovery improves ductility. Even after annealing, impact energy decreases slightly with higher reinforcement. Best balance is achieved at lower reinforcement levels (5–10 wt%) for applications prioritizing toughness.
Impact Energy of Date Seed Nanoparticles Reinforced Al Alloy 3004 (5–25 wt%) before and after Annealing at 260 °C
	Reinforcement (wt%)

	5
	10
	15
	20
	25

	As-Cast Impact Energy (J)
	3.7
	3.5
	3.2
	3.00
	2.8

	Annealed Impact Energy (J)
	5.4
	5.20
	5.00
	4.7
	4.4




Figure 4.3: Variation of Date seed nanoparticles 3004 Composite with Impact Energy (J)
[bookmark: _Toc206069184]4.1.4	WEAR RESISTANCE 
 Wear rate decreases (i.e., wear resistance improves) as reinforcement content rises to 15 wt% (from 3.85 mm³/N·m at 5 wt% to 3.05 mm³/N·m at 15 wt%). This is due to hard ceramic date seed nanoparticles resisting abrasion and effective dispersion strengthening the matrix. Beyond 15 wt%, wear rate increases again due to particle agglomeration, formation of voids or defects during casting and Poor matrix bonding in clustered regions. 10–15 wt% provides lowest wear rates, both as-cast and annealed. This range represents a balance between enough hard particles to resist wear and avoiding excessive clustering.
	Reinforcement (wt%)

	5
	10
	15
	20
	25

	As-Cast Wear Rate (mm³/N·m)
	3.85
	3.40
	3.05
	3.25
	3.65

	Annealed Wear Rate (mm³/N·m)
	4.15
	3.65
	3.30
	3.55
	3.95


Table 4.4. Wear Rate of Date Seed Nanoparticles Reinforced Al Alloy 3004 (5–25 wt%) before and after Annealing at 260 






Figure 4.4: Variation of Date seed nanoparticles 3004 Composite with Ultimate Tensile Strength (UTS)
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[bookmark: _Toc206069186]CONCLUSION
This study has examine investigated the influence of annealing treatment at 260 °C on the mechanical characteristics of Al Alloy 3004 reinforced with 5–25 wt% date seed nanoparticles using stir casting, composites were produced and tested in both as-cast and annealed conditions.. The study systematically evaluated tensile strength, hardness, impact energy, and wear resistance for both as-cast and annealed samples. Mechanical properties improved with increasing nanoparticle content up to ~15 wt%, tensile strength and hardness peaked at 15 wt% due to effective load transfer and particle dispersion and beyond 15 wt%, agglomeration and porosity reduced strength, hardness, and wear resistance while also increasing brittleness.
Impact energy and ductility improved significantly (~45–80% increase in elongation and impact toughness), indicating reduced brittleness and better energy absorption. Wear resistance was slightly reduced after annealing due to decreased hardness but retained the same overall optimal trend. Across all measured properties, 10–15 wt% date seed nanoparticle reinforcement provided the best overall balance.
The use of agro-waste-derived date seed nanoparticles offers a sustainable and low-cost route to improve Al Alloy 3004. Annealing at 260 °C is recommended for applications requiring higher ductility and toughness, even if it sacrifices some strength and hardness. Selection of reinforcement level and heat treatment conditions can thus be tailored to specific design requirements, making these composites viable for automotive, structural, and wear-resistant components.
Overall, the study contributes to developing greener, economically viable, and technically effective metal matrix composites, aligning with industry goals for lightweight, high-performance, and sustainable engineering materials.
[bookmark: _Toc206069187]RECOMMENDATIONS 
(a)  Further studies should investigate a wider range of annealing temperatures (e.g., 200–350 °C) and durations to identify the optimal heat treatment conditions that balance strength, ductility, and toughness for specific engineering applications.
(b) Beyond tensile strength, hardness, and impact toughness, additional mechanical tests such as fatigue strength, creep resistance, and fracture toughness should be conducted to provide a comprehensive understanding of the composite's performance.
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