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Abstract

Al-Mg-Si alloys offer lightweight properties and an excellent strength-to-weight ratio, making them attractive for
engineering applications. However, limitations in their mechanical performance have driven interest in reinforcing
these alloys with synthetic ceramics and agro-waste residues. Although previous studies have explored plantain
peel ash, rice husk ash, and coconut shell ash, comprehensive investigations into cassava peel ash (CPA) and
alumina-reinforced Al-Mg-Si alloys remain limited. This study examines the mechanistic performance of
CPA/Alumina-reinforced Al-Mg-Si composites manufactured via a two-stage stir casting procedure, with CPA
contents of 2-10 wt.%. Composites were evaluated for porosity, density, hardness, tensile and yield strength,
ductility, E-modulus, toughness, strain at failure, and wear resistance. Microstructural analysis revealed
heterogeneous, roundish reinforcement dispersion, with XRF and XRD confirming silica as the dominant oxide
phase. The composites exhibited lightweight characteristics with porosity between 0.93-1.94%. Hardness ranged
from 57.10 to 68.24 BHN, tensile strength from 95.35 MPa (CPA-10) to 210.68 MPa (CPA-4), and yield strength
peaked at 175.09 MPa (CPA-4). CPA-0 showed the highest toughness (5.55 J) and ductility (12.22%), while wear
resistance improved progressively with CPA, peaking at CPA-10 (1.280 mm/mm?). CPA-4, with 4 wt.% CPA and
6 wt.% alumina, emerged as the optimal composition, offering an excellent balance of strength, stiffness, and
moderate ductility. The findings confirm that cassava peel ash, when optimally hybridized with alumina, can serve
as a sustainable, eco-friendly reinforcement, significantly enhancing the mechanical performance of aluminum
alloys for broader structural and engineering applications.
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1. Introduction

Aluminum-Magnesium-Silicon (Al-Mg-Si) alloys are widely recognized for their high strength, excellent corrosion
resistance, formability, and lightweight nature. As part of the 6xxx series, they are particularly valued in structural
applications owing to their exceptional strength-to-weight performance, weldability, machinability, and thermal
stability. The formation of intermetallic Mg,Si phases enhances their mechanical strength through precipitation
hardening [1], making them well-suited for extrusion processes with excellent heat-treatment properties [2].
These attributes have positioned Al-Mg-Si alloys as essential materials in various industries, including marine
structures [3], transportation (aerospace and automotive) [4], electrical conductors [5], civil infrastructure [6], and
additive manufacturing [7]. However, achieving resistance to spalling and cracking from rapid heating while
maintaining structural integrity remains a challenge, particularly in the transportation sector. Consequently,
research into optimizing these alloys continues to be a priority.

The mechanistic characteristics of Al-Mg-Si alloys can be significantly enhanced through reinforcement with
particulate materials and appropriate heat treatment. Synthetic ceramic reinforcements (SCRs), including TiC,
SiO,, WC, Al,Os3, SiC, and CNTs have demonstrated considerable improvements in hardness and strength due
to their load-bearing and pinning effects within the alloy matrix [8,9]. For example, the incorporation of 10 wt%
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Al,03 in AA6063 increased hardness from 25 BHN (0 wt% Al,O3) to 74.70 BHN, Young’s modulus from 11.35
GPa to 15.63 GPa, ductility from 3.14% to 12.11%, and strength from 118.87 MPa to 207.49 MPa [6,10]. The
enhanced performance is attributed to improved mechanical interlocking and bonding between the matrix and
reinforcements, as well as the temperature mismatch and high elastic modulus of Al,O3, which further strengthens
the composite [11]. Similarly, hybrid reinforcements combining SiC and TiB, have been found to improve tensile,
flexural, and impact strength, with SiC playing a dominant role in enhancing mechanical performance [12].

Despite the advantages of SCRs, their high production costs and environmental impact, particularly in terms of
greenhouse gas emissions, pose significant challenges [13,14]. As a result, research has increasingly focused on
sustainable and cost-effective reinforcement alternatives, such as agro-waste residues, which offer a viable
replacement for conventional synthetic ceramics. Agro-waste residues, if not adequately managed, contribute to
environmental pollution, making their repurposing a key area of interest in green engineering [15-17]. Studies
have demonstrated that agro-waste-derived reinforcements can enhance the mechanistic properties of Al-Mg-Si
alloys. For instance, rice husk ash particulates have shown good interfacial bonding with Al-Mg-Si matrices [18],
while agro-waste-reinforced composites have exhibited improved hardness [19,20], ductility [21], and strength
[22] due to efficient load transfer mechanisms. Extensive research presented in Table 1 on using agro-waste
residues as reinforcements highlights their growing significance as sustainable materials for composite
development.

Among the agro-waste residues listed in Table 1, cassava (Manihot esculenta) peels remain underexplored as a
reinforcement material for Al-Mg-Si alloys. Cassava is abundantly cultivated in Sub-Saharan Africa, accounting
for approximately 63.1% of global production [33], with Nigeria contributing more than 18% annually [34]. Its
peels have been investigated for various applications, including pozzolanic material for partial cement
replacement [35,36], electrode material for supercapacitors [37], and a biogas source when blended with animal
waste [38]. Despite these promising prospects, limited studies have explored cassava peel ash (CPA) as a
monolithic or hybrid reinforcement in Al-Mg-Si matrix composites. Utilizing cassava peels aligns with global
sustainability goals, particularly in reducing carbon footprints and achieving net-zero emissions by 2030 [39].

The increasing emphasis on green manufacturing underscores the potential of cassava peel as a low-cost, eco-
friendly reinforcement alternative for engineering applications. Previous research indicates that heat-treated CPA
can enhance the structural and wear performance of AA6063-based composites fabricated using two-step stir
casting [1,24]. For instance, Ben and Olubambi investigated only the tribological performance of CPA/AlL,O;
reinforced AMCs without assessing their mechanistic behaviour [1]. Olaniran et al. investigated the influence of
CPA/SiC particulates on Al-Mg-Si composites' tribological and physico-mechanical properties. Their study
reported significant improvements compared to the unreinforced matrix but did not provide data on density,
ductility, or Young’s modulus (Table 1) [24].

Building on the prior investigations, this study aims to extend the understanding of Al-Mg-Si matrix composites
by comprehensively evaluating their mechanistic performance when reinforced with agro-waste residues such as
CPA and alumina. While previous research has explored their tribological and microstructural behavior, a
significant gap exists in assessing how these reinforcements influence key mechanical properties, including
Young’s modulus, yield strength, tensile strength, ductility, toughness, and failure strain. These mechanistic
properties, which are critical indicators of structural reliability, have not been concurrently assessed in the
literature for CPA reinforced composites. This study addresses that gap by examining monolithic and hybrid
reinforcements using a two-stage stir casting procedure, focusing on evaluating their performance under tensile,
bending, and dynamic loading conditions.

A two-step stir casting procedure was adopted owing to its efficiency in ensuring uniform distribution of
reinforcement phases throughout the matrix, thereby optimizing the structural characteristics of the composites
[22,40,41]. The unique contribution of this research is its comprehensive evaluation of the physical and
mechanical performance of the CPA-reinforced composites and the innovative use of cassava peel as a
reinforcement material, repurposing agro-waste from an environmental pollutant into a sustainable engineering
solution for advanced composite fabrication. The insights gained will contribute to developing sustainable, high-
performance materials for structural components in transportation, construction, and other engineering sectors.
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Table 1. Mechanistic properties of
Al-Mg-Si matrix composites
incorporating agro-waste
reinforcements

React Engineering, Environmental, and Applied Sciences 1(1), 22-43, (2025)

Al Reinforcement types Range Mechanistic performance Ref.
series  Agro-wastes SCRs Hardness Tensile Young's Ductility Density
(BHN) strength Modulus (%) (g/cm?3)
(MPa) (Gpa)
Al6063  Bean pods Al,Os 74.70 to 118.87 to 11.35to 15.63 3.14 to 2.78t02.74 [6]
105.04 200.62 12.11
Al6061  Coconut shell None 40.86to 55.2  70.00to 160.27 NR NR NR [23]
Al-Mg-  Cassavapeel SiC 47.2to 57.5 143.5 to 189.9 NR NR NR [24]
Si
Al6063  Manihot AlLO; 74.70 to NR NR NR 2.64t02.74 [1]
esculenta 107.47
Al6061 Coconut Graphene 67.5to 89.5 178.28 to NR 7.5t09.2 2.71t0 2.59 [25]
shell 246.23
Al-Mg-  Maize stalk None 6.80to 20.20  50.86 to 85.60 43.42 to 70.25 7to 14 [26]
Si
Al6063  Palm kernel None 335t0 615 102.45 to 10.25 to 14.00 7.5to NR [21]
shell 190.14 13.75
Al6063  Coconut shell None 35.66 to 57.95 to 79.30 1.02 to 1.05 NR 2.65t02.59 [27]
40.20 Mpa
Al6063  Corn cob None 27 to 59 2476510 52.35 NR NR 2.66 to 2.44  [28]
Al-Mg-  Green Al,Os 87.60 to 93.94t0 175.29 6.50 to 15.63 3.5t012.1 NR [22]
Si plantain peel 101.04
Al6061  Eggshell None 32.32to NR NR NR 2.35t02.28 [29]
37.13
Al6061  Coconut shell None 67.5 to 82.5 60 to 150 NR NR 2.70 t02.57  [30]
Al6061  Sugarcane None 66.75 to 152.45 to NR NR NR [31]
bagasse 71.25 198.75
Al-Mg-  Eggshell TiO, 92 to 138 280 to 395 NR NR NR [32]
Si

Where NR means Not Reported

24| React



Takalani & Festus React Engineering, Environmental, and
Applied Sciences 1(1), 22-43, (2025)

2. Materials and Methods

2.1 Materials

This study employed materials such as high-purity alumina, Al-Mg-Si (AA6063) alloy slabs, and cassava peels.
The cassava peels were sourced from local cassava plantation farmers in Ede, located in the southwestern region
of Nigeria.

2.2 Cassava peel processing

Heat treatment is widely recognized as an effective method for valorizing agro-waste residues, such as cassava
peels, for engineering applications [33]. This process facilitates the production of inorganic ash, which is essential
for elemental and compositional analyses. The cassava peels used in this study were initially sun-dried for several
days to reduce moisture content and lower the cyanide levels. Sun-drying has been reported to reduce cyanide
content by up to 90% without adversely affecting the nutritional or structural integrity of the peels [42]. Following
sun-drying, the peels were oven-dried for 24 hours at 62 °C to eliminate residual moisture. Controlled oven-drying
within the temperature interval of 46-100 °C has been found to minimize cyanide content further and enhance
material stability [43]. The dried-out cassava peels were transferred into a metal chamber and subjected to open-
air combustion. The resulting ash was then calcined in an electric muffle furnace for 185 minutes at 655 °C. This
conditioning step yielded high-purity, thermally stable cassava peel ash (CPA), which is suitable for use as a
reinforcing material in the fabrication of MMCs.

2.3 Composite synthesis and production

The two-stage stir casting methodology was adopted for synthesizing the AI-Mg-Si matrix composites
incorporating particulates of cassava peel ash and alumina as reinforcement. This method is widely adopted in
manufacturing agro-waste residue reinforced with MMCs due to its effectiveness in minimizing particulate
agglomeration and guaranteeing uniform dispersion of reinforcement particulates throughout the matrix [44]. The
process flowchart for the synthesis and production of the CPA/Alumina/Al-Mg-Si AMCs is illustrated in Fig. 1.
The slabs of Al-Mg-Si alloy were liquefied within a graphite crucible placed inside a resistive furnace to obtain a
molten state. The CPA and alumina powders were prepared and blended to achieve a combined reinforcement
weight fraction of 10%, as detailed in Table 2. The particulates were thoroughly mixed and preheated at 250 °C
prior to incorporation into the melt. Preheating has been shown to enhance the wettability and dispersion of agro-
waste and ceramic reinforcements in metal matrices [19,44]. The preheated natural (CPA) and synthetic (alumina)
reinforcements were gradually added to the molten Al-Mg-Si alloy at 750 °C and stirred consistently for 15
minutes. Magnesium was added at 0.001 wt.% to improve wettability. The mixture was then superheated to 880 °C
to promote uniform distribution of the reinforcements and minimize clustering. A second round of stirring was
carried out at this elevated temperature for another 15 minutes using a mechanical agitator. This completed the
two-step stir casting process and enhanced the adhesion at the interface of the matrix-reinforcement particulates.
The resulting molten composite was subsequently drenched into sand moulds prepared from kaolin, following the
method described by [45] and allowed to cool under ambient conditions. The solidified CPA/Alumina/Al-Mg-Si
composite ingots were removed, machined, and cut into standard test specimens. Each specimen was labeled
correctly for identification and subjected to mechanistic property evaluation.

Table 2. Weight percent S/N Sample-ID CPA (wt.%) Alumina (wt.%)
of CPA and alumina 1 CPA-0 0 10
reinforcements. 2 CPA-2 2 8

3 CPA-4 4 6

4 CPA-5 ) 5

5 CPA-6 6 4

6 CPA-8 8 2

7 CPA-10 10 0
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Fig. 1. Process flowchart for
synthesizing CPA/alumina-
reinforced Al-Mg-Si
composites.
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2.4 Microstructural investigation

Microstructural analyses were conducted on the as-prepared cassava peel ash particulates and the fabricated
monolithic and hybrid CPA/Alumina/Al-Mg-Si AMCs. A FE-SEM (JSM-799F JEOL) fitted with an EDX
spectrometer was employed to observe the morphology, particle dispersion, and interfacial bonding of the
reinforcements within the matrix. In addition, elemental phase analysis and oxide composition were conducted
with the aid of an XRD diffractometer and XRF spectrometer, providing insights into the chemical properties,
crystallinity, and phase constituents.

2.5 Physical property measurement

The density of the reinforcement particles was measured using a pycnometer. For the fabricated
CPA/Alumina/Al-Mg-Si AMCs, density and void content measurements were conducted in compliance with the
ASTM D2734 guideline [46]. The theoretical density (p.4), experimental density (p.4), and void fraction (V,;) was
estimated using Equations 1, 2, and 3, respectively. To obtain the experimental density, each composite sample
was first weighed using a high-precision digital analytical balance to determine its mass (M). The sample volume
(V) was then calculated, adopting the buoyancy principle using the displacement method, in line with Archimedes’
flotation technique [47].

Pra = Wta_mg—siX Pawmina + Wt.cpaX pcpa + Wt gtumina X Patumina (€Y)
pea =M/ 2
v, =P " Ped 1009 3)

Pta

2.6 Hardness performance

Hardness test was conducted on the fabricated CPA/Alumina/Al-Mg-Si composites with the aid of a hardness
testing machine (Innovatest Falcon-500), in compliance with the ASTM E10 guideline [48]. A 10 mm diameter (D)
steel ball indenter was used to apply a load (F) of 980.67 N across the surface of each composite sample, at a
holding time of 10 seconds. The diameter of the resulting indentation (d) was estimated perpendicularly with the
aid of a x20 optical microscope integrated into the testing machine. The Brinell Hardness Number (BHN) was
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computed by employing Equation 4. For accuracy and consistency, three indentation measurements were
recorded for each sample, with the average reading recorded as the Brinell hardness for the corresponding
CPA/Alumina/Al-Mg-Si composite.

2 XF

BHN = nD(D —VD? — d?) ®

2.7 'lensile properties test

The recommended tensile property tests for aluminum matrix composites include Young’s modulus, percentage
elongation, ultimate tensile strength (UTS), yield strength, toughness, and strain at failure [49,50]. The UTS test
determines the maximum stress AMCs can endure before failure, while yield strength shows the stress level at
which plastic deformation begins, a crucial parameter for AMCs subjected to constant or fluctuating loads.
Ductility and toughness of AMCs are assessed through the percentage elongation at break, providing insight into
the AMCs' ability to undergo deformation before fracture. The stiffness of the AMCs under load in structural
components is measured by the Young’s or elastic modulus, while strain at failure determines the brittleness or
toughness of the fabricated AMCs relevant for applications where impact resistance is critical.

An Instron 1192 universal tensile testing instrument was employed in determining the tensile properties of the
fabricated CPA/Alumina/Al-Mg-Si AMCs in compliance with the ASTM E8 guidelines [51]. The composite
specimens for tensile testing were prepared to dimensions of 40 mm gauge length and 5 mm diameter, with testing
conducted at a 1.0 mm/min crosshead speed in compliance with the recommended strain rate for aluminum-
based composites. For each reinforced CPA/Alumina/Al-Mg-Si AMCs, the test was conducted in triplicate, and
the resulting tensile stress-strain curves were analyzed to determine the yield strength, UTS, toughness,
elongation at break, Young’s modulus, and tensile strain at failure.

3. Results and Discussion
3.1 Characterization of reinforcement particulates

Fig. 2 presents the as-prepared cassava peel ash particulates (Fig. 2a) along with their corresponding
microstructural features (Fig. 2b) and elemental composition obtained from EDX analysis (Fig. 2c). The findings
of the chemical composition analysis, phase constituents, and physical properties of the reinforcement are equally
presented and discussed, establishing their suitability as reinforcement materials.

3.1.1 Morphology, element, chemical, and phase characterization

The SEM micrograph of CPA presented in Fig. 2b shows a heterogeneous morphology having irregular,
agglomerated submicron particles, which is typical of materials formed through thermal degradation of organic
matter [33]. The particles exhibit non-uniform, roundish shapes with occasional longitudinal features, supporting
their potential use in porous composites where increased interfacial surface area enhances matrix—particle
bonding. No significant surface defects or sharp contours were observed, further indicating the material’s
suitability for uniform dispersion in metal matrix systems. This observation is consistent with the SEM results
from [1,52,53].

The EDX elemental map result shown in Fig. 2c reveal a significant presence of oxygen (46.2 wt.%), silicon (21.0
wt.%), potassium (10.8 wt.%), aluminium (9.0 wt.%), calcium (5.3 wt.%), iron (4.8 wt.%), magnesium (1.2 wt.%),
and phosphorus (0.4 wt.%). This observation indicates that the CPA is primarily composed of silica (SiO,), followed
by potassium oxide (K;O) and aluminium oxide (Al;Os). The XRF analysis in Fig 3a confirms this elemental
distribution, with a high silica content of 43.59%, consistent with values reported in previous studies [1,36,54,55].
Other oxide compositions recorded include Al;O3 (15.69%), K,O (12.56%), CaO (11.73%), and Fe,O3 (8.46%). The
XRD phase composition analysis shown in Fig. 3b confirms the presence of prominent silicate (SiO;) phases and
highlights the predominantly amorphous nature of CPA. The amorphous characteristics of CPA have also been
reported by [56,57]. Additional phase peaks identified in this study include monoclinic calcium silicate (Ca3SiOs)
and hexagonal ferric oxide (Fe;O3).

These findings suggest the likelihood of CPA to improve the hardness, thermal stability, and wear resistance when
used as reinforcements in AMCs due to the high silica content (Figs. 3 and 4), which are key properties required
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for load-bearing and high-temperature environments [58]. In addition, the presence of K,O and Al,O; will
significantly contribute to improved stiffness and rigidity of the composite matrix [44]. The CaO and Fe;O; content
will likely improve the mechanical strength and load-bearing potential of the CPA particulates, with CaO in
particular aiding in porosity reduction due to its fluxing characteristics [59], improving particle-matrix adhesion
and overall densification [60].

3.1.2 Particulate density characterization

The as-processed cassava peel ash and alumina exhibited density values of 2.68 g cm™ and 3.98 g cm?,
respectively. The CPA density aligns with previous findings [1], although it is slightly lower than the 2.95 g cm?
reported by [61], yet falls within the general range of 2.5 — 3.0 g cm™ for CPA [33]. The measured alumina density
is also consistent with established literature values, deviating by only 0.19% [10]. The 32.66% density difference
between CPA and alumina suggests that increasing the proportion of CPA in the composite formulation could
contribute to overall weight reduction, which is an important advantage for lightweight structural applications
such as automotive and aerospace. Conversely, increasing the alumina content would enhance the ceramic nature
of the composite, likely improving hardness and stiffness.

Fig. 2. Physio-structural
characterization of CPA
particulates: (a) macroscopic
view, (b) SEM micrograph,
and (c) EDX mapping..
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3.2 Physio-structural and mechanical performance of the monolithic and hybrid composites
3.2.1 Microstructural characterization

The SEM micrographs of the as-produced CPA/Alumina/Al-Mg-Si AMCs are presented in Fig. 4 for the fabricated
monolithic and hybrid composites. The surface morphology of the monolithic CPA-0 composite with 10 wt.%
alumina (Fig. 4a) appears uniform with well-dispersed alumina particulates within the Al-Mg-Si alloy matrix and
no visible clustering. Sharp grain boundaries, minimal voids, and clean interfaces indicate good wettability and
strong particle-matrix interaction. The monolithic CPA-10 composite with 10 wt.% CPA (Fig. 4b) as the only
reinforcement, showed a heterogeneous morphology with irregular and agglomerated particulates dispersed
within the Al-Mg-Si matrix. The rough surface texture and indistinct grain boundaries reflect the CPA particles'
porous and non-uniform nature. These findings indicate that while the microstructure of CPA-0 supports strong
interfacial bonding, low porosity, and efficient load transfer, enhancing the composite’s stiffness and strength due
to alumina’s high density, the irregular and agglomerated nature of CPA-10 may hinder load transfer. Strong
interfacial bonding, desirable for structural applications, is essential for efficient load transfer during mechanical
loading [62]. However, the porous and non-uniform features of CPA could enhance energy absorption and
interfacial anchoring in structural applications [63].

The SEM microstructure of the hybrid CPA-2 (8 wt.% alumina and 2 wt.% CPA) is shown in Fig. 4(c). A relatively
dense surface morphology was observed with elongated particulates and no signs of severe agglomeration.
Compared to CPA-10, the improved dispersion is attributed to the higher alumina content, while compared to
CPA-0, the introduction of CPA results in the appearance of some voids, reflecting the influence of its porous
nature. The moderate heterogeneity and visible reinforcement-matrix interfaces suggest a good balance,
promoting effective dispersion and interfacial bonding, likely contributing to improved mechanical properties. Fig.
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Fig. 4. SEM micrograph of Monolithic CPA/Alumina/Al-Mg-Si alloy composites
the fabricated monolithic
and hybrid
CPA/AluminalAl-Mg-Si
AMCs.

(a) CPA-O (b) CPA-10

Hybrid CPA/Alumina/Al-Mg-Si alloy composites

'\ better
dispersion
of CPA A

particulates

(c) CPA-2 (d) CPA-4 (e) CPA-5 (f) CPA-6

4(d) shows the microstructure of hybrid CPA-4 with alumina decreasing to 6 wt.% and CPA increasing to 4 wt.%
compared to CPA-0. Compared to CPA-2, the slight reduction in alumina and increase in CPA introduce more
surface irregularities and interfacial complexity, resulting in a moderately dense and well-integrated matrix with
elongated particulates and distinct matrix—particle interfaces. This decrease in synthetic reinforcements may
reduce composite stiffness and strength, while the increase in CPA reinforcements may benefit toughness, and
energy absorption due to the porous morphology of cassava peel ash (Fig. 2).

Fig. 4(e) presents the SEM image of hybrid CPA-5, with equal amounts of alumina (5 wt.%) and CPA (5 wt.%). The
surface shows moderately uniform dispersion with elongated particulates and better structural integration
compared to CPA-10 but slightly less refined than CPA-2 and CPA-0. The balanced reinforcement phase
introduces visible surface irregularities, while the observed interfacial adhesion and moderate voids suggest a
compromise between strength and toughness in the CPA-5 composite. CPA-6 composite with 4 wt.% alumina and
6 wt.% CPA exhibits a moderately heterogeneous microstructure with dispersed particulates, interfacial voids,
and surface irregularities as presented in Fig. 4(f), compared to CPA-4 and CPA-5. The increased CPA content
enhanced porosity and surface irregularity, while the reduced alumina decreased structural compactness,
suggesting a trade-off between rigidity and ductility. The microstructure of the 2 wt.% alumina and 8 wt.% CPA
(CPA-8) presented in Fig. 4(g) shows an irregular particle dispersion, high porosity with increased voids, and
uneven particle bonding. Irregular boundaries and heterogeneity are more pronounced compared to CPA-6,
suggesting that interfacial gaps may reduce tensile strength and stiffness while enhancing thermal shock
resistance and energy absorption [64,65].

Generally, increasing the CPA content while reducing alumina leads to a distinct microstructural transition from
a compact, load-bearing architecture to a more porous, energy-absorbing structure. These observations align
with previous findings on the influence of CPA on the microstructure of aluminium matrix composites [1,24].
Hybrid compositions such as CPA-4 and CPA-5 appear to strike an optimal balance between mechanical strength
and flexibility, whereas the monolithic extremes CPA-0 and CPA-10 tend to emphasize either stiffness or
toughness, respectively. The observed interfacial compatibility and wettability between the reinforcements and
the matrix attest to the effectiveness of the two-stage stir casting technique employed in this study.
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Table 3. Density and S/N  Sample- Theoretical density Experimental density Void
estimated void percent of ID (g cm”) (g cm™) (%)
CPA/Aluminal Al-Mg-Si 1 CPA-0 2.780 2.735 1.620
composites. 2 CPA-2 2.761 2.722 1.424
3 CPA-4 2.743 2.701 1.526
4 CPA-5 2.734 2.698 1.311
5 CPA-6 2.725 2.692 1.212
6 CPA-8 2.707 2.682 0.925
7 CPA-10 2.689 2.637 1.944
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3.2.2 Density and void analysis

Table 3 presents the theoretical and experimental densities and the estimated percent void content for the
monolithic and hybrid CPA/Alumina/Al-Mg-Si composite. These measurements were used to assess the
compactness and structural integrity of the composites by comparing theoretical and experimental densities and
evaluating the void content. The theoretical and experimental densities are observed to decrease progressively
with an increase in CPA content and a decrease in alumina, consistent with the individual particulate densities
reported earlier for CPA (2.68 g cm™) and alumina (3.98 g cm™®). This indicates that incorporating CPA as a partial
or full replacement for alumina in AMCs enables the development of lightweight materials, making them
particularly suitable for structural applications where lightweight design is critical. Such applications include the
automobile industry, where reduced weight contributes to lower fuel consumption [66]; the aerospace sector,
where it enhances speed and efficiency; and in construction and interior design, where lightweight materials ease
handling and installation [6].

CPA-0 and CPA-10 recorded the highest (2.780 g cm™ and 2.735 g cm®) and lowest (2.689 g cm™ and 2.637 g cm-
%) theoretical and experimental densities by the monolithic composites of CPA-0 and CPA-10, respectively. Among
the hybrid composites, CPA-2 with the lowest CPA had the highest theoretical and experimental densities of 2.761
g cm?3and 2.722 g cm?, respectively, while CPA-8 with the lowest alumina recorded the lowest theoretical and
experimental densities of 2.707 g cm™ and 2.682 g cm3, respectively. These findings align with previous research
where agro-waste residues are increasingly favored as reinforcements in MMCs due to their ability to effectively
reduce composite weight while maintaining or enhancing mechanical performance [67,68].

The void fraction accounts for the discrepancies between the theoretical and experimental densities of the
fabricated composites, with values ranging from 0.925% (CPA-8) to 1.944% (CPA-10). The reduced void
percentage exhibited by CPA-8 indicates a favorable reinforcement packing structure and good wettability at this
composition, while the particulate agglomeration due to the porous morphology of CPA may have accounted for
the high void content in CPA-10. Although the void content in all samples remains below the 4% threshold
typically recommended for AMCs, ASTM D2734 indicates that void fractions can significantly affect a composite's
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Fig. 6. Variation in tensile
strength results for the
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Fig. 7. Variation in yield
strength results for the
fabricated
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AMCs.
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AMCs.
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mechanical performance, with higher values resulting in lower fatigue resistance [46]. The relatively high void
content of 1.620% observed in CPA-0 can be linked to the brittle nature of alumina and weaker wetting within the
molten matrix (Fig. 4a). The hybrid composition of CPA-5 and CPA-6 appears to achieve an optimal balance
between densification and particle dispersion, as reflected by their relatively low void content values of 1.311%
and 1.212%, respectively. These findings reinforce earlier microstructural observations (Fig. 4) and suggest that
combining CPA and alumina in moderate proportions improves matrix reinforcement interaction and minimizes

porosity.
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3.2.3 Hardness performance

Fig. 5 presents the hardness result of the monolithic and hybrid CPA/Alumina/Al-Mg-Si AMCs, with values
ranging from 57.10 BHN (CPA-10) to 68.24 BHN (CPA-2). These results align with the previously discussed
microstructural features, the particulates' reinforcement compositions, density, and void trends. Fig. 5 reveals that
CPA-2 exhibited the highest hardness, followed by CPA-4 (64.44 BHN), surpassing CPA-0, which contains a higher
proportion of harder and denser ceramic reinforcement, alumina. The synergistic effect and interfacial
strengthening mechanisms of the composite reinforcement account for this observation. Although CPA-0 consists
of 10 wt.% alumina, a dense and hard ceramic (3.98 g cm™), its microstructure (Fig. 4a) shows compactness but
limited interfacial reactivity. This is because alumina often suffers from poor wettability in aluminum matrices
[69,70]. Thus, the addition of a small amount of CPA (2 wt.%) in CPA-2 enhanced interfacial bonding due to the
porous and reactive surface of CPA particulates, which contain oxide constituents such as SiO,, Al,Os, Fe;O;, and
CaO (Fig. 2a). These oxides are known to enhance surface hardness and provide microstructural rigidity when
well-dispersed, promoting localized diffusion and better matrix anchoring, especially under stir casting conditions
[71,72]. Furthermore, the microstructural interaction between alumina and CPA in CPA-2 likely enhanced surface
resistance to indentation, explaining its superior hardness.

Hardness remains relatively high at lower CPA levels (CPA-0 to CPA-4) due to the balanced presence of alumina
(significant for its load-bearing capacity), the minimal porosity, compact microstructure, strong reinforcement-
matrix bonding, and moderate void content (1.424% for CPA-2 and 1.526% for CPA-4), suggesting that adequate
reinforcement packing and wettability were achieved, minimizing microcrack propagation and local stress
concentrations under indentation. Conversely, a further increase in CPA levels (CPA-5 to CPA-10), a steady
reduction in hardness is observed, with CPA-10 reporting the lowest value. This decline can be attributed to
increased porosity in CPA’s morphology (Fig. 4) at higher values, with the gradual reduction in alumina resulting
in a softer and less structurally rigid composite matrix. Despite the presence of hard oxides (Fe;Os, Al,O;, and
Si0;) in CPA, the weaker interfacial bonding at higher CPA ratios compromised the load-transfer efficiency due
to a reduction in matrix continuity. This is particularly evident in CPA-10, which exhibited both the highest void
content (1.944%) and highly disrupted microstructure (Fig. 4g), correlating with the lowest measured hardness
(57.10 BHN).

This finding is consistent with the observation by [24], which reported a decrease in hardness with increasing
CPA content, even when hybridized with silicon carbide (SiC) in Al-Mg-Si alloy composites. Similarly, a CPA-
induced hardness of 83.45 BHN, lower than values obtained with coconut shell ash (88.67 BHN) and rice husk
ash (93.55), was reported at 15 wt.% for each of the agro-waste residues reinforced with AA6063 [17]. Despite its
lower intrinsic hardness, CPA still demonstrated a substantial strengthening effect in the present study. For
instance, CPA-10 achieved a hardness of 57.10 BHN, representing a 128.4% increase compared to the baseline
AA6063 alloy (25 BHN), thereby confirming CPA’s potential to enhance surface hardness. This suggests that, as
an agro-waste-derived reinforcement, CPA can be effectively used to develop lightweight composites with
relatively high hardness, broadening their applicability in structural and wear-resistant components.

3.2.4 Tensile strength performance

For tensile strength performance, measured values ranged from 95.39 MPa for the monolithic CPA-10 to 210.68
MPA for the hybrid CPA-4, exhibiting a distinct non-linear trend observed across the reinforcement ratios (Fig. 6).
The CPA-4 sample, comprising 6 wt.% alumina and 4 wt.% CPA, recorded the highest ultimate tensile strength
(UTS) value, surpassing even the monolithic alumina-reinforced CPA-0, which had a UTS of 207.49 MPa. This
remarkable performance suggests that the combined contribution of alumina's stiffness and CPA's oxide-rich
composition (Fig. 3a), coupled with its anchoring morphology (Fig. 4d), significantly enhanced load transfer and
matrix interaction. Additionally, CPA-4 exhibited a void content of 1.526% (Table 3), which is ideal for maintaining
load path integrity. A similar non-linear trend has been reported for cassava peel ash reinforced Al-Mg-Si alloy by
[24]. Notably, CPA-2 exhibited a dip in UTS (178.99 MPa) despite still containing 8 wt.% alumina. This drop is
likely due to a minor disruption in particle packing and matrix continuity introduced by the initial 2 wt.% CPA
addition, as confirmed by the microstructural analysis (Fig. 4c), which revealed moderate voids and less uniform
particle distribution. Furthermore, the sharp rise in UTS from CPA-2 to CPA-4 reflects the stabilization of particle
dispersion and improved interfacial bonding when CPA is incorporated at a more synergistic proportion, resulting
in enhanced load distribution and crack-bridging. Similar observations have been reported in the literature for
hybrid composites reinforced with small amounts of bio-based ceramics (like fly ash or RHA), where improved
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mechanical strength is achieved through better bonding and stress dissipation than in single-reinforcement
[40,61,73,74].

Beyond CPA-4, a progressive reduction in UTS is observed as the alumina content decreases and the CPA content
increases (CPA-5 to CPA-10). This reduction correlates with the decline in ceramic rigidity, increase in porosity
(Table 3), and worsening particle agglomeration (Figs. 4b and 4e-g), all of which degrade matrix integrity and
diminish the composite’s ability to withstand tensile loading. These observations are consistent with the earlier
trends reported for density (Table 3) and hardness (Fig. 5). The sharp drop in the tensile strength observed in
CPA-10 can be attributed to CPA's highly irregular and porous morphology, poor dispersion, and weak bonding
characteristics, while the superior performance of CPA-0 is linked to alumina’s high density and inherent ceramic
hardness. The tensile strength obtained in this study for monolithic CPA-10 (10 wt.% CPA) is 175%, 170%, and
153% higher than the values reported for 15 wt.% CPA, 15 wt.% CSA, and 15 wt.% RHA, respectively, by [17], but
remains approximately 50% lesser than the value reported for 100 wt.% CPA reinforced Al-Mg-Si alloy by [24].

3.2.5 Yield strength performance

The yield strength shows the stress level at which a composite material deforms plastically. In this study, the yield
strength for the fabricated CPA/Alumina/Al-Mg-Si AMCs shown in Fig. 7 varied from 85.05 MPa (monolithic
CPA-10) to 175.09 MPa (hybrid CPA-4), with a trend pattern consistent with the tensile strength (Fig. 6a). The
presence of high-hardness oxides such as SiO,, Fe,Os;, Al,Os;, and CaO in CPA (Fig. 3a) contributes to the
strengthening of the hybrid CPA-4 composite, while at higher CPA content and reduced alumina content (CPA-5
to CPA-10), yield strength experienced a steady decline correlating with the increased void fractions and reduced
ceramic rigidity (Table 3). Furthermore, particle wetting and dispersion become less effective with increasing CPA
content (Fig. 4), resulting in matrix discontinuities and reduced composites' resistance to permanent deformation
under load. A similar observation was reported for a hybrid RHA/Alumina reinforced Al-Mg-Si alloy, with yield
strength decreasing with increasing RHA content [75]. This suggests that yield strength depends not only on the
presence of hard phases but also on the quality of interfacial distribution and stress distribution within the
composite [76-78]. The hybrid CPA-4 composite showed uniform dispersion, with the reinforcements acting as
barriers to dislocation motion, delaying the onset of yielding. However, the matrix fails prematurely under load
for a porous, non-uniform, and irregularly shaped monolithic CPA-10 composite.

3.2.6 Elongation at break behavior

The elongation at break, a key indicator of ductility, reflects the amount of strain a composite material experiences
before fracturing. Several interrelated factors, including void content, particulate dispersion, interface strength,
and reinforcement morphology, influence ductility in MMCs. In this study, the percentage elongation at break for
the fabricated CPA/Alumina/Al-Mg-Si composites (Fig. 8) was lowest in monolithic CPA-10 (5.31%) and highest
in monolithic CPA-0 (12.22%). Despite alumina being a stiff ceramic, the high ductility observed in CPA-0 can be
attributed to its well-dispersed morphology (Fig. 4a), uniform particle distribution, relatively low void content
(1.620%), and strong interfacial bonding, which collectively enabled the matrix to deform plastically without
premature crack propagation. This behavior contrasts with the hybrid CPA-reinforced composites, where ductility
decreased as CPA content increased and alumina content decreased (CPA-2 to CPA-10). This reduction is
attributed to CPA's porous and irregular morphology, which introduces microstructural discontinuities and stress
concentrators, thereby promoting early failure under tension [56]. Although CPA-4 exhibited the highest tensile
and yield strengths, its moderately low elongation (8.72%) highlights the classic strength—ductility trade-off
observed in MMCs [79,80].

Notably, a slight increase in ductility was observed at CPA-6, with elongation rising to 7.00%, about 16% higher
than CPA-5 (6.06%), before decreasing again in CPA-8. This localized improvement in CPA-6 is supported by void
content and microstructural evidence, where CPA-6 recorded a slightly lower void content (1.212%) compared to
CPA-5 (1.311%), suggesting improved particle-matrix cohesion, reduced crack initiation sites, and more uniform
deformation under tensile load. The poor bonding and high CPA dominance in CPA-8 suggest why the temporary
increase in elongation by CPA-6 was not sustained in CPA-8, despite the latter having the lowest void content of
0.925%. Similar non-monotonic trends in elongation with increasing agro-waste reinforcement have been reported
in the literature. A reduction in ductility from 7.75% (6 wt.% RHA) to 5.37% (10 wt.% RHA) in Al6061-Cu-Mg
composites was observed by [74]. An inconsistent elongation trend with increasing RHA content was reported by
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[75]. A comparable pattern was observed where increasing green plantain peel ash (GPPA) and alumina in AA6063
composites led to a consistent decline in ductility [22].

3.2.7 Young’s modulus performance

The Young’s modulus describes a composite’s resistance to elastic deformation under applied stress. Higher
modulus values indicate stiffer materials, whereas lower values suggest increased flexibility. Fig. 9 presents the
Young’s modulus results for the fabricated CPA/Alumina/Al-Mg-Si AMCs, with values varying from 9.58 GPa for
monolithic CPA-10 to 18.12 GPa for hybrid CPA-2. This variation highlights the influence of reinforcement
composition on the stiffness of the composites. The high modulus observed in CPA-2 may be attributed to its
elevated ceramic content and the presence of stiff oxides such as K,O and Al,O; in CPA, which enhance elastic
load bearing without significant deformation. A strong and balanced elastic performance was also observed in
CPA-0 (15.63 GPa), CPA-4 (15.81 GPa), and CPA-5 (15.34 GPa), suggesting effective ceramic dispersion and
reinforcement-matrix interaction. These samples also correspond to relatively high tensile and yield strengths,
indicating a partial alignment between stiffness and overall mechanical performance [15,81]. Like the trend
observed in elongation at break, CPA-6 showed a notable deviation from the monotonic declining stiffness
pattern, with a sharp increase to 17.80 GPa, followed by a drop to 12.35 GPa in CPA-8. This suggests that elastic
stiffness may be retained or improved when matrix continuity is preserved, as supported by its relatively low void
content (Table 3). However, the sharp decline in CPA-8 and CPA-10 confirms that excessive CPA content weakens
elastic performance, likely due to its porous morphology, poor particle dispersion, and reduced structural
cohesion. These observations are consistent with findings in GPPA/alumina-reinforced AA6063 composites [22]
and bean pod ash (BPA) reinforced AA6063 AMCs [6], where excessive agro-waste reinforcement led to decreased
stiffness and mechanical degradation.

3.2.8 Toughness behaviour

Fig. 10 shows the result of the toughness values obtained from the tensile tests for the fabricated CPA/alumina-
reinforced Al-Mg-Si composites. A steady decline in toughness is observed with an increase in CPA content and
a decrease in alumina content, with the exception of a slight rebound at CPA-6. This local increase aligns with
trends seen in other tensile properties, such as Young’s modulus (Fig. 9) and ductility (Fig. 8), and is attributed to
lower void content and improved matrix continuity at that composition. Toughness ranged from 5.55 J in CPA-0
(monolithic alumina) to 0.81 J in CPA-10 (monolithic CPA), indicating a substantial reduction in the energy
dissipation capability of the composites as CPA becomes the dominant phase. A combination of strength, ductility,
reinforcement-matrix bonding, porosity, and particle morphology governs toughness in MMCs [82,83]. In this
study, the reduced toughness at higher CPA content is linked to the porous and irregular morphology of CPA (Fig.
2), which introduces interfacial discontinuities and weakens particle-matrix adhesion. These structural
deficiencies promote early fracture and lower energy dissipation [15]. The results are consistent with findings in
the literature, where increasing agro-waste content, such as CSA, bamboo stem ash, and RHA, has similarly led
to decreased toughness due to poor interfacial bonding and increased porosity [75,81]. A reduction in toughness
has also been reported with decreasing proportions of hard ceramic reinforcements such as SiC, due to diminished
stiffness and compromised load transfer capability [24,84,85].

3.2.9 Strain at failure behaviour

The strain at failure helps to determine the total deformation (plastic and elastic) that a composite material
undergoes before fracture by measuring the composite’s ability to endure elongation under tensile loading. Fig.
12 presents the strain at failure for each of the CPA/Alumina/Al-Mg-Si composites fabricated in this study, with
values ranging from 0.0531 mm/mm (CPA-10) to 0.1222 mm/mm (CPA-0). A distinct reduction in strain capacity
is observed with increasing CPA content and decreasing alumina content, with minor rebounds at CPA-4 (0.0872
mm/mm) and CPA-6 (0.0700 mm/mm). The deviations are attributed to the synergistic reinforcement effect
between CPA and alumina in CPA-4, and the enhanced matrix bonding and reduced void content in CPA-6, which
enhance structural continuity and deformation tolerance. CPA-10 recorded the lowest strain at failure (0.0531
mm/mm), which is consistent with its lowest UTS, yield strength, toughness, and elongation, and is further
supported by its high void content (1.944%), severely disrupted matrix, and particle agglomeration (Fig. 4b).
These structural deficiencies contribute to reduced crack resistance and promote early fractures. The findings
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suggest that increasing CPA content elevates stress concentration and impairs interfacial cohesion, ultimately
leading to premature failure under tensile stress [6,86]. This behavior is consistent with reports in the literature,
where strain at failure decreased with increasing content of hard ceramic reinforcements such as SiC [87] and

boron carbide (B,C) [88], due to their inherent brittleness and limited ductility contribution to the matrix.
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3.3 Implications of mechanical performance and potential applications

The comprehensive mechanistic performance of the variations of each CPA/Alumina/Al-Mg-Si composite
fabricated in this study is presented in Table 4. The wear resistance of the different composites reported was
obtained from the tribological results reported in a previous study [1]. These mechanical properties provide a
strong foundation for assessing the optimal compositions for targeted engineering applications, determining the
suitability of the composites for load-bearing, energy-absorbing, or wear-resistant functions.

The results show that CPA-4 demonstrated the highest tensile strength (210.68 MPa) and yield strength (175.09
MPa), with good hardness (64.44 BHN) and moderate toughness and ductility, making it the most balanced
composite for structural applications. CPA-0, composed solely of alumina reinforcement, exhibited the highest
toughness (5.55 J), ductility (12.22%), and strain at failure (0.1222 mm/mm), indicating its superior capacity for
energy absorption and plastic deformation. CPA-2 recorded the highest hardness (68.24 BHN) and Young's
modulus (18.12 GPa), suggesting its suitability in applications requiring high stiffness and surface wear resistance.

CPA-6 showed a minor rebound in multiple properties such as strain at failure (0.0700 mm/mm), toughness (3.22
J), and Young's modulus (17.80 GPa), supported by its low porosity (1.212%). This indicates a transitional
reinforcement phase where elastic behavior and deformation tolerance are partially retained due to improved
particle-matrix interaction. On the other hand, CPA-10, with the highest CPA content, recorded the lowest values
across most mechanical properties, tensile strength (95.35 MPa), yield strength (85.05 MPa), toughness (0.81 J),
and strain at failure (0.0531 mm/mm), but demonstrated the highest wear resistance (1.280 mm/mm?), making
it suitable for non-load-bearing, wear-intensive applications.

The mechanical property rankings of the CPA/Alumina-reinforced Al-Mg-Si alloy compiled in Table 4 can be
correlated to suggest areas of application. For instance, CPA-0 is recommended for components requiring superior
ductility and energy absorption, such as automotive panels, crumple zones, crash bars, or structural braces. CPA-
2 and CPA-6 are ideal for moderate-load structural applications where stiffness and surface hardness are
prioritized, such as gear casings, bushings, covers, and moderate frame connectors. CPA-4 stands out as the best
choice for high-strength lightweight structures, including aerospace interior frames, vehicle chassis parts, and
load-bearing joints. CPA-5 is recommended for moderate-load applications requiring strength and flexibility, such
as tool handles and panels. CPA-8 and CPA-10, due to their excellent wear resistance but low strength and
ductility, are recommended for applications such as flooring tiles, wall protection panels, internal wear plates,
lining sheets, low-load brake pads, and non-structural sliding components.

4. Conclusion

The present study assessed the microstructural and mechanistic performance of Al-Mg-Si alloy reinforced with
cassava peel ash and alumina particulates mixed in varying proportions to produce monolithic and hybrid
composites. The findings show that:

e Cassava peel ash exhibits a heterogeneous distribution, irregular morphology, high porosity, and a high
silica content, as confirmed by XRF and XRD analyses.

e The density and porosity of the fabricated composites slightly increased with increasing CPA content,
influencing structural compactness.

e CPA-2 recorded the highest hardness performance of 68.24 BHN due to the stiff oxide-rich CPA
contribution.

e Tensile strength and yield strength were highest in CPA-4, indicating good synergistic performance
between the alumina and CPA particulates.

e Ductility declined with increased CPA content, as CPA-0 with monolithic alumina reinforcement recorded
the highest percentage elongation potential.

e The highest stiffness was observed in CPA-2, while CPA-6 recorded a minor rebound in its Young’s
modulus performance due to better matrix continuity and reduced void content.

e Toughness decreased with increased CPA content, with CPA-0 absorbing the most energy before fracture.

e The total deformation capacity declined steadily with increased CPA content from CPA-0 to CPA-10.

These findings demonstrate the viability of cassava peel ash as a sustainable, eco-friendly, and lightweight
engineering material capable of improving the structural and mechanistic performance of aluminum alloys such
as AA6063, thereby broadening their range of engineering and structural applications. Notably, enhanced
performance was achieved when cassava peel ash was optimally integrated with traditional ceramic
reinforcements like alumina.
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Table 4. Detailed summary
of the mechanical
performance of
CPA/Alumina/Al-Mg-Si
composites.

Property-ID

Density (g cm?)
Porosity (%)

Hardness (BHN)
Tensile strength (MPa)
Yield strength (MPa)
Elongation at break (%)
Young's modulus (GPa)
Toughness (J)

Strain at failure (mm/mm)
Wear resistance (mm/mm?)

CPA-0 CPA-2 CPA-4 CPA-5 CPA-6
2.74 2.72 2.70 2.70 2.69
1.62 1.42 1.53 1.31 1.21

63.02 68.24 64.44 63.02 62.90

207.49 178.99 210.68 193.93 185.39

170.12 145.08 175.09 160.06 150.07

12.22 8.36 8.72 6.06 7.00
15.63 18.12 15.82 15.34 17.80
5.55 4.25 4.55 2.66 3.22
0.12 0.08 0.09 0.06 0.07

0.455789 0.627353 0.628931 0.682594 0.917431

CPA-8 CPA-10

2.68 2.64
0.92 1.94
61.72 57.10

158.66 95.35
130.05 85.05

5.42 5.31
12.35 9.58
2.00 0.81
0.05 0.05

1.261034 1.28041

Ref.
This study
This study
This study
This study
This study
This study
This study
This study
This study

[1]
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