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Synthesis, physico‑mechanical 
and microstructural 
characterization of Al6063/SiC/
PKSA hybrid reinforced composites
P. P. Ikubanni1*, M. Oki1, A. A. Adeleke1 & P. O. Omoniyi2

The utilization of agro-residues ash as complementary reinforcing materials continues to gain 
prominence for metal matrix composite (MMCs) development. A rarely investigated but largely 
available ash among these agro-residues is the palm kernel shell ash (PKSA). Thus, the present 
study investigates the influence of PKSA particulates hybridized with SiC on the physico-mechanical 
properties and microstructure of Al6063 metal composites. The composites are synthesized using 
the double stir-casting technique with SiC held constant at 2 wt.%, while the PKSA contents are 
varied from 0 to 8 wt.%. The phases present and morphology of the composites are investigated 
using X-ray diffractometer (XRD) and scanning electron microscopy (SEM), respectively. The density, 
porosity, hardness, tensile and fracture toughness tests are carried out on the hybrid composites. 
X-ray diffractometer revealed that for Al 6063, only Al cubic crystal system was identifiable within 
the matrix. However, for the reinforced composites, major phases identified are Al, Fe3Si, SiC, MgO, 
and SiO2. The SEM images show that the particulates reinforcements (SiC and PKSA) were uniformly 
dispersed in the matrix. The percentage porosity for the composites ranged from 2.06 to 2.39%. In 
addition, hardness, yield strength and ultimate tensile strength of the composites are about 10.3%, 
18.5% and 10.4%, respectively better than for Al 6063. However, the percent elongation and fracture 
toughness are lower for the hybrid composites than for Al 6063 and SiC reinforced composite with 
values decreasing with increase in ash content. Hence, the MMCs produced will be applicable for light-
weight engineering applications.

The development of new materials for industrial technology with various applications is growing fast1–3. The 
search for new materials has been attributed to the limitations of conventional metals and alloys for the attain-
ment of good strength combination, resistance to wear, toughness, high temperature performance, as well as 
resistance to corrosion2,4–6. Aluminium matrix composites (AMCs) are new materials that has become a major 
attraction to researchers for some decades. AMCs have been widely utilized in the automobile, aerospace, sport, 
manufacturing industries and many more1,7–10. However, there has been continuous efforts to improve the exist-
ing AMCs as well as developing novel types for various applications.

The utilization of single or hybrid ceramic reinforcements in AMCS has been the focus of some studies6,11,12. 
For the suitability of usage of AMC produced using Al matrix and SiC as reinforcement, Poornesh et al.12 studied 
the mechanical properties of AMCs produced through stir casting technique using Al-18wt%Si as matrix and 
SiC as reinforcement. The hardness and tensile strength of the AMC produced were better compared to the unre-
inforced Al-alloy, though it was the opposite for the toughness of the samples. Hybrid ceramic reinforcements 
(SiC and B4C) and AA6082-T6 alloy were used for the development of AMCs by Singh & Goyal6. Conventional 
stir casting method was used with varying weight percentages of reinforcement between 5 and 20 wt.% for the 
production. It was reported that increase in the reinforcement led to an increase in the hardness and tensile 
strength with decreasing percentage elongation. The mechanical properties of the hybrid AMCs in the study was 
better compared with the unreinforced alloy. Rajesh and Kaleemulla10 also investigated the mechanical behaviour 
of AMCs produced using Al7075 alloy reinforced with SiC and Al2O3 via stir casting method. The mechanical 
properties of the reinforced Al7075 were better compared to the unreinforced alloy.
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Due to the high cost of synthetic ceramic reinforcements, researchers continue to study alternative materials 
(agro-residues and industrial wastes) which could serve as partial replacement for ceramic reinforcement in 
AMCs in recent years3,14–16. Hence, attention to low cost reinforcing material is growing rapidly. Dinaharan et al.16 
used rice husk ash (RHA) as the reinforcing materials in AA6061 aluminium matrix for the production of AMC 
via friction stir processing. The reinforced alloy showed homogenous distribution of RHA particles. The tensile 
strength of the AMC improved while the fractured surface examined confirmed an excellent interfacial bonding 
of the RHA particles with the Al matrix. The mechanical and fracture properties as well as microstructure of 
hybrid AMC reinforced with SiC and groundnut shell ash (GSA) was investigated by Alaneme et al.14. The AMCs 
was produced using two-step stir casting technique. The reinforcement particulates were uniformly distributed 
in the AMC through the microstructure assessment and the mechanical properties improved.

Several other agro-residues that have been used include bean pod ash7 (Aigbodion, 2019), corn cob ash17, 
bagasse ash15 and palm kernel shell18. Palm kernel shell (PKS) and palm kernel shell ash (PKSA) is also an agro-
waste and their usage as reinforcement particulates in AMCs production are limited in literature. PKS and PKSA 
have been used extensively in reinforcement in concrete19–21, biomass briquette and particleboard22,23, geopoly-
mer composite24, and activated carbon for supercapacitor electrode25. PKS is an agro-residue that is abundant 
in several countries such as Nigeria, Brazil and Malaysia26–28. PKSA is obtained from the complete burning of 
PKS into ash26. To reduce environmental pollution, PKS and PKSA could be used as partial reinforcement in the 
production of metal matrix composites. During the synthesis of a novel surface AMC composite, PKSA rein-
forcement was included in aluminium substrate surface via the friction stir processing route13. More so, a new 
stir casting method (double layer feeding) was employed in the synthesis of AMCs. The AMCs was developed 
using 1–4 wt.% PKSA nanoparticles (PKSAnp) in A356 alloy matrix. Uniform distribution of the PKSAnp in 
the matrix was seen from the morphological analysis, while the mechanical properties of the developed AMCs 
improved compared to the unreinforced alloy8. The influence of PKSA on the mechanical properties of recycled 
Al alloy obtained from automobile engine block cylinder was investigated by Oladele & Okoro29. The results 
revealed that the PKSA is suitable for usage in some automobile parts production. The study of Edoziuno et al.18 
evaluated the physical and chemical properties as well as the microstructural characteristics of AMCs produced 
using novel PKS particulates. The weight percentage range of the PKS was between 2.5 and 15 wt.%. Stir casting 
technology was employed in the production of the AMCs. The results showed improved physical properties and 
homogenous distribution of the PKS in the matrix.

However, little or no work has been done on the influence of hybrid reinforcement particulates of PKSA and 
SiC on the physical and mechanical properties of AMCs. For any developed material to be useful for engineering 
purposes, the developed composite material should be subjected to various tests to ascertain its properties for 
real-life applications. Hence, the rationale behind this study is to investigate the influence of hybrid reinforce-
ments of PKSA and SiC on the properties of Al6063 matrix alloy for engineering purposes. Therefore, this study 
synthesized the AMC using Al-6063 matrix and hybrid reinforcements of SiC and PKSA. This research examines 
the influence of PKSA produced at 900 ◦C as reinforcement in AMCs. More so, the effects of the particulate 
composition variation by weight fraction of PKSA and SiC on the physico-mechanical properties as well as on the 
microstructure of the AMCs produced were investigated. The findings from this study would add to the existing 
database of cost-effective hybrid reinforcement in aluminium matrix composites.

Materials and method
Matrix alloy and reinforcement materials.  This study utilized Al6063 as the matrix material. Table 1 
displays the elemental compositions of the Al6063 matrix material. To obtain one of the reinforcement materi-
als, PKS was purchased from a local market in Osogbo, Osun State, Nigeria. PKSA and SiC were the reinforcing 
materials used in the formation of the hybrid AMC. The PKSA was obtained through complete combustion 
of PKS in a muffle furnace at 900 °C. PKSA obtained from the burning of PKS was sieved to an average size 
of < 40 µm , while the average size of the SiC particulate was about 30 µm . Table 1 also displays the chemical 
oxides present in the produced PKSA.

Production of composites.  The technology employed in the production of the composites is the liquid 
metallurgy route using the two-step stir casting method14. The flowchart of the processes involved in this study 
is shown in Fig. 1. The amount of PKSA and SiC required for the preparation of the 2, 4, 6, 8, and 10 wt.% rein-
forcements in the matrix was determined through charge calculation consisting of PKSA to SiC ratios (0:0, 0:2, 
2:2, 4:2, 6:2, 8:2). To remove moisture inherent in the reinforcements’ particulates and for improved wettability 
with the Al6063 matrix, they were firstly preheated at 250 °C. The Al6063 matrix ingots were charged into a 
gas-fired crucible furnace and heated to 750± 30◦C (above the alloy’s liquidus temperature) to guarantee the 
whole matrix alloy melting. The obtained molten matrix alloy was permitted to cool (semi-solid state) in the 

Table 1.   Elemental composition of the Al6063 matrix and chemical oxides present in the PKSA. *Al6063 
matrix elemental compositions; **Chemical oxides in PKSA.

Constituents Si Fe Mn Mg Cu Ti Zn Cr Sn Al

*% 0.43 0.17 0.04 0.48 0.01 0.02 0.01 0.01 0.01 Bal

Constituents Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Fe2O3 MnO LOI

**% 0.17 3.14 6.46 66.90 3.78 5.20 5.52 0.53 5.72 0.08 2.50
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furnace before charging the preheated reinforcement particulates into it. Thereafter, there was manual stirring of 
the slurry for 5–10 min before the slurry was superheated to 800± 50◦C . A mechanical stirrer was utilized for 
the second stirring of the slurry at a speed of 400 rpm for 10 min. Finally, the melt was poured into sand mould 
prepared until it solidifies (Fig. 2a,b). The designation of the samples produced is shown in Table 2.

XRD and microstructural characterization.  The X-ray diffractometer utilized to obtain the phases pre-
sent in the produced composites was PANalytical Empyrean diffractometer, with Cu Kα radiation = 1.5406 Å , 
acceleration voltage of 45 kV, and 40 mA current. The scan range (2θ) was between 5 and 90° with 0.026°/min 
scan speed. The mineral phases were picked using X’Pert Highscore Plus software attached with the diffractom-
eter. A Vega 3 Tescan model SEM with EDS attachment was employed for the microstructural examination of 
the produced composites. The test specimens were obtained from the cylindrical rods through machine-cut 
from rods. The samples were metallographically grinded and polished with emery paper of different grits and 
polishing clothes, then etched with Keller’s reagent. The polished and etched samples were loaded into the SEM 
machine. The magnification was set (majorly 500 micron) and beam intensity of 14 was used. The Vega software 
was then used to capture the image from the SEM. The image was scanned unto EDS using Aztec software. The 
fractured surface morphology of the composites was visualized using the SEM–EDS equipment.

Figure 1.   Experimental procedure schematic diagram.

Figure 2.   (a) Pouring of molten metal composite into prepared sand mold (b) solidified metal composite (c) 
tensile test sample.

Table 2.   Composite sample designation.

Sample designation Composition

A0 Al 6063 alloy

A1 Al 6063 alloy + 2 wt.% SiC

A2 Al 6063 alloy + 2 wt.% PKSA + 2 wt.% SiC

A3 Al 6063 alloy + 4 wt.% PKSA + 2 wt.% SiC

A4 Al 6063 alloy + 6 wt.% PKSA + 2 wt.% SiC

A5 Al 6063 alloy + 8 wt.% PKSA + 2 wt.% SiC
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Physical properties tests.  Density determination.  The principle of Archimedes was used to measure the 
density of the base metal and the reinforced samples as described by Prasad et al30. Each sample was weighed in 
air (m) and distilled water (m1). The mass and other parameters were then used to obtain the density ( ρc ) of the 
composite based on Eq. (1).

where ρc , m , m1 , and ρw is composite density (kg/m3), mass of sample (in air), mass of sample composite in 
distilled water (kg), and distilled water density (1000 kg/m3), respectively.

Porosity determination.  The method presented by Prasad et al.30 was adopted to estimate the porosity of the 
composite using Eqs. (2)–(3).

where ρth and ρm are the theoretical and measured densities (in kg/m3), respectively.
Equation (3) is the mathematical relationship of the theoretical density for the hybrid composites. The volume 

fractions for both reinforcements as well as the matrix were included and calculated using Eq. (3):

where ρAl , ρPKSA, ρSiC are densities of aluminum matrix, PKSA and SiC, respectively while VAl ,VPKSA,VSiC are 
volume fractions of aluminum matrix, PKSA and SiC, respectively.

Mechanical Tests.  Hardness test.  The hardness test was carried on the samples out based on the ASTM 
E10-18 standard31. Brinell hardness machine was used in the determination of the hardness value. On each 
specimen, four indents were done and readings were obtained for reliability of the data. The average hardness 
value was computed for each of the specimen.

Tensile test.  Prior to performing the tensile test, the as-cast composite cylindrical samples were prepared to 
dimension, 5 mm diameter and 30 mm gauge length using the lathe machine (Fig. 2c). The tensile experiment 
was done on a Universal testing machine (Model no: Instron 3369). A strain rate of 10–3/s was utilized to mono-
tonically pull each clamped specimen until failure/fracture based on ASTM E8/E8M-16ae1 standard32. For data 
reliability, the test was carried out in triplicates for each composite designation. Yield strength (YS), ultimate 
tensile strength (UTS), and percentage elongation were the properties obtained through the test.

Fracture toughness.  For the evaluation of the fracture toughness of the produced AMCs, circumferential notch 
tensile (CNT) samples were prepared in tandem with the method of Alaneme et al33. The samples were machined 
to dimension: 30 mm gauge length, 4 mm gauge diameter, 3.1 mm notch diameter, and 60° notch angle. Each 
specimen was subjected to a tensile loading strain rate of 10–3/s until fracture with the aid of an Instron 3369 
universal testing machine. The fracture toughness was evaluated using Eq. (4) by Dieter34. Equation 5 was then 
used to validate the fracture toughness values35.

where Pf  is the fracture load (kN), D is the gauge diameter (mm), and d is the notch diameter (mm). The con-
dition of 1.2 ≤

D
d ≤ 2.1 was reported to be valid. The test was done in triplicates to ensure repeatability and 

reproducibility of the generated results.

Results and discussion
X‑ray diffraction of the hybrid composites.  The various phases present in Al6063 and as formed com-
posites were obtained and the XRD spectrum are presented in Figs. 3 and 4, respectively. In Fig. 3, only alu-
minium with a cubic crystal system can be identified with a = b = c = 4.0500A and ∝= β = γ = 90

◦ with 
calculated density of 2.70 g/cm3. However, in the composite as displayed in Fig. 3, peaks depicting various phases 
present are identified as Al, Fe3Si (an intermetallic cubic crystal system), MgO, SiO2, and SiC. The presence 
of SiC, SiO2, and Fe3Si in the composites is strongly related to the presence of silica and Fe2O3 in the PKSA 
(Table 1). The formation of Fe3Si intermetallic phase emanated from the interaction and reaction of silica and 
Fe2O3. These same oxides were earlier identified in the characterized PKSA and described as hard particulates, 
which strengthen metallic materials26. In the same light, the diffractograms of AMCs produced with breadfruit 
seed hull particulates showed the presence of Fe3Si, Al6Fe, and ∝-Al indicating the presence of the reinforce-
ment particulates in the composites36. The interaction of silica and MgO resulted in the formation of Mg2SiO4 
as described in the study of Aigbodion & Ezema8. However, further report by Aigbodion & Ezema8, indicated 
that Al4C3 (a brittle reaction product) was not formed. This was not also seen in the composites produced in this 

(1)ρc =
m

m−m1
ρw

(2)Porosity =
ρth − ρm

ρth

(3)ρth = ρAlVAl + ρPKSAVPKSA + ρSiCVSiC

(4)K1C =
Pf

D
3
2

[

1.72
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D

d
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− 1.27
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present study. The presence of SiO2 and absence of carbon due to the calcination of PKS in producing PKSA may 
attribute to the non-formation of Al4C3 in the composites developed.in the current study. The presence of Al4C3 
in MMCs is detrimental to the corrosion and mechanical behaviours of the MMCs15.

Microstructural characterization of the composites.  The microstructure of the unreinforced alloy 
reveals structures without voids as shown in Fig. 5(a). Figures 6(a) and 7(a) show the representative micro-
structure of the monolithic reinforced and hybrid reinforced composites, respectively. The reinforcements (SiC 
and PKSA) present were uniformly dispersed in the matrix. There was no indication of crack formation and 
enlarged pores in the castings. This may be due to the appropriate process parameters utilized for synthesizing 
of the composite. This indicates better wetting condition between the matrix and the reinforcements. This asser-
tion is corroborated by the use of Al/Zn matrix alloy with hybrid reinforcement of fly ash and SiC37; Al–Mg–Si 
matrix alloy with hybrid reinforcements of alumina, RHA, and graphite38; and Al–Cu–Mg matrix alloy with 
bean pod ash as reinforcement7 and many others; maintained no crack formation due to proper process param-
eters employed. Figures 6(a) and 7(a) further buttress the observations made in the low values of porosity in the 
as-formed composites. The evenly dispersed particulates observed in the SEM images further confirm that the 
double stir casting was reliable route in breaking the surface tension between the matrix alloy and the reinforce-
ment particulates39,40. The double stir casting process also helped in reducing porosity by allowing air bubbles 
trapped in the slurry to escape during processing.

The elemental mappings from the EDS profile for both the unreinforced (Fig. 5b) and reinforced (Figs. 6b and 
7b) alloys show peaks of aluminium (Al), silicon (Si), iron (Fe), magnesium (Mg), and oxygen (O). The profile 
confirmed that the major elements (Al, Mg, and Si) in the matrix alloy (Al6063) have the tendency of forming 
oxides of Al (Al2O3), Si (SiO2), Fe (Fe2O3), and Mg (MgO). These were the constituents of the PKSA used in 

30 40 50 60 70 80 90
0

1000

2000

3000

4000

5000

6000

In
te

ns
ity

 (C
ou

nt
s)

2 Theta (deg.)

a

a

a

a

a

a-Aluminium
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Figure 5.   (a) Scanning electron micrograph and (b) EDS spectrum of Al6063.

Figure 6.   Representative morphology of reinforced composite (A1) (a, b).

Figure 7.   Representative morphology of reinforced composite (A5) (a, b).
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synthesizing the composite. Oxide formation accounts for the oxygen peaks observed in the EDS spectra of the 
as-formed composites, which is conspicuously absent in the EDS for Al6063.

Impact of PKSA on the physical properties of the composite.  The theoretical density of the com-
posite samples is displayed in Table  3. Figure  8 shows the density and percentage porosity of the produced 
AMCs. The Al-matrix had a density of 2.6443 g/cm3, which was 5.4% higher than the composite in sample A5 
with PKSA and SiC ratio (8:2) having a density of 2.5014 g/cm3. It was observed that as the PKSA particulates 
increased in the AMCs, the density of the AMCs reduced. However, sample A1 showed an increment in the 
density when compared to the unreinforced alloy and the reinforced alloy with the inclusion of PKSA and SiC. 
This could be attributed to the density of SiC that is higher than for the base alloy. The lower and reducing den-
sities of other reinforced samples (A2—A5) may be attributed to the inclusion of the PKSA particulates. Thus, 
PKSA particulates lower the density of the composites. In a similar study by Prasad et al30, there was decrease 
in density when RHA and SiC were used as hybrid reinforcements. The drop in density was attributed to the 
inclusion of low density RHA particulates. Edoziuno et al.18 also reported similar observation when novel PKS 
reinforcement was solely used in the production of AMCs. The low density of the PKS resulted in low density 
AMCs. However, the usage of higher density reinforcement particulates in matrix alloy is said to improve the 
density of composite alloy39,41. Kumar et al.41 utilized Si3N4 as reinforcement in Al6063 alloy in the production of 
metal composites and observed that the higher the contents of the reinforcement, the higher the density, which 
ultimately enhanced the hardness of the produced composites.

The percentage porosities of the produced AMCs were observed to be less than 2.5%, which were within the 
acceptable limits for cast MMCs. Alaneme & Sanusi38 reported the maximum permissible percentage porosity 
to be less than 4% in cast MMCs. Hence, this further affirmed that double stir casting technique is reliable and 
efficient in breaking the surface tension between the Al matrix and the reinforcement particles. In addition, the 
double stir casting process helped in reducing porosity by allowing air bubbles entrapped in the slurry to escape 
during processing39,40. Based on the physical properties obtained, light-weight composites can be produced from 
the use of PKSA particles as reinforcement in MMCs.

Influence of PKSA on the mechanical properties of the composite.  Hardness.  The material 
strength, toughness, and resistance to wear could be influenced by the hardness value of the material. Figure 9 
showed the hardness values of the produced AMCs. From Fig. 9, it can be observed that the hardness value of 
Al6063 alloy was enhanced as the percentage weight of the PKSA increased with a constant SiC value of 2 wt.%. 
The presence of the hard phases of silica and other strengtheners in the PKSA could be said to be the reason 
for the increase in hardness. According to Reddy et al42, the improvement of hardness of MMCs have been at-
tributed to the incorporation of reinforcement particulates into the base alloy. Same observation was accredited 

Table 3.   Theoretical density of the fabricated samples.

Sample Theoretical density (g/cm3)

A0 2.7000

A1 2.7102

A2 2.6726

A3 2.6350

A4 2.5974

A5 2.5600
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Figure 8.   Density and porosity of the produced AMCs with PKSA variation.
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to the higher hardness of ceramic particles present in the BPA reinforced composites against the observation in 
the unreinforced matrix alloy7. Although, silica and other oxides (such as Al2O3, MgO, and so on) present in the 
PKSA has lower density compared to SiC; however, the 2 wt.% SiC present in the hybrid reinforcement particu-
lates increased the hardness value of the MMCs. More so, the hardness can be ascribed to the hard and brittle 
phases of the PKSA, which is obtainable from the SiO2, Fe2O3, and MgO constituents (Table 1). The presence of 
the Fe3Si intermetallic could also improve the hardness of the composites. This could also be attributed to the 
increment in reinforcements surface area and matrix grain size reduction as a result of reinforcement particulate 
addition43. The increase in hardness could be attributed to the increase in the volume of precipitated phases or a 
high dislocation density. More plastic deformation resistances are obtained by the inclusion of these particulates 
leading to rise in hardness value. From this study, a 10.31% increment in hardness value was obtained for sample 
A5. This implied that the introduction of PKSA as substitute to SiC does not adversely affect the resistance to 
indentation of the composite. This is in agreement with the study of Alaneme et al44. The hardness value obtained 
in this study was better compared with that obtained in the study of Aigbodion & Ezema8. This is because of the 
presence of SiC particulate incorporated as the second reinforcement in this study. The hardness increased with 
decrease in the average size of aluminium composites when bamboo leaf ash was incorporated into Al-4.5Cu 
matrix in the study of Kumar and Birru45. This observation was seen in the study of Bannaravuri and Birru46, 
where the hardness increased as the reinforcement contents increased. The findings in this present study makes 
the MMCs produced suitable to be used in light-weight applications where mild hardness is required such as in 
architectural works, and window and door frames.

Yield and ultimate tensile strengths.  The YS and UTS of the hybrid-reinforced composites derived from the 
stress–strain curves generated by the universal testing machine, are shown in Fig. 10. It can be observed that the 
YS and UTS of sample A1 are higher than that of the un-reinforced sample (Sample A0). Sample A1 is a sample 
with 2 wt.% SiC inclusion into the base alloy. Improvement in the values of the YS and UTS may be ascribed 
to the hard nature and strength of the SiC particulates present. The influence of the PKSA particulates addition 
between 2 and 8 wt.% with the constant 2 wt.% SiC showed increment in the YS and UTS for the samples A2 – 
A5. The more the PKSA content, the better the strengths of the synthesized composites. These may be assigned 
to the presence of the hard nature of the brittle PKSA particulates as well as the presence of the SiC particulates, 
which were agglomerated into the Al6063 alloy. The hard nature of PKSA particulates could be as a result of 
the existence of hardening and strengthening oxides such as SiO2, Al2O3, Fe2O3, MgO, and so on26. Hence, 
the rise in tensile strength is proportional to the rise in hardness value. This observation is in accordance with 
the study of several researchers37,39,41,42. Based on this study, the rise in the yield strength and ultimate tensile 
strength of the composites could be linked to three mechanisms. These include the grain boundary strengthen-
ing known as the Hall–Petch effect, the coefficient of thermal expansion (CTE) as well as the Orowan strength-
ening mechanisms47. According to Atuanya et al36, various factors significantly affect the mechanical properties 
of metallic materials. These factors include grain boundaries, solid solutions, sub-structures, second phases, and 
many more. However, the information from the morphology of the composites developed reveal that the grain 
refinement of the reinforcement and the matrix are the core contributors to the tensile strength improvement. 
The grain boundaries serve as obstacles to the dislocation movement. Around the dislocation density, there is 
rise in grain boundaries which could result in increasing the strength of the composite47. The particulates of 
the PKSA reinforcement play significant function on the load transfer in the strengthening of the composites 
developed. There is an atomical bonding interface between the matrix and the PKSA reinforcement to produce 
grain-boundaries. The increase in the tensile strength of the developed composites as PKSA content increases 
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may be attributed to the grain refinement of the aluminium matrix alloy. More loads are transferred when the 
volume fractions of the reinforcements are increased in the matrix alloy; resulting in higher strength. This is in 
agreement with the study of Atuanya et al.36. The more the PKSA particulates in the matrix, the smaller is the 
grain of the Al matrix8,36. More so, when there is a thermal matrix-reinforcement interface mismatch owing to 
the disparity between the thermal expansion coefficients of the matrix and the reinforcement, the composite 
material is strengthened. The particulates are hard and brittle, while the matrix is soft and ductile; however, the 
thermal mismatch of the CTE could result into elastic and plastic incompatibility between the matrix and the 
reinforcement36. The mismatch occurs during the cooling or solidification process of the composite production; 
hence, producing plastic deformation in the interface of the matrix8,15. In addition, the grain size of the matrix 
is bigger with a low volume fraction of particulates, which may lead to the Orowan bypass mechanism in opera-
tion within the large grains of the matrix. The higher reinforcing particulate fraction in the matrix, the grains 
get reduced to induce grain refinement36. This could also lead to higher yield and tensile strength values through 
load bearing transferred directly to the interface. With the addition of bamboo leaf ash and breadfruit seed hull 
ash into Al matrix, increase in YS and UTS were observed, respectively36,46.

Percentage elongation.  The percentage elongation (strain to fracture) of the produced composites is presented 
in Fig. 11. The % elongation of the samples produced were observed to be between 5.8 and 7.6%. In addition, 
reduction in % elongation can be observed as the PKSA particulates in the hybrid reinforcement increased. 
The reduction in %elongation may be attributed to the reduction in the plastic strain sustenance ability of the 
composites due to the presence of hard constituents in the PKSA (Table 1) and SiC particulates. This could 
cause a reduction in the ductile phase of the matrix leading to decline in percentage of elongation. It can also be 

A0 A1 A2 A3 A4 A5
0

20

40

60

80

100

120

140

St
re

ng
th

 (M
Pa

)

Sample

 Yield strength
 Ultimate tensile strength

Figure 10.   YS and UTS of the composite produced.
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observed that there is a consistent reduction in the strain to fracture value, which may be ascribed to the flowa-
bility resistance of the matrix alloy with the inclusion of reinforcement particles as well as the reduction of the 
ductile nature of the aluminium matrix content6. The PKSA inclusion has slight detrimental effect on the ductil-
ity of the AMCs produced. Good ductility was observed when 1 wt.% corn cob ash (CCA) was utilized along 
with SiC in the development of AMCs when compared with unreinforced matrix17. However, as the CCA con-
tent increased, the ductility of the composites declined. Furthermore, there was decrease in ductility as the rein-
forcement (Si3N4) particulates increased in the study of Kumar et al.41. The inclusion of PKSA as reinforcement 
in the development of AMCs caused an inverse response in the hardness value and the percentage elongation. As 
the PKSA content increased, the hardness value increased while the % elongation reduced. The elastic property 
and the ability of the drawn of the matrix alloy reduces with the reinforcement content (PKSA and SiC) increase 
because PKSA and SiC particulates are brittle in nature. The results in this study is similar to the work of Atu-
anya et al.36, in which the increment in breadfruit seed hull ash slightly lower the percentage elongation. This is 
a consistent trend in the study. However, an inconsistent trend of %elongation was seen when hybrid reinforce-
ments of groundnut shell ash and SiC was used to develop MMCs. Some of the samples show slightly improved 
ductility, while others revealed otherwise14. Similar pattern of reduction in the %elongation was reported for 
alumina and quarry dust44, bamboo leaf ash46 and breadfruit seed hull ash36 when used as hybrid reinforcements 
in Al matrix. The reduction in the percentage elongation may be due to the increase in hardness and strength of 
the composite. The results obtained in this study is in tandem with these studies and are thus recommended for 
light weighted application.

Fracture toughness.  Fracture toughness is the ability of composite material to resist crack propagation. 
The fracture toughness values of the samples produced are shown in Fig. 12. The range of the fracture toughness 
values can be observed to be between 8.55 and 12.49 MPa m1/2, which declined as the PKSA content in the hybrid 
reinforcement increased. Alaneme et al.39 reported similar observation, where fracture toughness reduced with 
increase in alumina particulate inclusion. In this study, the unreinforced matrix gave the highest fracture tough-
ness of 12.49 MPa m1/2. The lower fracture toughness of the composites may be due to the presence of brittle 
PKSA particulates in the composites. Brittle materials such as PKSA have low resistance to crack propagation. 
Thus, low fracture toughness corresponds to low ductility in brittle materials unlike ductile materials that show 
better opposition to crack propagation. Ductile materials have the ability of redistributing applied stresses and 
strains by plastic deformation. In ceramic reinforced MMCs, the basic micro-mechanism was reported to be 
due to particle cracking, interfacial cracking, and particle bonding. The increased crack nucleation due to the 
increase in the brittle PKSA reinforcement particulates may be responsible for the trend observed in this study. 
This assertion has been reported by Alaneme & Bodunrin48 and Alaneme et al39 . The fracture toughness of 
sample A1, which is higher than for other samples (A2–A5) is indicative of the ductile nature of SiC particulates, 
which may result in a mixed fracture modes39.

SEM characterization of the fractured surface.  For the tensile fracture, the surface morphologies of 
the representative samples are displayed in Fig. 13(a–c). Figure 13(a) shows the SEM micrograph of the fractured 
surface for Al 6063 alloy, while Fig. 13(b,c) show the SEM micrographs of fracture surfaces of the composites. 
Cup and cap surfaces can be observed on the fractured surfaces of the composites. The fractured surface of the 
Al matrix shows large population of well-developed dimples. A mixed fracture mechanism was seen on the 
fractured surface of the composite samples. This is as a result of the ductile tearing of the matrix alloy and the 
brittle fracture of the reinforcement particles. There is no noticeable necking formation for the composites pro-
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Figure 12.   Fracture toughness of the produced AMCs.



11

Vol.:(0123456789)

Scientific Reports |        (2021) 11:14845  | https://doi.org/10.1038/s41598-021-94420-0

www.nature.com/scientificreports/

duced. This could be attributed to the rapid occurrence of pore nucleation, growth and coalescence. According 
to Yigezu et al3, pores nucleation, growth, and coalescence majorly contribute to the final fracture of the matrix. 
More so, the presence of weak and detrimental phases from the PKSA and intermetallic phases activate a dif-
ferent fracture mechanism, which cause the composite to fail via the nucleation, growth, and coalescence of the 
pores. The growth of the pores is by plastic straining through the local necking of the intervoid matrix, leading to 
final fracture. There is strong interfacial bonding among the PKSA, SiC and the Al6063 matrix alloy as particle–
matrix interfacial bonding was not observed36. Although, the samples showed good hardness and strength as the 
PKSA particulates increased; the PKSA particulates lowered the ductility of the hybrid reinforced composites.

Conclusion
The study was on the physico-mechanical properties and morphological examination of aluminium hybrid 
composites produced using Al 6063 as the matrix alloy with SiC and PKSA as reinforcements of different pro-
portions. The occurrence of some compounds such as SiO2, MgO, SiC, and intermetallic (Fe3Si) were seen in 
the composites based on the XRD analysis. These compounds serve as strengtheners and hardeners for the 
composites. There was homogenous dispersion of both reinforcements in the alloy. It can be concluded that the 
density of the AMCs produced reduced as the PKSA particulates contents increased in the matrix. The level of 
the porosity of composites produced through double stir casting route was found to be within the permissible 
limit (4%) for MMC castings. The increased addition of PKSA when the SiC was constant at 2% into the matrix 
improved the hardness value, yield strength, ultimate tensile strength, and reduced the percentage elongation 
and fracture toughness of the synthesized composites. A fracture mechanism was activated due to the presence 
of weak phases from the PKSA and intermetallic phases, which resulted in composite failure through nucleation, 
growth, and coalescence of pores. The AMCs produced will be very useful in light-weight engineering applica-
tions such as aluminium frames and roofing sheets production.

Data availability
The data will be made available upon request.
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