
Vol.:(0123456789)

Discover Materials            (2023) 3:33  | https://doi.org/10.1007/s43939-023-00069-z

1 3

Discover Materials

Research

Development of aluminum composite reinforced with selected 
agricultural residues

L. Osunmakinde1 · T. B. Asafa1 · P. O. Agboola2 · M. O. Durowoju1

Received: 17 August 2023 / Accepted: 13 December 2023

© The Author(s) 2023  OPEN

Abstract
The use of agricultural residue has been considered an economic and environmentally friendly approach for develop-
ment of aluminium composites. In this study, Al powder (Al) was reinforced with coconut shell ash (CSA), rice husk ash 
(RHA), and cassava peel ash (CPA) for enhanced physicomechanical performance of the resulting composites. Five sam-
ples  (Ao–Al,  A1–Al + 15RHA,  A2–Al + 5CSA + 5RHA + 5CPA,  A3–Al + 15CPA, and  A4–Al + 15RHA) were prepared in a two-step 
stir-casting technique and characterized based on physical, mechanical and metallurgical properties. Microstructural 
analysis revealed that all the particles bonded well with the aluminum alloy. The densities of samples  A1,  A2,  A3, and  A4 
reduced by 4.78%, 7.75%, 11.44%, and 14.76%, respectively compared to the control sample  Ao while porosities rose by 
2.1%, 2.23%, 2.56%, and 2.98% respectively. Sample  A2 has the highest tensile strength (39.84 MPa) and hardness (120 
HBR) which denote 33.60% and 64.27% enhancement compared to the unreinforced sample. These observations can 
be attributed to the presence of intermetallic compounds such as  Fe3Si and  Al6Fe present in the composites as well as 
uniformly distributed and strongly bounded reinforcement within the aluminum matrix. The composite made from the 
combination of the three reinforcements gave the best physicomechanical properties and therefore recommended for 
engineering applications.

Keywords Composite · Agricultural residues · Stir-casting · Characterization

1 Introduction

Lightweight materials that possess exceptional mechanical and tribological properties are progressively gaining accept-
ance in numerous engineering applications such as the automotive, oil and gas, aerospace, and food industries [1]. 
Among these materials, Aluminum matrix composites (AMCs), a subclass of metal matrix composites (MMCs), have 
garnered attention due to their high strength-to-weight ratio, improved wear and corrosion resistance, and low coef-
ficient of thermal expansion at a low production cost [2, 3]. To enhance the mechanical and tribological properties of 
aluminum alloys, researchers have explored the incorporation of various reinforcing materials such as graphite, boron 
carbide,  (B4C), alumina, silica, Zirconia, mullite, boron nitride, and titanium diboride  (TiB2), among others [4]. Singla et al. 
[5] demonstrated a significant improvement in the impact energy and hardness of Al-alloy composites by reinforcing with 
SiC particles. Similarly, Auradi et al. [6] observed a drop in the wear rate of Al6061 matrix composites upon the addition 
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of boron carbide  (B4C) and other ceramic particles. However, the high cost of ceramic particles serves as a drawback to 
their utilization as reinforcements, resulting in an elevated cost of Al-matrix composite production [7].

The primary selection criteria for Aluminium matrix composites (AMCs) revolve around their lightweight nature and 
high strength-to-weight ratios [8]. Consequently, considerable research efforts have been directed towards incorporat-
ing suitable reinforcements to achieve these objectives. The utilization of agricultural waste as reinforcements in Al-alloy 
has facilitated the development of affordable, lightweight aluminum matrix composites while preserving the desired 
mechanical and tribological properties [9, 10]. The availability of these inexpensive reinforcements encourages research-
ers to explore the creation and application of agricultural by-products as reinforcements, which are abundantly acces-
sible at minimal or no cost. Satheesh and Pugazhvadivu [11] employed SiC and CSA in the double stair casting method 
to reinforce Al6061, Hima Gireesh et al. [12] utilized Aloe vera powder as reinforcement in Al-alloy, Alaneme et al. [13] 
employed GSA/SiC as reinforcer in aluminum alloy through the stir casting technique, and Praveen and Birru employed 
an agricultural by-product, bamboo leaf ash (BLA), for the development and characterization of a metal matrix compos-
ite. These studies all reported favorable particle recovery and dispersion within the composites, aiming to harness the 
cost-effectiveness of these materials while mitigating environmental concerns.

Various agro-wastes, such as breadfruit seed hull ash, bagasse ash, maize stalk, lemon grass ash (LGA), and bamboo 
stem ash, have been employed in different applications and documented [14–16]. Previous investigations have estab-
lished that the presence of rice husk (RH), coconut shell (CS), and cassava peel (CP) contributes to environmental pollution, 
particularly in Africa, where these residues possess limited or negligible economic value. Research studies have indicated 
that in Nigeria alone 6.8 million tons of cassava peels, were derived from hand-peeled cassava tubers which accounted 
for 20% of the total. However, landfilling of these peels, leading to improper utilization of land resources, contaminates 
the air and affects human health [17]. By subjecting cassava peels to incineration at temperatures exceeding 700 °C 
for a short duration, cassava peel ash (CPA) is produced, characterized by a significant alumino-silicate content with 
minor amounts of MgO and  Fe2O3. Table 1 demonstrates that CPA predominantly comprises more than 70% combined 
alumino-silicate, MgO, and  Fe2O3. Furthermore, CPA exhibits potential as a temporary substitute in the manufacturing 
of concrete, polymer composites, particleboard, and biomass briquettes [17–19].

On a global scale, the annual production of rice husk (RH) reaches approximately 70 million tons, posing a significant 
ecological hazard due to its adverse effects on land areas and waterways, thereby impacting terrestrial and aquatic 
ecosystems [20]. Nigeria, in particular, witnesses substantial RH production, benefiting from its abundant availability 
and high silica content. During the milling of paddy rice, the resulting byproducts include bran, broken rice, and rice, 
accounting for approximately 78 to 79% of the total weight, while the remaining 22% to 21% constitutes the husk. In 
rice mills, the husk serves as a fuel for generating steam in the parboiling process. Notably, the husk comprises around 
75% organic volatile matter, and upon combustion, the residual mass transforms into RHA, i.e., ash. In 1000 kg of milled 
paddy, approximately 220 kg of husk is generated, leading to the production of approximately 55 kg of RHA by the boiler 
when the husk is burned. RHA predominantly consists of over 90%  SiO2 as its principal constituent [20–22]. Coconut 
shell (CS) represents an agricultural by-product primarily found in tropical regions. Due to its limited economic value, 
CS is commonly utilized as a fuel source in boilers and furnaces. Through complete combustion of CS, coconut shell ash 
(CSA) is obtained, characterized by its prominent  SiO2 content, accompanied by significant amounts of  Al2O3, MgO, and 
 Fe2O3 as complementary constituents. CSA exhibits a relatively low density of 2.05 g/cm3. However, if not adequately 
disposed of, CS poses a substantial environmental threat [23]. The presence of resilient and brittle phases in such waste 
materials renders them suitable for applications in low-cost, lightweight, and load-bearing composites. These composites 
find diverse uses in sectors such as sports equipment, the food industry, architecture, and automotive manufacturing.

Table 1  Elemental composition of Al-Si-Fe and chemical oxides in RHA, CSA, and CPA

Composition Si Cu N Fe Mn Ti Al

Al-alloy (%) 0.1 0.02 0.001 0.1 0.02 0.03 Bal

Composition SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 P2O5 C

RHA (%) 91.73 1.56 0.16 1.16 0.47 – 0.73 – – 1.13
CSA (%) 45.46 15.65 12.73 0.75 15.81 0.42 – – 0.02 –
CPA (%) 54.36 11.85 5.81 10.4 0.15 1.05 13.09 0.44 – –
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Empirical research has revealed that the choice and weight ratio of reinforcing elements have a substantial impact 
on the resulting composite’s properties [24, 25]. A study conducted by Kaladgi et al. [26] employed stir casting to evalu-
ate the effect of alumina and coconut shell ash on the mechanical characteristics of reinforced Al6061 composites. The 
results indicated that an increase in the weight fraction of reinforcing particles resulted in a concomitant increase in 
both hardness and tensile strength. Varalakshmi and Kumar [27] investigated to determine the impact of coconut shell 
ash on synthesized Al6061 composite, employing a stir casting route. The findings demonstrated that an increase in the 
weight fraction of the reinforcing particle resulted in an improvement in the ultimate tensile strength and hardness, 
despite a decrease in composite density. Prasad et al. [28] produced an Al composite with RHA and SiC particles using a 
double stir casting technique. The findings indicated an enhancement in hardness, yield, and tensile strengths, coupled 
with a decrease in composite density, as the weight fraction of reinforcing particles increased.

Although several studies have investigated the effects of single ash particle reinforcement on the properties of Al-
based composites, research into the potential benefits of utilizing multiple agro-waste particles in a metal matrix par-
ticulate composite for engineering applications has been limited. Therefore, there is a need to explore the possibility 
of combining different ash particles as reinforcements to fabricate cost-effective composites with superior mechanical 
and physical properties. In light of this, the present study aims to investigate the impact of using a combination of RHA, 
CPA, and CSA as reinforcing agents on the properties of Al alloys.

2  Materials and methods

2.1  Materials and processing

Locally produced rice husk, cassava peel, and coconut shell were obtained at Osogbo, Osun State, Nigeria. The agro-waste 
was thoroughly washed with distilled water and sun-dried for 5 days. The dried wastes were later valorized in a perforated 
drum for 12 h for complete calcination. The ash was subsequently sieved and stored in an air-tight container following 
the approach described by Alaneme et al. [29]. The aluminum (Al) powder, with a purity of 98%, was obtained from Loba 
Chemie PVT LTD India and served as the matrix for the composite. Table 1 provides a detailed overview of the elemental 
compositions of the pure Al powder and chemical oxides in the ash samples based on analysis. Accordingly, Al powder 
can be considered pure with some traces of Si, Cu and Mn. Also, RHA has about twice the amount of  SiO2 compared to 
CSA and CPA while CSA contains significant amounts of  Al2O3,  Fe2O3 and MgO compared to others.

2.2  Synthesis of the composites

A cost-effective two-step stir-casting process was employed to fabricate Al composite. The amount of components for 
each sample was calculated following the experimental designs presented in Table 2. The pure aluminum powder was 
melted in a graphite crucible furnace at a temperature of 710 ± 20 °C [30, 31]. To remove moisture and improve wettabil-
ity between the matrix and ash particles during melting, the ash particles were preheated at a temperature of 250 °C. 
Subsequently, the particles were introduced into the semi-solid melt while manually and rigorously stirred for a duration 
of 5–10 min to form a slurry. The slurry was superheated at 780 ± 30 °C and automatically stirred at 500 rpm for 8 min to 
achieve homogenous composition. Finally, the molten melts obtained from the process were poured into sand moulds 
and allowed to solidify (Fig. 1b).

2.3  Mechanical properties

Mechanical tests were carried out to evaluate the tensile strength, hardness, and impact resistance of the composites. 
Tensile tests were carried out using an Instron universal testing machine (UTM model 3369) according to ASTM 8 M-91 
standard [32]. Dog-bone-shaped test specimens were made on a lathe machine and strained to fracture. The tensile 
characteristics were extracted from the stress–strain curves. The hardness tests were carried out using the Vickers hard-
ness machine following ASTM E92 standard [33]. Three indents were made at different locations on each sample, and 
the average hardness value was calculated. The impact test was evaluated using the Hounsfield Izod impact machine 
(model no. 3816) adhering to the ASTM E691-14 standard for sample preparation and testing [34]. The test samples were 
made into 75 × 10 x 10 mm with V-notch at an angle of 45° to evaluate the as-cast composite’s impact resistance (Fig. 1).
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Fig. 1  A Schematic diagram of process map

Table 2  Composite sample 
designation

Sample code Composition

A0 Al-alloy
A1 Al-alloy + 15%wt CSA
A2 Al-alloy + 5%wt 

CSA + 5%wt 
RHA + 5%wt CPA

A3 Al-alloy + 15%wt CPA
A4 Al-alloy + 15%wt RHA
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2.4  Physical property

The density and porosity of all samples were evaluated as a measure of physical characteristics. Equation (1) was used 
to calculate the density using the modified Archimedes approach while porosity values were obtained using Eq. 2 [35]. 
The mean density was estimated from three different measurements [36].

where � c,  M1,  M2 & � water are the density of composite (g/cm3), sample mass in the air  (M1), sample mass in water  (M2), 
and water density at room temperature (1 g/cm3). ρth and ρm are the theoretical and experimental densities, respectively.

2.5  Microstructural and XRD characterization

A JOEL-JSM 7600F Scanning Electron Microscope (SEM) with Energy-Dispersive X-ray Spectroscopy (EDS) capabilities was 
used to study the microstructures of the samples. The samples were ground, polished, and etched with Keller’s reagent 
for 15-25 s before the microstructure examination was done. To identify the constituent phases present in the samples, 
a Rigaku D/Max-IIIC X-ray diffractometer was utilized. The instrument employed Cukα radiation, with an operating volt-
age of 40 kV and a current of 20 mA. Diffraction characteristics were obtained within a diffraction angle range of 2–50°, 
with a scan speed of 2°/min.

3  Results and the discussion

3.1  The X‑ray diffraction results

Figure 2 shows the X-ray diffraction (XRD) spectra of the control and composite samples. Figure 2a demonstrates a cubic 
crystal structure exclusively composed of aluminum with a measured density of 2.72 g/cm3. More oxides  (SiO2, MgO, 
and intermetallic phases—Fe3Si,  Al6Fe) are observed in the composites as shown in Figs. 2b–e indicating the presence of 
silica, alumina, ferric oxide, and magnesium oxide in the reinforcements (RHA, CSA, and CPA) as earlier observed (Table 1). 
The reaction between silica and ferric oxide produced  Fe3Si while the reaction between ferric oxide and aluminum gave 
 Al6Fe, both of which are intermetallic phases that are known to strengthen composites. This observation aligns with the 
findings of Aigbodion and Ezema [37], who reported a reaction between  SiO2 and MgO resulting in the formation of 
 MgSiO4, without detrimental compounds such as  Al4C3 being detected in the composites synthesized with A365 alloy 
reinforced with PKSAnp. The analysis shows that agro waste ash mentioned above contains these oxides.  Al4C3 adversely 
affects the mechanical and corrosion properties of composites, however, it was absent in the synthesized composites. In 
a related study by Atuanya et al. [38], XRD characterization of aluminum composites fabricated with breadfruit seed hull 
particles indicated the formation of  Al6Fe,  Fe3Si, and α-Al, suggesting the involvement of the reinforcement materials in 
the composite. This is in agreement with the analysis highlighted in this study, which shows that interaction has occurred 
between the reinforcement and matrix. Despite the absence of  Al4C3, the XRD spectrum of the study’s composites shows 
that interactions between the matrix and reinforcements had occurred.

3.2  Samples’ microstructure

The SEM micrographs of the samples are shown in Fig. 3. Pure Aluminium exhibits a dendritic structure (Fig. 3a), but 
after reinforcing particles (RHA, CSA, and CPA) were added, the dendritic structures were pinned down and eventually 
vanished. Figures 3b–e show the representative micrograph of the monolithic reinforced and hybrid reinforced com-
posites respectively. The ash particles were observed to be evenly dispersed within the composites with no region in 
the composites being left out. Furthermore, neither pores nor cracks were observed. This shows the effectiveness of the 
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Fig. 2  XRD spectra for samples a  Ao b  A1 c  A2 d  A3, e  A4
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double stair casting technique in relieving the surface tension between the Al matrix and reinforcing particles, resulting 
in a distinct interfacial appearance between the reinforcement particles and matrix [29, 30]. This affirms that the double 
stir casting technique is efficient for the production of the composite. The space between the matrix and the reinforcing 
ash is concurrent which indicates the homogeneity of the ashes in the composites.

However, the particles were not seen being clustered in a zone therefore the particles and the matrix were not agglom-
erated, because of the optimum stirring employed during the casting process. The dark parts in the composites are the 
ceramic content of the ashes scattered all around the composites. At 15%wt. ash, minute level of porosity was seen in 

Fig. 3  SEM images of samples a  Ao b  A1 c  A2 d  A3, e  A4
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the composite structure because of good interfacial bonding and wettability between the matrix and reinforcement 
particles. This was at par with composites synthesized from Al-4.5%Cu matrix-alloy reinforced with BLA particles as 
described by Praveen and Anil [39]; AA6061 matrix-alloy reinforced with RHA particles described by Dinaharan et al. [40]; 
and Al–Mg-Si matrix-alloy reinforced with hybrid particles SiC-CPA as reinforcement [41]. All reported similar phenomena 
with no cracks which further confirms the low porosity value observed in the representative SEM images, and particles 
were fairly well dispersed in the composites with good particle retention.

The EDS profiles (Fig. 4) of the matrix and composite show peaks of aluminum (Al), silicon (Si), iron (Fe), oxygen  (O2), 
and magnesium (Mg) which confirm the presence of (Al, Fe, Mg, and Si) as major elements in the matrix with capacity 
of reacting to form alumina  (Al2O3), silica  (SiO2), ferric oxide  (Fe3O2), and MgO in the composites. These compounds are 
fundamental constituents of the reinforcing ashes.

3.3  Density and porosity of the samples

The density, and percentage porosity of control sample and composite samples, are shown in Fig. 5. which reveal a 
significant impact of the added reinforcements. The density of the Al-matrix alloy was measured as 2.71 g/cm3, which is 
14.76% higher than the density of sample  A4 containing Al-alloy/15%wt RHA, whose density was measured as 2.31 g/
cm3. The addition of 15%wt CSA, and 15%wt CPA resulted in a 4.78%, and 11.44% decrease in the composite’s density 

Fig. 4  EDX analysis of samples a  Ao b  A1

Fig. 5  Graph showing the 
porosity and density of com-
posites made with various ash 
particles
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respectively, while the incorporation of 5%wt CSA + 5%wt RHA + 5%wt CPA led to density reduction of 7.75%. The density 
reduction in each composite confirmed that the agro-wastes ash particles density is less compared to aluminum alloy 
density. Therefore, RHA, CSA, and CPA particulates lowers the density of fabricated composites. The density of CPA is 
1.70 g/cm3 [41]; the density of CSA is 2.05 g/cm3 [42]. Findings by Alaneme et al. [29] demonstrated that the application 
of rice husk ash (RHA) in a hybrid Al–Mg-Si matrix composite reinforced with SiC reduced the composite density. The 
decrease in density was in connection with the added RHA particulates. Praveen and Anil [39] also reported a density 
reduction in Al-4.5%Cu composite reinforced with bamboo leaf ash, the reduction in density of the composites was 
attributed to the lower density of the ash. Additionally, Satheesh et al. [11] observed a decrease in the density of the 
Al6061-SiC hybrid composite with the incorporation of coconut shell ash (CSA).

The percentage porosity of the fabricated composites increased to 2.98% as the reinforcing ash was changed at 15%wt, 
which demonstrated the presence of small voids within the fabricated composites. According to Alaneme et al. [3], the 
highest permissible porosity in cast MMCs must not be higher than 4%. By limiting friction at the interface between the 
Al matrix and reinforcements, the percentage porosity of the manufactured composites falling within the range further 
proves the efficiency and dependability of the double stair casting method. Additionally, by allowing trapped air bubbles 
in the slurry to escape during processing, this casting technique lowers porosity [41, 43]. As observed in Fig. 5. Sample  A4, 
with the highest porosity, exhibits the lowest density, while sample  A0, with the least porosity, demonstrates the highest 
density. This observation aligns with the findings of Sasank et al. [44]. A similar study where Al6063 was reinforced with 
PKSA and SiC hybrid particulates by Ikubanni [1] revealed that the percentage porosity of the synthesized composites 
was less than 2.5%. This is within the acceptable limit since it is less than 4% which is recommended for cast MMCs. The 
physical properties obtained in this study indicate the potential for producing lightweight AMCs by utilizing multi-
agro-waste ash as reinforcement in metal matrix composites. Such lightweight composites could find applications in 
automobile spare parts production such as cylinder liners and pistons among others.

3.4  Hardness, tensile strength, and impact energy of samples

Figures 6, 7 and 8 provide insight into the influence of reinforcements on the hardness, tensile strength, and impact 
energy of the samples. The hardness of the composites exhibited improvements of 14.24%, 21.38%, 28.06%, and 64.27% 
for samples  A3,  A1,  A4, and  A2, respectively, compared to the Al-alloy (see Fig. 6). The hardness changes as the ash parti-
cles change in the composites. The increase in hardness can be attributed to the presence of hard and brittle phases of 
the reinforcing particles in the malleable and soft phases of matrix material [29, 30]. Additionally, the hard and brittle 
phases of the reinforcement particles (as listed in Table 1), including  SiO2, MgO,  Al2O3, and  Fe2O3, which are constituent 
of RHA, CSA, and CPA, changed as the ash particles were changed and therefore enhanced composite hardness. The 
addition of 15%wt ash particles increases the surface area of reinforcement, leading to a reduction in matrix grain size, 
by increasing the volume of precipitated phases with associated plastic deformation resistance perhaps creating high 
dislocation density around the particle–matrix interface, therefore, improved the composite hardness. Same report 
was accredited to Hassan and Aigbodion [45] that reported higher hardness base on the presence of ceramic particles 
in the ESA reinforced composite against virgin alloy. Agbeleye et al. [46] reported similar effect when they reinforced 

Fig. 6  Plotted hardness of fab-
ricated composites
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AA6063 with clay. The slight difference in the hardness of synthesized composites was a result of the inconsistency of 
hard and brittle reinforcing oxides of each ash when compared, which significantly affects the load transfer mechanism 
at the particle matrix-particles interface. This observation align with Praveen and Anil [39], who demonstrated that the 
addition of bamboo leaf ash increased hardness and reduced the average grain size of the aluminum composite. The 
denser grain boundary line observed in the composites with higher quantities of reinforcement increases the dislocation 
density at the particle–matrix interfaces, resulting in an increase in plastic deformation resistance on the composites. 
This put RHA ahead of other agro-waste ash. This could be a result of more brittle and hard phases in the reinforcement 
used. This observation aligns with the studies conducted by Ikubanni et al. [1] and Praveen and Anil [39], and  Madaskson 
et al. [47]. Agbeleye AA et al. [46] also corroborated the effect of clay on aluminum composites reinforced with clay for 
brake disc rotor applications. They explained that the application of reinforcements at 15%wt increases the composite’s 
hardness and tensile strength but drops as the reinforcement percentage increases further. Previous research has shown 
that the presence of intermetallic compounds or phases in aluminum composites, such as  MgSiO4 and  Fe3Si, can greatly 
enhance hardness [21, 30, 36]. The results obtained in this study suggest that the developed composites can be suitable 
for lightweight applications where moderate hardness is required, such as sports equipment and architectural works.

The tensile strength samples  A3,  A1,  A4, and  A2 demonstrated an increase of 16.03%, 18.21%, 26.46%, and 33.60%, 
respectively, compared to the base alloy (see Fig. 7). However, this depicts the enhancement power of each ash based 
on their elemental compositions. The reaction and production of intermetallic phases, as well as the uniform distribu-
tion of hard and brittle phases within the ductile phase of the Al alloy, contribute to the influence of reinforcements on 
the tensile strength of the composite. According to Ikubanni et al. [1] enhancement in the tensile strength of hybrid 
composite reinforced with SiC and PKSA occurred as the PKSA incorporation increases in the base alloy. The addition 
of brittle and hard components from the ash particles (RHA, CSA, and CPA) improved the composites’ tensile strength. 

Fig. 7  Plotted Tensile strength 
of fabricated composites
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Praveen and Anil [39] reported an increase in the tensile strength of composite as bamboo leaf ash variation increased 
in the Al-4.5Cu alloy. Furthermore, the ability of the composites to transfer more loads as the reinforcing particles were 
added between the particle–matrix interface, strengthened the composite more thereby enhanced the tensile strength 
of the composites. This shows a correlation between hardness and tensile strength. The combined ash has more hard and 
brittle phases and gives the highest tensile value with more loads being transferred from the matrix into particles at their 
interface. Dinaharan et al. [40] revealed that interfacial bonding between matrix alloy and RHA particle was strong hence 
more load was transferred from the matrix into the particles at the particle–matrix interface during loading. Therefore, 
enhanced the composite better. Moreover, the morphological analysis of the synthesized composites revealed that the 
grain refinement caused by the reinforcement in the composites compared to base alloy improved tensile strength by 
reducing interparticle distance however, enhanced more particle interaction. The enhancement principles are discussed 
as follows.

Praveen and Anil revealed that a uniform dispersion of reinforcing particles throughout the Al-alloy matrix facilitates 
the Orowan mechanism into display during tensile loading creating a strong bond between the particles and the matrix, 
leading to enhanced tensile strength [39]. Furthermore, the inclusion of reinforcing materials refined composite grain 
size compared to matrix grain size therefore improved tensile strength through Hall–Petch equations [48]. While, the 
difference in the coefficient of thermal expansion between the matrix and the reinforcing material generates high disloca-
tion density at the particle–matrix interface and inhibits the free flow of dislocation movement hence strengthening the 
tensile strength. The observed strengthening of the composite samples can be attributed to load transfer mechanisms 
at the interface between the base alloy and the reinforcing particles. This phenomenon involves the effective transfer of 
mechanical stresses and the creation of plastic deformation barriers within the composite structure. Consequently, the 
tensile characteristics of the composite are significantly influenced by the presence of RHA, CSA, and CPA particles [1, 
7, 12, 15]. Among the composites with 15%wt reinforcement, composite  A2 exhibited the highest tensile strength and 
hardness, followed by  A4,  A1, and  A3, respectively, compared to virgin Al-alloy. This aligns with Ikubanni et al. [1]. The 
addition of these particles as reinforcement in aluminum matrix generates lightweight materials with improved strength 
and hardness which are useful in automobiles (pistons, connecting rods, cylinder liners) and architecture.

The impact energy, as demonstrated in Fig. 8, exhibited a decrease of 8.08%, 10.11%, 16.79%, and 22.60% for samples 
 A3,  A1,  A4, and  A2 respectively, compared to the virgin matrix (Al-alloy). The impact test reveals how brittle the reinforc-
ing components are. Due to the brittleness of the reinforcing particles, the impact energy of each composite created 
reduced accordingly. This shows that the reinforcements impaired the toughness of the composites differently, the RHA 
particle has the least toughness, followed by CPA while, CSA has the highest toughness. This could be traced to the 
presence of ceramic particles  (SiO2) in the ashes, the silica percentage in RHA is the highest followed by the one in CPA 
while CSA is least (see Table 1). This assertion is elaborated with Al-alloy reinforced with hybrid particles of CSA and SiC, 
as the variation of CSA increases in the composites, the impact energy decreases [49]. Similarly, Hassan and Aigbodion 
developed Al-Cu-Mg composites reinforced with eggshell ash and reported similarly that an application of eggshell ash 
reduced the impact energy of the synthesized composites [45]. Moreover, the test revealed that the elastic property of 
the matrix material varies proportionally with the application of reinforcing particles due to the inelastic properties of 
these reinforcements. The particles impaired the composite’s impact energy differently under sudden loading due to 
the inherent brittleness of each ash particle. Therefore, the ability of the composite to absorb energy diminished faster 
in composite  A2 than in the rest. However, the outcomes are within the standard level [11, 45, 49].

4  Conclusions

The aluminum alloy was subjected to reinforcement with varying weight percentages of coconut shell ash (CSA), rice husk 
ash (RHA), and cassava peel ash (CPA), namely 15wt% CSA, 15wt% RHA, 15wt% CPA, and 5wt% RHA + 5wt% CSA + 5wt% 
CPA. The key findings of the study can be summarized as follows:

• The composite exhibited optimal tensile strength and hardness when reinforced with 5wt% RHA + 5wt% CSA + 5wt% 
CPA, reaching values of 39.84 MPa and 120 HBR, respectively. However, the composite displayed reduced impact 
energy at this particular level of reinforcement. This indicates that the composite becomes harder and brittle with a 
reduced impact energy of 28.63 J. The obtained results from  (A1,  A3, and  A4) point out that the aforementioned agro-
wastes are potential reinforcing materials which aid development of lightweight composite with good strength-to-
weight ratio for various modern engineering applications at reduced production cost.
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• The difference in the density values and chemical oxides of each reinforcing particle determined the physico-mechani-
cal properties of the fabricated composites as reinforcing particles were added. The percentage variation in the density 
of synthesized composites  (A1,  A2,  A3, and  A4) are 11.44%, 7.75%, 4.78%, and 14.76%, this shows that the application 
of RHA particles as reinforcement gave least dense composite compared to CPA and CSA.

• Compared to pure Al-alloy, the density result of synthesized aluminum matrix composites is dependent on the rein-
forcing particles. The presence of porosity within the composites was indicated by discrepancies between the theo-
retical and experimental density values.

• The composites contained a variety of substances, including silica  (SiO2), magnesium oxide (MgO),  (Fe3Si), and  (Al6Fe) 
according to the XRD spectrum. These oxides and intermetallic phases facilitated the composites’ hardening and 
strengthening. The presence of  Fe3Si and  Al6Fe in composite  A2 enhanced its mechanical properties over others hence, 
could find application in automobile engineering. The composite sample  A2 was the best-synthesized composite 
among others.

• Scanning electron microscopy (SEM) analysis demonstrated a well-dispersed arrangement of the reinforcing materials 
within the composite, showcasing a clean interface between the matrix and the reinforcement particles.
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