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Abstract 
The use of agricultural waste as reinforcement in metal matrix nanocomposites presents a promising avenue for 
sustainable materials development. The incorporation of agricultural waste materials in metal matrixes can enhance the 
mechanical properties and potentially reduce the environmental impact of composites. However, this approach also 
faces significant challenges, such as compatibility issues, interfacial bonding, dispersion, and processing techniques. This 
paper critically reviews the current state of research on agricultural waste-reinforced metal matrix nanocomposites, 
identifies key challenges, and proposes future perspectives to overcome these obstacles and unlock the full potential of 
these materials. 
Keywords: Agricultural waste, metal matrix composites, sustainability, interfacial bonding, dispersion, processing 
techniques. 
 
INTRODUCTION 
 

The rapid growth in industrialization and urbanization has led to an escalating demand for advanced materials 
with enhanced mechanical properties and reduced environmental impact. The most common synthetic 
materials utilized as reinforcing materials for the creation of metal-matrix composites include silicon carbide 
(SiC), alumina (Al2O3), boron carbide (B4C), graphite, tungsten carbide (WC), carbon nanotubes (CNTs), 
etc. These reinforcements improved the created composites' mechanical, corrosion, and wear properties while 
also adding weight to the composite due to their higher density [1]. 
 
Researchers are now paying more and more attention to low-cost, low-density materials that can be 
conveniently utilized as reinforcements in the creation of MMCs [2]. Industrial and agricultural wastes are 
appropriate illustrations of the kind of materials that can be employed as reinforcement for the creation of 
composites and are also widely accessible. This innovative approach addresses the challenges of waste 
disposal and holds the promise of producing eco-friendly and resource-efficient materials [3]. 
 
 
The utilization of agricultural waste materials, such as rice husk, sugarcane bagasse, coconut coir, and wheat 
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straw, offers several advantages. Firstly, these waste materials are abundantly available as by-products of 
agricultural processes, making them a cost-effective and renewable source for composite reinforcement. 
Secondly, incorporating agricultural waste in metal matrices can reduce reliance on conventional 
reinforcements as most of them have basic reinforcement elements such as SiO2, Al2O3, Fe2O3, CaO, and 
MgO. Thereby reducing the dependence on energy-intensive processes and their environmentally harmful 
extraction processes [4]. However, integrating agricultural waste as reinforcement in metal matrix 
nanocomposites presents challenges that require meticulous attention. This paper aims to review and address 
these challenges to unlock the full potential of these composites and pave the way for sustainable materials 
development. 
 

Research questions 
 

What are the most significant challenges associated with using agricultural waste as reinforcement in metal 
matrix nanocomposites, and how do these challenges impact the composite's performance? 
What are the innovative strategies and future perspectives that can be employed to overcome the challenges 
of utilizing agricultural waste as reinforcement in metal matrix nanocomposites and enhance their 
mechanical properties and sustainability? 
 
Objectives 
 

The objectives of this paper are twofold: Firstly, to comprehensively examine the challenges associated with 
utilizing agricultural waste as reinforcement in metal matrix nanocomposites. It will delve into the issues of 
compatibility between agricultural waste and metal matrixes, focusing on the chemical and physical 
interactions that influence the composite's performance. Interfacial bonding and adhesion challenges, such as 
weak interfaces and poor stress transfer, will be addressed, along with strategies to mitigate them. Dispersion 
and agglomeration challenges and their impact on the composite's homogeneity and mechanical properties 
will also be discussed. Secondly, this paper will propose future perspectives and innovative strategies to 
overcome these challenges and enhance the performance of agricultural waste-reinforced metal matrix 
nanocomposites. By integrating surface modification techniques, interfacial engineering, and optimized 
processing parameters, it aims to improve compatibility, interfacial bonding, dispersion, and overall mechanical 
properties. Additionally, we will explore emerging trends, such as the integration of nanotechnology and the 
use of hybrid reinforcements, to further enhance the functionality and potential applications of these 
composites. 

Scope   

The scope of this paper encompasses the most commonly used agricultural waste materials, processing 
techniques, and metal matrix compositions. By analyzing the existing literature and consolidating the latest 
research findings, this paper endeavors to provide a comprehensive and insightful review of the challenges 
and future perspectives in the field of agricultural waste-reinforced metal matrix nanocomposites. 

METHODOLOGY 

To achieve the objectives of this review, a systematic and comprehensive methodology was adopted. A 
thorough literature search was conducted to identify relevant research papers, journal articles, conference 
proceedings, and patents related to agricultural waste-reinforced metal matrix nanocomposites (with the help 
of search engines; like google scholar and Boolean operators). The collected literature was analyzed to 
extract information on the challenges and future perspectives of utilizing agricultural waste as reinforcement. 
Emphasis was given to recent advancements and emerging trends in the field. The study included research 
on metal matrix composites and excluded other matrixes like polymer matrix composites. 
The selected literature was also reviewed to evaluate the effectiveness of strategies and techniques to address 
the identified challenges. The findings were organized and presented thematically, focusing on compatibility, 
interfacial bonding, dispersion, and processing techniques. Comparisons between different agricultural waste 
materials as reinforcements were also made to highlight their unique properties and potential applications in 
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metal matrix nanocomposites. Through this systematic methodology, this paper aims to provide a 
comprehensive review of the challenges and future perspectives of agricultural waste-reinforced metal 
matrix nanocomposites. The insights and recommendations from this review will contribute to advancing the 
knowledge and understanding of these sustainable materials, paving the way for their widespread application 
in various industries. 
 

FINDINGS FROM LITERATURE 

Types of Agricultural Waste Used as Reinforcement in Metal Matrix Composites 

Utilizing agricultural waste allows for the creation of inexpensive, lightweight composites without sacrificing 
their mechanical and tribological characteristics [5]. However, there is only a limited understanding of how 
well they perform as a service, which limits their options for wider application use. To draw conclusions 
about the developments made thus far and to consider how the properties of Agricultural Matrix Composites 
(AMCs) might be improved by the addition of such agro-based reinforcements, it is crucial to review the 
morphological, mechanical, and tribological properties of these materials that contain different agro-based 
reinforcements [6]. The most commonly used ones are; 
 

Rice Husk as Reinforcement 

Rice husk is one of the most abundant agricultural waste materials and holds great promise as reinforcement 
in metal matrix nanocomposites. It offers several benefits, such as being cost- effective and easily accessible 
due to its abundance as a by-product of rice milling processes. The presence of cellulose and lignin in rice 
husk also contributes to improved tensile strength and thermal stability in the composite. Researchers employ 
rice husk because of its lower density (0.3- 1.9 gm/cm3) and convenience of availability [7]. 

RHA (Rice Husk Ash) improves the hardness, tensile strength, and toughness of the produced composites 
by containing a larger proportion of SiO2 together with other elements like Al2O3, Fe2O3, and MgO [8]. 
Silicon Carbide (SiC) has greater qualities than Rice Husk Ash so several researchers have isolated SiC from 
this material and employed it as a reinforcing material [9]. The hardness of the produced composites can also 
be increased by removing silica from RHA using heat treatments and reinforcing them with recycled Al7075 
chips [10]. 

 

Figure 1: Rice husk 
Coconut Coir as Reinforcement 

Coconut coir is obtained from coconut husks the majority of this Agricultural waste material is readily 
available in tropical areas and is frequently utilized as fuel in furnaces and boilers [11]. However, the 
combustion of Coconut shell ash causes the production of huge amounts of CO2 and methane, which 
significantly damages the environment [12]. Given these factors, it is preferred to use them as reinforcement 
when producing Aluminum composites [13]. Coconut shell ash has a density of 2.05 gm/cm3 and contains 
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natural reinforcement elements such as SiO2, MgO, Al2O3, and Fe2O3. Studies have shown that the 
characteristics of Aluminum composites are improved by the addition of coconut shell particles; In one study, 
Coconut shell microparticles (CMP) and Al2O3 were used to reinforced Al6061 using the stir casting technique 
and it was observed that with more reinforcing content present, the hardness and tensile strength increased 
[14]. Additionally, Coconut shell ash was added to an Aluminium alloy made using the compo-casting 
approach and an improvement in tensile characteristics was observed as a result of the production of tougher 
phases and good interfacial bonding between the matrix and reinforcement [15]. 

 
Figure 2: Coconut coir 

Sugarcane Bagasse Ash 
 

Bagasse is the byproduct created when sugarcane is processed to extract its juice and is one of the biggest 
agricultural wastes in the entire globe [16]. Due to this residue's adaptability, numerous researchers have 
employed it as a feedstock, biofuel (ethanol), and paper [17]. Sugar cane bagasse (SCB) is considered to be 
an ideal material as a reinforcement fiber in the development of new materials with extraordinary physical 
and chemical properties [17]. Its fibrous structure imparts excellent mechanical properties, including high 
tensile strength and modulus. It can effectively boost the hardness and tensile strength of Aluminium metal 
matrix composites (Al6061/5wt% Al2O3 based composites) [19]. 
 

 
Figure 3: Sugarcane Bagasse 

 

 
 
Other Agricultural Residues as Reinforcement 
 

In addition to the well-known agricultural waste materials, other lesser-explored agricultural residues, such 
as corn husk, bamboo fibers, wheat straw, and soybean stalks, offer potential benefits as reinforcements in 
metal matrix nanocomposites. These materials provide unique properties that can enhance the mechanical 
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and thermal performance of the composites while simultaneously promoting sustainable waste management 
practices [3]. The choice of agricultural waste reinforcement significantly influences the mechanical, 
thermal, and structural properties of metal matrix nanocomposites. By incorporating different agricultural 
waste materials, researchers can tailor the composites to suit specific applications. However, the selection of 
the most suitable reinforcement material requires a comprehensive understanding of its properties and 
compatibility with the metal matrix. 
 
Processing Techniques for Agricultural Waste-Reinforced Metal Matrix Nanocomposites 
Stir Casting Technique 
 

This is a widely used and relatively simple method for fabricating metal matrix composites. In this process, 
the Agricultural waste particles are mixed with the molten metal matrix material, followed by solidification 
to form the composite. It’s an easy and cost-effective process and it has good control over the distribution of 
agricultural waste particles in the matrix and is suitable for producing large-sized composites. Another 
modification is the Double Stir Casting Technique which is an extension of the stir casting technique, where 
two stirring mechanisms are used to enhance the dispersion of agricultural waste particles in the matrix. It 
Improves wettability and bonding between the matrix and agricultural waste particles and enhances the 
mechanical properties of the composites [3]. 
 

Powder Metallurgy Technique 

In this technique, agricultural waste particles and metal matrix powders are mixed, followed by compaction 
and sintering to form the composite. Its benefits include; Homogeneous dispersion of agricultural waste 
particles and it also can produce composites with controlled porosity and density and is suitable for producing 
composites with complex shapes [19].  

In-situ Synthesis 

In-situ synthesis is a technique where the reinforcement is formed in situ within the metal matrix during the 
composite fabrication process. This method involves adding suitable precursors or reactants to the molten 
metal, which undergoes chemical reactions to produce the reinforcement phase. In the case of agricultural 
waste-reinforced metal matrix nanocomposites, the precursors may include chemical compounds derived 
from agricultural waste materials [3,20]. 
 

Other Techniques 

Apart from stir casting, powder metallurgy, and in-situ synthesis, other processing techniques have also been 
explored for agricultural waste-reinforced metal matrix nanocomposites. These techniques include 
squeeze casting, hot pressing, and extrusion. Each technique offers unique advantages and challenges, and 
their selection depends on factors such as the desired composite properties, cost, and complexity of the 
fabrication process. Various processing techniques, such as stir casting, powder metallurgy, in-situ synthesis, 
and others, offer versatile methods for fabricating agricultural waste-reinforced metal matrix 
nanocomposites [19] Each technique has its advantages and challenges, and their selection depends on the 
desired composite properties, the availability of equipment, and the cost-effectiveness of the process. The 
combination of suitable processing techniques with compatible reinforcement materials can lead to the 
development of sustainable and high-performance metal matrix nanocomposites for diverse industrial 
applications" 

 

Microstructure of agro-waste reinforced composites 

Oghenevweta et al. conducted a microstructural analysis of Al-Si-Mg- based composites reinforced with 
carbonized maize stalk waste using a stir casting technique. They reported that the reinforcements were 
uniformly distributed along the grain boundaries, leading to grain refinement and improved bonding. 
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Consequently, the tensile strength and hardness values increased with higher percentages of carbonized maize 
stalk. However, there was a slight decrease in impact energy, elongation, and densities [21]. In another 
investigation Atuanya et al. explored the impact of breadfruit seed hull ash as reinforcement in Al-Si-Fe-based 
composites fabricated through stir casting. They observed a reduction in the grain size of the matrix and strong 
interfacial bonding between the matrix and reinforced particles. This resulted in enhanced hardness and 
strength, but there was a slight decrease in impact energy [22]. 

Saravanan and Kumar observed that incorporating RHA in the AlSi10Mg matrix led to improved hardness, 
compressive strength, and tensile strength due to the good dispersibility of RHA in the matrix. It also 
illustrated the homogeneous dispersion of reinforced particles throughout the Al matrix and grain refinement 
[23]. Gladstone et al. noticed a unique distribution of RHA particles in the AA6061 alloy matrix fabricated 
through compo-casting, which significantly increased the ultimate tensile strength and microhardness of the 
AMC. This improvement was attributed to the uniform distribution of RHA particles in the matrix material 
[24]. Jose et al. found a uniform dispersion of lemon grass ash particles in the composite matrix produced via 
compo-casting, resulting in improved microhardness and tensile properties of the composites [25]. 
Additionally, Kumar and Birru observed that Aluminum composites reinforced with Bagasse Ash (BGA) 
exhibited superior properties due to their effective bonding with the matrix alloy and the homogeneous 
distribution of BGA particles in the composites. However, there was a reduction in density and increased 
porosity values with an increase in the mass fraction of BGA particles [26]. Furthermore, Venkatesh et al. 
investigated the microstructural features of Aluminium composites reinforced with Groundnut Shell Ash 
(GSA) and boron carbide, which were developed using the squeeze casting technique. Their findings indicated 
a uniform distribution and improved bonding of reinforcements with the matrix materials, resulting in distinct 
interfaces in the reinforced composite. However, it was observed that as the number of GSA particles 
increased, there was a tendency for agglomeration and cluster formation to occur [27]. 

The key aspects to consider during the fabrication of metal-matrix composites are achieving a uniform 
distribution of reinforcement and preventing agglomeration. Hanumanth and Irons proposed that the 
reinforcement type, solidification rate, wettability, and particle introduction process in the melt influence the 
distribution of reinforcement in the matrix alloy and microstructural characterization through SEM images 
allows easy evaluation of particle distribution, whether homogenized or uniformly dispersed in the melt [28]. 
Lokesh et al. investigated the microstructure of Al-4.5wt.%Cu composites reinforced with various percentages 
of fly ash content produced through the squeeze casting method. The results displayed a uniform distribution 
of fly ash content in the matrix melt. Application of pressure during fabrication eliminated voids and resulted 
in a homogeneously refined grain-size microstructure [29]. In the case of Aluminium alloy reinforced with 
rice husk ash, Aigbodion conducted microstructural characterization and obtained a reasonably uniform 
distribution of reinforcement, with slight segregation at some locations. It was observed that the good 
interfacial bonding between the matrix alloy and rice husk ash contributed to the nearly uniform distribution 
of the reinforcement content [30].  

Studies have indicated that achieving a fine grain size with a uniform distribution of reinforcement in the matrix 
alloy enhances the mechanical and wear behaviors of metal-matrix composites developed with industrial-
agricultural waste as reinforcement. The literature further suggests that the successful incorporation of 
industrial-agricultural waste as reinforcement material is possible, but careful optimization of the fabrication 
process is essential to ensure a uniform distribution of the reinforcement in the developed composites. 

 

Mechanical Properties of Agricultural-waste Reinforced Composites 

Numerous researchers have investigated the impact of agricultural waste reinforcements on the mechanical 
properties of aluminum-based composites. Ahamed et al. found that aluminum composites reinforced with 
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rice husk ash fabricated via stir casting exhibited decreased density but improved yield strength, ultimate 
tensile strength, and hardness. This trend of reduced density alongside enhanced or maintained mechanical 
properties is common with agricultural waste reinforcements [31]. For instance, Varalakshmi et al. used stir 
casting to create aluminum 6061 composites reinforced with coconut shell ash, achieving increased ultimate 
tensile strength and hardness despite a decrease in density. Even replacing small percentages of ceramic 
reinforcements with agricultural waste particles in aluminum composites can lead to significant property 
improvements [32]. Prasad et al. employed a two-step stir casting technique to fabricate aluminum composites 
reinforced with rice husk ash and silicon carbide particulates. They observed increased hardness, ultimate 
tensile strength, and yield strength with higher reinforcement weight fractions, accompanied by decreased 
densities. While the double stir casting technique improved wettability, challenges in this area persist, and the 
vortex method has been suggested as a potential solution for developing aluminum matrix composites [33]. 
Hima Gireesh et al. compared the mechanical properties of aluminum matrix composites reinforced with aloe 
vera and fly ash, concluding that aloe vera had a more significant positive impact [34] Devanathan et al. 
fabricated aluminum matrix composites reinforced with coconut ash and fly ash using stir casting, observing 
improved hardness, tensile strength, and elongation with increasing coconut ash weight percentage [35].Gupta 
and Kumar examined the mechanical properties of Al/Si12 composites reinforced with rice husk ash and 
Al2O3, noting enhancements in microhardness, tensile strength, and flexural strength [36]. 

Tribological Properties of Agricultural -waste Reinforced Composites 

Shaikh et al. fabricated Al-based composites reinforced with SiC and Rice Husk Ash (RHA) using powder 
metallurgy. They found that increasing RHA content up to 10% decreased both hardness and wear loss [37]. 
Conversely, Kanayo Alaneme and Apata Olubambi demonstrated that both corrosion and wear rates increased 
with higher percentages of RHA and alumina reinforcement in Al-Mg-Si composites, with wear behavior 
shifting from abrasive to a combination of adhesive and abrasive wear as RHA content increased [38]. Oladijo 
et al. developed aluminum composites reinforced with silica sand and Banana Leaf Ash (BLA) using stir 
casting. Increasing BLA content resulted in lower density composites with reduced hardness, but the 
composite reinforced with both silica sand and BLA exhibited higher wear resistance than the Al6063-silica 
sand composite [39]. Similarly, Alaneme et al. used double stir casting to fabricate Al-Mg-Si alloy matrix 
composites with RHA and SiC reinforcements, observing improvements in corrosion resistance, coefficient 
of friction, and wear behavior [38]. Siva Prasad and Shoba investigated the dry sliding wear behavior of 
aluminum matrix composites reinforced with RHA and SiC particulates using the vortex method, finding that 
the reinforced composites exhibited higher wear resistance than unreinforced composites [40]. Deshmukh and 
Pathak studied the influence of varying rice husk-based SiO2 weight percentages on the mechanical and wear 
properties of AMCs developed via stir casting. They concluded that adding Mg during stir casting improved 
matrix-reinforcement wettability, and higher Vickers hardness correlated with better wear resistance [41]. 
Bannaravuri and Birru investigated the tribological properties of BLA-reinforced Al composites, observing 
decreased wear rates with increasing BLA content [42]. Alaneme et al. reinforced the Al6063 alloy matrix 
with BLA and reported improvements in hardness and wear resistance [43]. 

Challenges in Agricultural Waste-Reinforced Metal Matrix Nanocomposites 

After an extensive review of the literature, a pattern emerged in the challenges encountered in working with 
agricultural waste-reinforced metal matrix nanocomposites and these include; 

 

Compatibility between Agricultural Waste and Metal Matrix 

One of the key challenges in utilizing agricultural waste as reinforcement in metal matrix nanocomposites is 
achieving compatibility between the agricultural waste material and the metal matrix. Agricultural waste 
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materials, such as rice husk, sugarcane bagasse, and wheat straw, have complex and heterogeneous structures 
with varying chemical compositions. This can lead to poor adhesion and weak interfacial bonding between 
the reinforcement and the metal matrix [3]. Incompatibility can result in reduced mechanical properties 
and compromised performance of the composite and that’s the reason why most researchers are particular 
about the compatibility before attempting reinforcements the case of rice husk-reinforced aluminum matrix 
composites, the high silica content in rice husk can hinder the formation of a strong interface with the aluminum 
matrix, leading to reduced mechanical properties and limited improvement in the composite's performance 
[44].Oghenevweta et al. used stir-casting to create Al-Si-Mg composites reinforced with carbonized maize 
stalk waste. They found that good metal-reinforcement compatibility and homogeneous reinforcement 
distribution along grain boundaries led to grain refining and improved bonding. Higher percentages of 
carbonized maize stalk improved tensile strength and hardness but slightly reduced density, elongation, and 
impact energy [21]. 

Interfacial Bonding and Adhesion 

Weak interfacial bonding between the agricultural waste reinforcement and the metal matrix is a critical 
challenge in achieving high-performance composites. Poor adhesion at the interface can result in ineffective 
stress transfer between the reinforcement and the matrix, leading to premature failure and reduced mechanical 
properties [45]. Shankar et al. used sugarcane bagasse ash to reinforce AlSi10Mg alloy, aiming to improve 
material properties for various industrial applications. They focused on enhancing cohesion because 
inadequate interfacial bonding between bagasse fibers and the magnesium matrix can weaken load transfer 
and limit the composite's potential in load-bearing applications [46]. 
 

Dispersion and Agglomeration 

Agricultural waste materials often have irregular shapes and high aspect ratios, which can lead to challenges 
in achieving uniform dispersion within the metal matrix [3]. Agglomeration of reinforcement particles during 
processing can create local stress concentrations and non-homogeneous distribution, affecting the overall 
mechanical properties of the composite. For example, Coconut coir reinforced aluminum matrix composites 
can experience agglomeration of coconut coir fibers, leading to non-uniform distribution and reduced 
mechanical properties [47]. 
 

Thermal Stability and Degradation 
 

Agricultural waste materials contain organic components like cellulose and lignin, susceptible to thermal 
degradation at high processing temperatures. This can compromise the reinforcement's thermal stability, 
altering its mechanical properties and potentially degrading the composite. Ogah and Afiukwa [48] analyzed 
the thermal stability of corncob, rice hull, walnut shell, and flax shive in a nitrogen atmosphere using 
thermogravimetric analysis at different heating rates (5, 10, 20, and 40 °C/min) with Flynn-Wall-Ozawa and 
Coats Redfern (modified) methods to determine thermal degradation kinetics. 
Mechanical Property Degradation 

In some cases, incorporating agricultural waste reinforcement in metal matrix nanocomposites can decrease 
mechanical properties due to poor interfacial bonding, agglomeration, or reinforcement degradation. Kareem 
et al. [49] demonstrated that AA 6061 composite properties depend significantly on reinforcement weight 
fraction. Increasing it can improve mechanical and tribological properties, but excessive reinforcement leads 
to pore formation and agglomeration, negatively impacting properties. 

Environmental Considerations 

While the use of agricultural waste as reinforcement offers environmental benefits by reducing waste and 
promoting sustainability, it is essential to consider potential environmental concerns associated with the 
processing and disposal of the composites. The choice of the matrix material, processing techniques, and 
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end-of-life disposal should be carefully evaluated to ensure a minimal environmental footprint [50,51]. 
 
Solutions to Enhance the Performance of Agricultural Waste-Reinforced Metal Matrix 
Nanocomposites 
Surface Modification 

Surface modification of agricultural waste is a promising strategy to improve the compatibility and interfacial 
bonding between the reinforcement and the metal matrix. Various surface treatment techniques, such as 
chemical treatments, plasma treatment, and silane coupling agents, can be employed to modify the surface 
properties of agricultural waste particles. These treatments enhance the adhesion between the reinforcement 
and the matrix, leading to improved mechanical properties and overall performance of the composite. For 
example, treating rice husk with a silane coupling agent can improve its surface adhesion and compatibility 
with an aluminum matrix, resulting in better stress transfer and improved mechanical properties. Jagadeesh 
et al. studied the extraction, chemical treatment, and characterization of natural fibers and their composites 
for potential applications [52]. Separately, Khalil et al. studied the use of silica-rich rice hull ash as a filler 
in polypropylene (PP). The dynamic rheological behaviors and the crystallinity of its composites with semi-
amorphous polypropylene were used as performance indicators. The effect of coupling agents on RHA/PP 
compatibility was also investigated. The addition of RHA increased storage modulus (G′), the onset (T co) 
and peak (T c) crystallinity temperatures, and decreased the degree of crystallinity of the system. Two 
coupling agents, maleated polypropylene (MAPP) and an amino-functional silane, were used to improve the 
interfacial adhesion of RHA and PP[53]. 
 
Polypropylene (PP), recycled acrylonitrile butadiene rubber (NBRr), and rice husk powder (RHP) composites 
were created using silane and acetic anhydride (AC) treatment agents. The in-situ formation of RHP-filled 
PP/NBRr composites was achieved through a melt mixing technique. Mechanical properties of both 
treatment methods were assessed using Instron mechanical analysis and Fourier transform infrared. The 
results revealed that AC treatment exhibited superior mechanical properties in comparison to silane treatment 
for RHP-filled PP/NBRr composites. This superiority was attributed to the excellent compatibility and 
stronger interaction between the anhydride moieties and PP/NBRr. [54]. Surface modifications like silane 
treatment, alkali treatment, and acetic anhydride treatment can improve the compatibility and performance 
of agricultural waste used as reinforcement in metal matrices. These methods enhance interfacial bonding 
and mechanical properties by modifying the surface chemistry and structure of the agricultural waste. The 
optimal technique depends on the specific materials used [55,56]. 
 
Hybrid Reinforcements 
Combining agricultural waste with other types of reinforcements, such as synthetic fibers or nanoparticles, 
can create a hybrid composite that benefits from the unique properties of each reinforcement. This can lead 
to improved interfacial bonding and overall mechanical performance. Hybrid reinforcements can combine the 
advantages of different agricultural waste materials, such as high tensile strength from one reinforcement 
and enhanced thermal stability from another, leading to superior overall properties in the composite. A hybrid 
reinforcement comprising rice husk and sugarcane bagasse in an aluminum matrix composite can 
synergistically improve tensile strength and thermal stability, as the rice husk provides strength, while the 
sugarcane bagasse enhances thermal resistance [57]. Hybrid reinforcements can provide a balanced 
combination of mechanical and thermal properties, reducing incompatibility issues. The studies conducted 
by Bodunrin et al. [62] and Devanathan et al. [35] focused on Aluminum Matrix Composites (AMCs) 
reinforced with various materials to improve their performance and wear resistance. Bodunrin et al. [62] 
emphasized the benefits of hybrid AMCs using Agricultural and industrial waste derivatives as 
reinforcements, leading to enhanced performance and cost reduction. They highlighted the need for corrosion 
testing and further research to optimize production processes and explore the potential of friction-stir 
processed surface AMCs and bulk AMCs. 
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On the other hand, Devanathan et al. [35] aimed to enhance the wear resistance of automobile components 
by using stir-cast aluminum matrix hybrid composites (MMHC) reinforced with coconut shell ash and fly 
ash. They found that increasing the percentage of coconut ash improved hardness and elongation but slightly 
reduced tensile strength. Their study confirmed the uniform distribution of reinforcement particles within 
the matrix, indicating promising possibilities for improving the durability of automobile components. 
 
Both studies stressed the importance of exploring novel reinforcement materials and processing techniques 
to advance the performance and sustainability of metal matrix composites for various industrial applications. 
By utilizing environmentally friendly reinforcements and optimizing production methods, AMCs show great 
potential in meeting the demands of modern engineering challenges [73]. 
 

Interfacial Engineering 

Interfacial engineering, which involves modifying the interface between agricultural waste reinforcement and 
the metal matrix, can enhance stress transfer and adhesion. This can be achieved by introducing nanoscale 
interlayers or interfacial modifiers like carbon nanotubes, graphene, or titanium carbide, which improve 
interfacial bonding and mechanical properties, mitigating incompatibility issues. Li et al. offer a 
comprehensive overview of advancements in plant-based natural fiber-reinforced composites, including 
strategies to enhance performance through fiber modification, hybridization, and incorporation of 
lignocellulosic fillers [45]. Vandeginste et al. surveyed the diverse applications of eggshell waste in various 
composite materials, including polymers, metals, and ceramics, as well as its use in adsorbents, catalysts, 
additives, and functional materials. Their study explored eggshell treatment methods and the mechanical 
properties of composites incorporating eggshell-derived particles [58]. 

Optimizing Processing Techniques 

Careful control of the processing techniques can influence interfacial bonding. Proper selection of processing 
parameters, such as temperature, pressure, and mixing time, can promote better dispersion and adhesion of 
the agricultural waste in the metal matrix [59]. Certain techniques, such as in-situ synthesis or powder 
metallurgy, may offer improved dispersion and bonding compared to others. Also utilizing advanced 
processing techniques can optimize the dispersion and alignment of agricultural waste reinforcements in the 
metal matrix, leading to improved mechanical properties [60]. Techniques such as high-energy ball milling, 
spark plasma sintering (SPS), and microwave-assisted processing can aid in achieving uniform dispersion 
and alignment of the reinforcement, contributing to enhanced mechanical performance [61]. 
 

Particle Size Optimization 

Controlling the particle size of the agricultural waste reinforcement was found to be critical in achieving 
better compatibility with the metal matrix. Optimal particle size led to improved dispersion and bonding at 
the interface Gürcan et al. [63] and Das et al. [64] provided a comprehensive review of aluminum matrix 
composites fabricated by incorporating abrasive particles through FSP. The study evaluated the enhanced 
mechanical, thermal, and tribological properties of the composites, offering new prospects for surface 
modification using FSP. In a critical review by Fu et al. [65], the mechanical properties of polymer-based 
particulate micro- and nano-composites were explored. The study examined the effects of particle size, 
particle/matrix adhesion, and particle loading on the stiffness, strength, and toughness of the composites. 
The review revealed that particle/matrix adhesion significantly influenced strength and toughness, while 
composite stiffness was predominantly affected by particle loading, especially with a critical particle size in 
the nanoscale, resulting in enhanced stiffness due to the 'nano-effect' associated with larger surface areas of 
nanoparticles. Sun et al. [66] investigated the effects of particle size and extrusion on SiC particle-reinforced 
pure aluminum composites. Their study found that a closely matched size between matrix powder and SiC 
particles led to a uniform distribution of SiC particles, while smaller SiC particles tended to cluster. Voids 
coexisted with larger SiC particles, leading to reduced density and mechanical properties. However, 
extrusion helped redistribute SiC particles, reducing pores and enhancing interfacial bonding. Smaller SiC 
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particle size improved tensile and yield strength but decreased ductility in the composites. 
 

Matrix Alloy Selection 

Choosing a metal matrix alloy that has a better affinity with the specific agricultural waste material can 
enhance compatibility. Different metal alloys have varying chemical compositions and properties, and 
selecting the most appropriate one can improve interfacial bonding with agricultural waste reinforcement. 
Mohammed et al. [67] reviewed the existing research on surface treatments of NFRC, such as alkali, 
silane, acetylation, and benzoylation, which were employed to reduce moisture absorption and fiber 
deterioration and improve their application potential. The effects of these treatments on hydrophilicity, 
surface chemistry, interface bonding, mechanical characteristics, and thermal performance of NFRC were 
discussed. Additionally, a comprehensive evaluation of surface treatment using nanoparticles (NPs) was 
conducted to enhance hydrophobicity and interfacial bonding between NFRC and the polymer matrix, 
potentially improving strength and dimensional stability. This review article provided valuable insights for 
researchers interested in coating and treating NFRC to enhance their surface characteristics. Furthermore, 
Ardanuy et al. [68] suggested that using a magnesium matrix instead of an aluminum matrix for coconut 
coir reinforcement may enhance compatibility due to magnesium's stronger affinity with natural fibers. 
Pre-treatment of Agricultural Waste 

Pre-treating agricultural waste, such as washing or removing impurities, can improve the bonding potential 
at the interface by providing cleaner surfaces for adhesion Huang et al. [69] By employing these strategies, 
it is possible to enhance the interfacial bonding in metal matrix composites reinforced with agricultural 
waste, resulting in improved mechanical properties and a more reliable composite material Fatima Haq et al. 
[70]. 
Dispersion and agglomeration solution 

To address dispersion and agglomeration challenges in metal matrix composites (MMCs) reinforced with 
agricultural waste, various techniques can be employed. Ensuring proper dispersion of the agricultural 
waste within the metal matrix is essential for achieving uniform properties and enhanced performance. 
Strategies include pre-treating the waste with methods like washing, drying, and grinding to improve particle 
size uniformity. The use of dispersants during mixing reduces agglomeration and enhances waste dispersion. 
High shear mixing breaks up agglomerates and ensures uniform distribution. Ultrasonication disperses waste 
particles using high-frequency sound waves [71]. Also, controlled processing parameters such as mixing 
time, temperature, and pressure influence waste dispersion, leading to reduced agglomeration, and 
combining agricultural waste with other reinforcements like synthetic fibers or nanoparticles aids in better 
dispersion and reduces agglomeration, achieving more uniform particle distribution. Applying functional 
coatings to waste particles improves compatibility with the metal matrix, enhancing dispersion and acting as 
a barrier against agglomeration. In-situ synthesis of the reinforcing phase during fabrication also results in 
improved waste dispersion within the metal matrix [72]. 
 
Improving Thermal stability of Agricultural waste reinforced Metal Matrix Nanocomposites  

To enhance the thermal stability and resistance to degradation in agricultural waste-reinforced metal matrix 
composites (MMCs), several strategies can be employed. These include selecting agricultural waste 
reinforcements with higher thermal stability, applying surface treatments or coatings to protect the waste 
particles, choosing a metal matrix alloy that complements the thermal stability of the reinforcement, and 
incorporating thermal stabilizers or flame retardants into the composite formulation. Controlling processing 
parameters, improving interfacial bonding, using hybrid reinforcements, and adding functional fillers with 
high thermal stability is also beneficial. Conducting thorough thermal analysis helps evaluate the composite's 
thermal stability during development. By implementing these measures, the thermal properties of the 
composite can be significantly improved, making it more suitable for high-temperature applications [49]. 

Solution to Mechanical Property Degradation 
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To enhance the mechanical properties and prevent degradation in metal matrix composites (MMCs) 
reinforced with agricultural waste, several strategies can be employed. These include choosing agricultural 
waste reinforcements with suitable mechanical properties, applying surface treatments to improve adhesion 
and compatibility, considering hybrid reinforcements for synergistic effects, optimizing reinforcement 
content, using advanced processing techniques for better dispersion, enhancing interfacial bonding, selecting 
a compatible matrix alloy, conducting rigorous testing for quality control, and performing microstructural 
analysis for understanding reinforcement distribution. By implementing these measures, the overall 
mechanical performance of the composite can be improved, ensuring better reliability and performance [3]. 

Environmental solution and sustainability  

The use of agricultural waste as reinforcement in composites offers environmental benefits, such as waste 
reduction and promoting sustainability. However, addressing potential environmental concerns is crucial. 
Strategies include selecting eco-friendly matrix materials, employing low- energy processing techniques, 
minimizing waste generation, and considering recycling options for end-of-life disposal. Conducting life cycle 
assessments and adopting a circular economy approach can improve the environmental sustainability of the 
composites. Complying with environmental regulations and standards ensures responsible waste management 
and prevents pollution. Overall, proactive measures can reduce the environmental impact and enhance the 
sustainability of agricultural waste-reinforced composites [1,74]. 

IMPLICATIONS 

The Prospects and emerging trends in Agricultural waste reinforced metal matrix nanocomposites include; 

1. Development of Novel Agricultural Waste Reinforcements: One of the prospects in the field of 
agricultural waste-reinforced metal matrix nanocomposites is the development of novel agricultural waste 
reinforcements. Researchers are continually exploring new agricultural waste materials and finding 
innovative ways to convert them into reinforcement forms, such as nanoparticles, nanofibers, or nanosheets. 
These novel reinforcements can offer unique properties and enhanced compatibility with the metal matrix, 
leading to improved mechanical, thermal, and structural performance in the resulting nanocomposites. For 
example, researchers have recently investigated the use of nanocellulose derived from various agricultural 
waste materials, such as wheat straw and corn husk, as reinforcement in metal matrix nanocomposites. 
Nanocellulose offers exceptional mechanical properties, high aspect ratios, and good biodegradability, 
making it a promising and sustainable reinforcement option. 

2. Integration of Nanotechnology: The integration of nanotechnology holds significant promise in 
advancing the performance of agricultural waste-reinforced metal matrix nanocomposites. 
Nanoparticles, such as carbon nanotubes, graphene, and metal oxides, can be incorporated into the metal 
matrix nanocomposites to enhance properties such as strength, toughness, and thermal conductivity. The 
nanoscale reinforcements also offer the potential for multifunctionality in the composites. For example, the 
integration of graphene nanoplatelets into rice husk ash-reinforced aluminum matrix composites can lead 
to improved electrical conductivity and enhanced mechanical properties, making them suitable for 
electronic and aerospace applications. 

3. Multi-functional Nanocomposites: Future trends in agricultural waste-reinforced metal matrix 
nanocomposites involve the development of multi-functional composites that offer a combination of 
properties, catering to diverse application requirements. These composites can simultaneously exhibit 
attributes such as high mechanical strength, thermal stability, electrical conductivity, and flame retardancy. 
For example, Coconut coir reinforced polymer matrix nanocomposites with added functionalized 
nanoparticles can exhibit not only enhanced mechanical properties but also good flame retardancy and 
thermal stability, making them suitable for automotive and building applications. 
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4. Sustainable and Circular Economy Approaches: In the future, an increasing focus will be on 
adopting sustainable and circular economy approaches in developing agricultural waste-reinforced metal 
matrix nanocomposites. The emphasis will be on using agricultural waste materials as reinforcements to 
reduce waste, enhance resource efficiency, and minimize the environmental impact of composite 
production and disposal. Example: The implementation of a closed-loop system, where agricultural waste 
from agricultural processes is utilized as reinforcement in metal matrix nanocomposites and the composite 
materials, after their service life, are recycled or biodegraded, represents a sustainable and circular economy 
approach. 
5. Industry-specific Applications: As the field of agricultural waste-reinforced metal matrix 
nanocomposites matures, there will be a shift towards exploring industry-specific applications. Tailoring 
the composites to meet the specific requirements of industries such as automotive, aerospace, construction, 
and packaging will drive the adoption of these sustainable materials in diverse sectors. The development of 
rice husk-reinforced magnesium matrix composites with enhanced mechanical properties and lightweight 
characteristics makes them suitable for lightweight automotive components, contributing to fuel efficiency 
and reducing carbon emissions. 
 
CONCLUSION 
 

The future of agricultural waste-reinforced metal matrix nanocomposites looks promising, with emerging 
trends focused on enhancing their performance, sustainability, and applicability in various industries. The 
critical review paper comprehensively analyzed the challenges and prospects of these materials. Although 
utilizing agricultural waste as reinforcements has gained attention due to its abundance and eco-friendly 
potential, several challenges must be addressed for optimal engineering applications. These challenges 
include compatibility with metal matrices, interfacial bonding, particle dispersion, thermal stability, 
mechanical property degradation, and environmental considerations. Various strategies like surface 
modification, hybrid reinforcements, interfacial engineering, and advanced processing techniques were 
explored to overcome these challenges and improve composite properties. Looking ahead, the development 
of novel agricultural waste reinforcements, integration of nanotechnology, creation of multi-functional 
nanocomposites, adoption of sustainable practices, and exploration of industry-specific applications will 
drive the growth of these materials, providing eco-friendly alternatives and contribute to a greener and 
more sustainable future. Overall, the review paper emphasizes the significance of agricultural waste-
reinforced metal matrix nanocomposites as a viable solution for sustainable materials development, bridging 
the gap between environmental sustainability and engineering requirements. Their successful integration 
holds immense potential to address global challenges related to resource scarcity and environmental 
pollution, making a valuable resource for researchers, engineers, and industries exploring and utilizing these 
materials in diverse engineering applications. 
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