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Abstract

The stir-casting method was employed to study the effect of adding silicon carbide and
the bamboo leaf ash into the Al-4.5wt.%Cu alloy. The standard procedure was followed in
analysing the mechanical behaviour of the fabricated composites on parameters such as den-
sity, tensile strength, and hardness. Optical microscope, scanning electron microscope with
energy dispersive analysis of X-rays, and X-ray diffraction analysis helped in studying the
microstructure of the composites. The study reveals that the reinforcement particles in the
matrix alloy were distributed nearly homogeneously, and with a clear interface. The X-ray
diffraction patterns indicate the presence of silicon carbide and bamboo leaf ash without an
intermetallic reaction. The density of the hybrid composites reduces with the addition of bam-
boo leaf ash, but porosity increases. The fabricated composites gain in tensile strength and
hardness as the reinforcement particles are added, but elongation was decreased.

Key words: bamboo leaf ash, silicon carbide, hybrid composite, stir casting, mechanical

properties

1. Introduction

The global quest for materials that are cost-
effective and top-notch, while also possessing a high
strength-to-weight ratio, continues unabated. No con-
ventional material entirely fits the bill. The search
has, therefore, now long since moved from conven-
tional materials to composites. Conventional materials
do not possess the feasible combination of strength,
stiffness, and density that the aerospace, automotive
and marine industries [1], for instance, are looking
for. Among the composites that have already been
tested are the metal matrix composites (MMCs) in
which ceramic particles are added to conventional al-
loys. Moreover, among MMCs, aluminium-based al-
loys (AMMCs) are widely preferred, given their stiff-
ness, strength, low weight, and density [2—4]. The
AMDMC:s are reinforced with SiC, B4C, zircon, Al;O3,
and fly ash particles to enhance their mechanical
and tribological properties considerably [5]. However,
these properties still may not meet the requirements
of the industries mentioned above.

AMDMC:s are further reinforced with more than two

other materials to produce aluminium hybrid metal
matrix composites (AHMMGCs) [6]. The A16061/WC/
Gr hybrid fabricated by Subramanya et al. [7] through
the stir-casting process by adding WC and Gr parti-
cles enhances the mechanical properties of AMMCs.
Miranda et al. [8] compared single reinforced compos-
ites such as AlSi/SiC and AlSi/Ti with hybrids such as
AlSi/Ti/SiC and concluded that the latter have higher
tensile strength. Baradeswaran et al. [9] noted that the
mechanical and wear properties of aluminium alloys,
AA6061 and AA7075, were enhanced by adding 10
and 5 % by weight, respectively, of B4C and graphite
by liquid casting. Bhargavi and Ramanaiah [10] noted
that the tensile strength and hardness of matrix al-
loy, AA2024, improved with the addition of B4C and
MoSs. Several other researchers have also observed
that the properties of AMMCs improve with the addi-
tion of hybrid reinforcements [11]. Hybrid composites
are therefore better than the single reinforced com-
posites [12, 13]. Several researchers have noted that
reinforcements are not only more expensive but are
also not readily available in most developing coun-
tries. It is, therefore, the need of the hour to de-
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Table 1. Chemical composition of Al-4.5wt.% Cu alloy (wt.%)

Cu Mg Si Fe Mn Ni

Pb Sn Ti 7Zn Al

4.52 0.663 0.538 0.131 0.118 0.075

0.066 0.029 0.021 0.013 Balance

Table 2. Chemical composition of BLA (wt.%)

Si02 CaO K2O C Alz 03 MgO F6203
76.2 6.68 5.62 4.2 4.13 1.85 1.32
velop cost-effective composites using agro or industrial of 3.21 gem™3 were selected as strengthening mate-

waste that is readily available and has lower densities.

Researchers have also observed the strengths and
limitations in using agro and industrial waste as re-
inforcements. Siva Prasad and Chintada [14] avowed
that hybrid composites produced with the addition
of rice husk ash (RHA) as a secondary reinforcement
enhanced their wear resistance and mechanical prop-
erties. Alaneme et al. [15] fabricated the Al-Al;Os
composite and the Al-Al;O3-RHA hybrid composite
using the stir casting process and analysed their me-
chanical properties. They observed that incorporat-
ing RHA particles improved the mechanical properties
of the hybrid (Al,O3 + RHA) composites more than
they improved the single (Al;O3) reinforced compos-
ite. Alaneme et al. [16] also reported that the wear
and corrosion resistance of the Al-Mg-Si alloy is en-
hanced by incorporating both bamboo leaf ash (BLA)
and Al;Oj3 than the single (Al;O3) reinforced Al-Mg-
-Si alloy. Several other researchers have also reported
that adding agro or industrial waste as complemen-
tary reinforcement material enhances the properties
of aluminium composite [17]. From the extensive sur-
vey, it was noticed that limited research work had been
carried out utilizing BLA as complimentary reinforce-
ment and research work on Al-4.5%Cu alloy based hy-
brid composite reinforcing by BLA as secondary en-
forcement not yet tried. The objective of the present
study attempted to fabricate aluminium hybrid com-
posites by adding SiC and in the secondary phase,
agro waste (BLA).

2. Experimental procedure
2.1. Materials

Aluminium was selected as the matrix, with Cu
consisting of 4.5 % of its weight as a major alloying el-
ement, and with density 2.7876 gcm 3. The chemical
composition was as indicated in Table 1. BLA par-
ticles were processed as per the standard procedure,
under 75 um with a density of 1.712 gecm ™2, and SiC
particles with an average size of 35 um and density

rials. Magnesium was used in ingot form to increase
the wetting of the reinforcement particles and matrix
alloy while fabricating the composite materials.

2.2. Preparation of bamboo leaf ash

BLA was prepared as per the standard proce-
dures described by Alaneme et al. [15, 16]. Dry bam-
boo leaves were collected from farmlands in Manipur,
North East India, and placed in the metallic iron drum
to burn in the open air, allowing for complete com-
bustion. On completion of the burning process, the
ash was collected and allowed to cool for 24 h. The
colour of the leaves changed from yellow to black dur-
ing the process due to the burning of organic material
[18]. The ash was milled and then conditioned with
an electric muffle furnace at 650°C for 3 hours to re-
move carbonaceous materials. The colour of the BLA
now transposed from black to greyish white. A sieve
shaker was used to ensure the BLA particles were un-
der 75 um in size.

The BLA particles were then characterized us-
ing a scanning electron microscope (SEM) micrograph
and with X-ray diffraction (XRD) profile as shown in
Figs. 1 and 2. The existence of silicon dioxide (SiO2),
alumina (AlyO3), carbon (C), calcium oxide (CaO),
potassium oxide (K20), ferric oxide (Fe;O3) and mag-
nesium oxide (MgO) was detectable in the BLA par-
ticles confirmed from XRD profile as shown in Fig. 2.
The average size of the particles was found to be
75 um, and their chemical composition as per XRD in-
vestigation of BLA is presented in Table 2. The XRD
pattern as shown in Fig. 2 indicates that the peaks of
the major constituent belong to SiOs as depicted in
Table 2. Alaneme et al. [19] prepared BLA as per the
standard procedure, also presented similar chemical
compositions for BLA.

2.3. Composite production
The stir casting method is cost-effective and offers

a broad selection of materials with various process-
ing conditions for fabricating the single reinforced and
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Fig. 1. SEM micrograph of prepared BLA.
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Fig. 2. XRD pattern of prepared BLA.

hybrid reinforced composite. The schematic diagram
of stir casting set-up used in the experiment was of
the pour-from-the-bottom variety as shown in Fig. 3.
The Al-4.5 % Cu alloy in the ingot was cut into small
pieces and placed in the graphite coated crucible and
heated up to 800°C till the entire alloy melted by us-
ing an induction electric resistance furnace. The inert
atmosphere was maintained in the melt with argon
gas during the operation. The molten metal was al-

Particle pre-heater ssp

Resistance heater
Stirrer
Thermocouple

Crucible
Molten metal

Pouring nozzle

Casting
mould

Structural support

Fig. 3. Schematic diagram of bottom pouring type of stir
casting experimental setup.

lowed to cool to 620-650°C known as the semi-solid
state [20] in the furnace. The SiC and BLA particles
were preheated at 600°C to eject the dampness and
promote the wettability with the molten alloy.

It is suggested by Hashim et al. [21] that both the
matrix and the reinforcement materials be pre-heated
at a specific temperature before being mixed to release
all the moisture and trapped air between the parti-
cles. The heat-treated reinforcement particles were in-
corporated in the melt, and the magnesium in ingot
form approximately 0.1 wt.% is also added to promote
wettability between the reinforcements and matrix al-
loy into the semi-solid state of the molten alloy, and
stirring was performed at a speed of 400 rpm about
5—6 min. Then the composite slurry superheated at
750°C and secondary stirring were executed with me-
chanical graphite coated stainless steel stirrer. The
stirring is performed at a speed of 600 rpm for 10 min
to enhance the uniform dispersion of reinforcement
particles in the matrix alloy. After incorporating the
particles completely, the matrix alloy then poured into
the 350°C preheated permanent steel mould. The fab-
ricated composite material was then fettled at room
temperature from the steel mould. The Al-4.5% Cu
alloy was fabricated reinforced with single SiC and hy-

Table 3. Details of the fabricated aluminium composites

Composite code Composition SiC (wt.%) BLA (wt.%)
a Al-4.5Cu alloy 0 0
b Al-4.5Cu/10SiC 10 0
c AL-4.5Cu/(10SiC + 2BLA) 10 2
d AL-4.5Cu/(10SiC + 4BLA) 10 4




328 B. Praveen Kumar, A. Kumar Birru / Kovove Mater. 56 2018 325-337

(0

Fig. 4. (A) Macrostructures and (B) fractured tensile test specimens of (a) Al-4.5Cu alloy, (b) Al-4.5Cu/10SiC composite,
and (c) Al-4.5Cu/(10SiC 4+ 2BLA) and (d) Al-4.5Cu/(10SiC + 4BLA) hybrid composites.

brid combination (SiC + BLA) as shown in Table 3,
and the ingot form was taken. The fabricated compos-
ite material was sectioned into samples for microstruc-
ture examination, density measurement, and hardness
and tensile tests.

2.4. Density and porosity measurements

The density was calculated to determine the poros-
ity levels of the fabricated composites in the stir cast-
ing method, and to analyse the influence of the BLA
and SiC by weight on the density. Porosity was deter-
mined using the different experimental and theoretical
densities of each fabricated composite [22]. The exper-
imental density (pex) of the fabricated composites was
determined using the water displacement technique
(Archimedes’ principle) [23] and calculated using the

Eq. (1):
Pex = 17 (1)

where m and V denote the weight of the specimen
and the volume of water displaced, respectively. Some
porosity may be normal in the fabricated composites
because the incorporated particles rise to the contact
area on account of air ingested during production. The
porosity may play a crucial role in determining the me-
chanical properties of the fabricated composites. The
porosity may not be eliminated during the casting pro-
cess, though it may be diminished. The porosity of the
fabricated composites is determined using the follow-

ing Eq. (2):

Pth — Pex

Porosity (%) =
Pth

x 100, (2)

where pi, and pex denote the theoretical density and
experimental density.

Theoretical density (ptn) may be calculated using
the rule of a mixture [24] as given by Eq. (3):

Pth = PmVm + pBLA VBLA + psicVsic, (3)

where pprLa, psic, VerLa, and Vgic denote the density
and volume fraction of BLA and SiC, respectively.

2.5. Microstructure and XRD analysis

The metallographic examination of the fabricated
composites was carried out using optical microscopy
(OM) and SEM with energy dispersive X-ray spec-
troscopy (EDX). For the examination of the mi-
crostructure, the samples of the fabricated compos-
ites were sectioned into slices that were 20 mm by di-
ameter and 15 mm by thickness, as shown in Fig. 4A
as macrostructures. All such samples were polished
and etched with Keller’s reagent (95 ml water, 2.5 ml
HNOg3, 1.5ml HCl and 1.0ml HF) [25]. The XRD
pattern of the fabricated composites is taken using a
Bruker D8 advanced ECO X-ray diffractometer with
Cu Ka-radiation and Ni filter. The XRD results were
examined at a voltage of 40kV and 25 mA current
intensity.

2.6. Hardness and tensile tests

The hardness tests were performed by taking the
average of 3 readings for each sample, using micro
Vickers hardness machine as per ASTM E384-11 with
a load of 500 gm for 15s and Brinell hardness test-
ing machine as per IS 1500-2005 consisting of ball
indenter of 5mm and a load of 250kg. The tensile
test was performed as per the ASTM B557 standard
on the prepared tensile samples. The tensile samples
were machined into round shape of 9mm diameter
and 36 mm by gauge length. The tensile tests were
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Fig. 5. Optical micrographs of (a) Al-4.5Cu alloy, (b) Al-4.5Cu/10SiC composite, (c¢) Al-4.5Cu/(10SiC + 2BLA) and
(d) Al-4.5Cu/(10SiC + 4BLA) hybrid composites.

conducted using a computerized universal testing ma-
chine. The strength and deformability in terms of ul-
timate tensile strength (UTS), yield strength (YS),
and ductility were measured with the tensile test. The
break-up of results of the tensile test is as shown in
Fig. 4B. The fractured surface of the tensile samples
was analysed using SEM investigation.

3. Results and discussion
3.1. Microstructure characterization

Among the key factors that impact the properties
are density, reinforcement particle distribution, and
the microstructure of the composites. The mechanical
properties are enhanced with a uniform scattering of
the reinforcement particles in the fabricated compos-
ites. Variables such as solidification rate, kind of rein-
forcement and process of incorporation control the dis-
tribution of reinforcement particles, preventing them
from segregation or agglomeration during the fabrica-
tion of the composites. The OM and SEM micrograph
of the Al-4.5Cu alloy, Al-4.5Cu/10SiC composite, and
Al-4.5Cu/(10SiC + 2BLA) and Al-4.5Cu/(10SiC +
4BLA) hybrid composites are as shown in Figs. 5 and
6. The microstructure of the matrix alloy as shown

in Fig. ba includes a mixture of primary a-Al and
primary Cu in addition to eutectic phase. Figure 6a
shows the SEM micrograph of the matrix alloy and
the white phase in the SEM micrograph is the Al;Cu
intermetallic phase.

Figures 5b—d indicate that the average grain size
of the matrix is diminished with the incorporation
of SiC and BLA particles in the fabricated compos-
ites. This is because the reinforcement particles may
act as efficient grain refiners. The matrix grain size
decreased with the increase in some reinforcement
particles and is confirmed by the average grain size
measurement conducted by “linear intercept method”
which is shown in Fig. 9.

The grains of the fabricated composites were re-
fined, partly because the SiC and BLA particles act
as grain nucleation sites, while the matrix grains
solidify on them. The solidification process of the
composites is influenced by the incorporation of SiC
and BLA particles. The distribution of reinforce-
ment particles in the Al-4.5Cu/SiC composite and Al-
-4.5Cu/(SiC + BLA) hybrid composites prevent the
improvement of a-Al grains in the period of solidifica-
tion as shown in Fig. 5. The grain nucleation sites are
amplified in the fabricated composites. This is because
the weight percentage in the reinforcement phase re-
sists the free development of a-Al grains and further
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Fig. 6. SEM micrographs of (a) Al-4.5Cu alloy, (b) Al-4.5Cu/10SiC composite, (c) Al-4.5Cu/(10SiC + 2BLA) and (d)
Al-4.5Cu/(10SiC 4 4BLA) hybrid composites.
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Fig. 7. EDX profile of Al-4.5Cu/(10SiC + 4BLA) hybrid composite.

refines the grains [26]. It is confirmed from Fig. 9. It
was observed that with an increase in wt.% of BLA,
the grain size of the composites decreased as shown in
Fig. 9.

EDX profiles help confirm that the SiC and BLA
particles are incorporated uniformly in the fabricated
composites, as shown in Fig. 7. The peaks of alu-
minium (Al), oxygen (O), carbon (C), iron (Fe), sil-
icon (Si), and magnesium (Mg) were detected with
wt.% of corresponding elements from the EDX pro-
files as depicted in Table 4. The existence of these ele-

ments in the fabricated composites confirmed the exis-
tence of SiC, silica (SiO3), alumina (Al O3), ferric ox-
ide (Fe303), and magnesium oxide (MgO), which are
elements derived from the BLA as depicted in Table 2.
The results confirmed that the reinforcement particles
are uniformly dispersed in the matrix as shown in the
optical image in Fig. 5 and SEM images in Figs. 6b—
d. The uniform dispersion of hard ceramic particles
enhances the mechanical properties [27]. The SEM
micrographs indicate that the interface between the
reinforcement particles and the matrix alloy is clear,
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Table 4. The weight per cent of observed elements in Al-4.5Cu/(10SiC + 4BLA) hybrid composite by EDX analysis

CK OK Mg K AlK Si K Fe K CuL Ag L Totals
(wt.%) 2.81 1.18 0.48 92.29 0.12 0.07 1.37 1.67 100
(at.%) 6.18 1.95 0.52 90.22 0.12 0.03 0.57 0.41

Fig. 8. SEM micrograph of (a) Al-4.5Cu/(10SiC + 2BLA) and (b) Al-4.5Cu/(10SiC + 4BLA) hybrid composites.
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Fig. 9. The average grain size of aluminium composites.

as shown in Fig. 8. This may, in turn, indicate that
the reinforcement particles and the matrix alloy are
strongly bonded.

3.2. XRD characterization

The XRD patterns of Al-4.5Cu alloy, Al-4.5Cu/
10SiC composite, and Al-4.5Cu/(10SiC + 2BLA) and
Al-4.5Cu/(10SiC + 4BLA) hybrid composites were as
depicted in Fig. 10. The diffraction peaks of SiC and
SiO4 are presented in the fabricated composites. The
intensity of SiC and SiOy peaks increased with the
addition of reinforcement in the fabricated compos-
ites. Figure 10 indicates that the aluminium diffrac-

. Al
a. Al-4.5Cu alloy
- b. Al-4.5Cu/10SiC
c. Al-4.5Cu/(10SiC + 2BLA)
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Fig. 10. XRD pattern of fabricated composites.

tion peaks are lightly shifted to the lower 26 of the
single and hybrid reinforced composites in compari-
son with matrix alloy due to the incorporation of SiC
and BLA particles in the matrix alloy. It is also ob-
served from Fig. 10 the diffraction peaks of Al, SiC
and SiO are present, and other elements were not ob-
served, and it confirms that the integrity of SiC and
BLA particles is conserved during casting, SiO; is the
major constituent in the BLA. The SiC and BLA par-
ticles were thermodynamically stable at a temperature
of the synthesizing casting. Interfacial reactions were
not observed between the matrix and reinforcement
particles. These interfacial reactions may lead to the
development of brittle intermetallic compounds in the
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Table 5. Density and per cent porosity of composites

Theoretical density (gcm™3) Experimental density (gcm™) % Porosity

Sample code Composites
A Al-4.5Cu alloy 2.7876
B Al-4.5Cu/10SiC 2.8247
C Al-4.5Cu/(108iC + 2BLA) 2.7892
D Al-4.5Cu/(10SiC + 4BLA) 2.7546

fabricated composites, and diminish the properties of
the composites. The fabrication of the composite in
the stir casting method (reinforcement particles are
incorporated in the matrix at semi-solid condition)
helps to restrain the interfacial reactions. The potency
of the composite is impacted by the nature of the rein-
forcement particles phase. The findings of the present
investigations are consistent with those of earlier re-
searchers [28].

3.3. Density and porosity measurement

The density and porosity of the Al-4.5Cu alloy, Al-
-4.5Cu/10SiC composite, Al-4.5Cu/(10SiC + 2BLA)
and Al-4.5Cu/(10SiC + 4BLA) hybrid composites
were as depicted in Table 5. The density of the fab-
ricated composite increased with the incorporation of
SiC content and reduced with the addition of BLA in
hybrid composites in comparison with the matrix alloy
as shown in Table 5. The reduced density in the hybrid
composite was due to increase in the low-density BLA
particles. These results are in line with Alenemi et al.
[29] noted that the density of the hybrid composites
reduced when reinforcement content was added. The
theoretical density of the composites was calculated
by the rule of the mixture, using Eq. (3). The poros-
ity of the Al-4.5Cu alloy, single reinforced and hybrid
composites was measured based on the theoretical and
measured densities using Eq. (2), and it was observed
that the porosity increased slightly as depicted in Ta-
ble 5.

The increase in porosity may be because of the
particle-to-particle contact that increases as reinforce-
ment particles are added. The contact of particles with
each other may lead to a decrease in the interfacial
bonding of reinforcement particles with matrix alloy,
which promoted the residual pores in the fabricated
composites. Also, gas may be trapped during the stir-
ring: air bubbles enter into the melt either indepen-
dently or enveloped by the reinforcement particles.

The increment in porosity at 2.6 % of Al-4.5Cu/
(10SiC 4 4BLA) hybrid composite was observed in
comparison with the matrix alloy as shown in Table 5.
From these results, it may be concluded that lighter-
weight composites may be produced at a significantly
reduced cost, a conclusion that Senthilkumar et al.
[30] and Dwivedi et al. [31] agree with.
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Fig. 11. BHV and MHYV of fabricated composites.

3.4. Hardness measurement

The hardness values of the Al-4.5Cu alloy and com-
posites were as depicted in Fig. 11. The hardness in-
creased with the addition of reinforcement content.
The hardness of single and hybrid reinforced compos-
ites was considerably higher than that of the matrix
alloy. The highest hardness value was found in the
hybrid composite that consisted of 10 wt.% SiC and
4wt.% BLA, as shown in Fig. 11. The Brinell hard-
ness value (BHV) increased up to 28 %, and micro-
hardness value (MHV) increased up to 32% in the
Al-4.5Cu/(10SiC + 4BLA) hybrid composite in com-
parison with matrix alloy as shown in Fig. 11. Similar
results were observed by Mahendra and Radhakrishna
[32] who fabricated the aluminium hybrid composites
with the addition at 5, 10, and 15 wt.% (equal propor-
tion) of SiC and fly ash reinforcement particles using
the stir casting route, and exhibited higher hardness
value. The hardness of the composites increased with
the accumulation of SiC and BLA particles. This may
be because of the hard nature of ceramic particles,
and homogeneous distribution of reinforced particles
with good interfacial bonding with the matrix alloy.
The grain refinement observed in the composite may
be because the reinforcement particles act as effective
grain refiners. According to the Hall-Petch relation,
the hardness increases with a reduction in grain size
[33]. The hardness enhancement of the hybrid compos-
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Fig. 12. UTS and YS of fabricated composites.

ite may also be because the reinforcement particles
hinder dislocation [34]. Also, the reinforcement par-
ticles protect the softer matrix. The hard reinforced
particles thus restrict deformation and resist indenta-
tion when touched [28]. The increased hardness may
also be because SiC and BLA withstand the major
load transferred by the matrix.

3.5. Tensile behaviour

The tensile behaviour of the fabricated composite
was studied as UTS and YS, and ductility in terms of
percentage elongation. The tensile failure mechanism
was observed with SEM morphologies of the tensile
fracture surface.

3.5.1. Ultimate tensile and yield strength

Variations that occur in the UTS and YS of fabri-
cated aluminium composites when SiC and BLA parti-
cles are added are as shown in Fig. 12. It was detected
that the strength of the fabricated composites in-
creased with the incorporation of reinforcement phase
and highest strength was found in the hybrid com-
posite at 10 wt.% SiC and 4 wt.% BLA. The UTS in-
creased up to 28.65 %, and YS increased up to 38.03 %
in the Al-4.5Cu/(10SiC + 4BLA) hybrid composite in
comparison over the matrix alloy. The tensile strength
of fabricated composites is strengthened by the pres-
ence of reinforcement particles in the matrix melt, and
by grain refinement and the interfacial bond of the
hard reinforcements with the softer matrix. Venkat-
achalam and Kumaravel also observed a similar trend
while studying the tensile strength of aluminium com-
posites reinforced with fly ash and SiC, respectively
[35].

The numerous strengthening mechanisms of partic-
ulate composites were analysed [36]. The strength of
the composites rose as the presence of reinforcement

particles increased due to the mechanisms of direct
and indirect strengthening as reported by Chawala
and Shen [37], and Cho and Gurland [38]. The di-
rect strengthening occurs in the composites with the
transfer of load from the softer matrix to the hard
ceramic particles through the interface between ma-
trix and reinforcement. The outcome of this princi-
ple is that the protection to plastic deformation and
work hardening capacity increase in the composites
[39]. The indirect strengthening arises in the compos-
ites from the thermal mismatch due to uneven cooling
between matrix alloy, which has a higher coefficient of
thermal expansion (CTE) and ceramic particles with
lower CTE [40]. The development of dislocations at
the interface between matrix and reinforcement par-
ticle occur with a thermal mismatch, a result that is
increased in dislocation density that contributes to im-
proving the strength of the composites [37].

The strengthening of the fabricated composites in
the present research work may be with the addition
of weight fraction of SiC and BLA particles content.
The potential direct strengthening effect increased as
more SiC particles were added. This may be because
the tensile load is transferred from the soft matrix to
the hard reinforcement particles since particles act as
a barrier to resist the plastic flow when the compos-
ite is governed to strain from an applied load [41],
as the elastic modulus of SiC is higher than the ma-
trix alloy. Indirect strengthening was also observed
in the fabricated composites with the greater differ-
ence in the CTE of the ceramic particles and matrix
alloy. The strength of the composites increases due
to the greater dislocation density [42] arising from
the thermal mismatch. In the composite, the extent
of dislocation generation is affected by CTE, parti-
cle size, particle weight and matrix strength [43]. The
CTE value of the matrix alloy and reinforcement par-
ticles is different, and the CTE of the matrix alloy is
higher than that of the ceramic particles. The CTE of
Al-4.5Cu alloy is 19 x 107 to 23 x 1079 K~!; that
of SiC is 4.3 x 1076 to 4.7 x 1076 K~!, and that of
SiO is 0.55 x 1076 to 0.75 x 107% K~!, which is a
major constituent of BLA.

Siva Prasad et al. [44] fabricated aluminium hybrid
composites with the addition of rice husk ash (RHA)
and SiC by the stir casting route. They ascribed the
strengthening effect of the hybrid composite to the
rise in dislocation density, caused by the thermal mis-
match between matrix and reinforcement. The differ-
ences in the CTE construct strain fields around the
reinforcement particles in the matrix during solidifi-
cation. These strain fields obstruct the movement of
dislocations while applying the tensile load. A higher
load may need to be applied to pass on the disloca-
tions around the strain fields [45]. From the results,
it may be concluded that the appraisable strength-to-
weight ratio can be enhanced by using cost-effective
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Fig. 13. The percentage of elongation of fabricated com-
posites.

economical agro waste BLA, and SiC as a comple-
menting reinforcement, while fabricating aluminium
composites.

3.5.2. Ductility

The ductility of the composite materials is ob-

served in terms of the percentage of elongation. The
elongation of the fabricated composites diminishes
with an addition in the reinforcement percentage
as shown in Fig. 13. The percentage of elongation
of composites reduces to about 3.46 to 2.47 in the
Al-4.5Cu/(10SiC + 4BLA) hybrid composite over the
matrix alloy. These findings are well supported by
those of previous researchers that the ductility of alu-
minium composites reduces with the addition of SiC
[46], fly ash [47] and bagasse ash [48].

The deterioration in the percentage of elongation is
because of the presence of hard ceramic particles. The
embrittlement effect may be due to an increase in local
stress concentration sites at the interface of matrix al-
loy and reinforcement particles. Hence, the difference
in elastic behaviour between the matrix and reinforce-
ment particles increases. The developing stress field
in the matrix and reinforcement particles hinders the
passage of dislocations [49]. It is well known that the
percentage of elongation reduces as UTS and YS rise.
Adding reinforcement particles reduces the elastic de-
formation, and gradually promotes the plastic defor-
mation in the composites. The presence of hard re-
inforcement particles tends to result in the formation
of cracks, and the subsequent debonding may lead to
elastic deformation with increased load. The elonga-
tion fracture of the fabricated composites was seen to

Fig. 14. Tensile fracture morphologies of (a) Al-4.5Cu alloy, (b) Al-4.5Cu/10SiC composite, (c) Al-4.5Cu/(10SiC + 2BLA)
and (d) Al-4.5Cu/(10SiC + 4BLA) hybrid composites.
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Fig. 15. SEM micrograph of (a) Al-4.5Cu/10SiC composite and (b) Al-4.5Cu/(10SiC + 4BLA) hybrid composite showing
the presence of reinforcement particles in the cavities at higher magnification.

reduce, with the addition of reinforcement particles.
Localization of the matrix deformation and the frac-
ture of reinforcement particles are key factors that are
accountable for the reducing ductility of the compos-
ites [50].

3.5.3. Fractography and fracture analysis

The failure mechanism during the tensile test of
the fractured surfaces of Al-4.5Cu alloy and hybrid
composites was subjected to SEM analysis as shown in
Fig. 14. The influence of the reinforcement particles on
the tensile fracture morphology of the fabricated com-
posites was examined in detail from Figs. 14 and 15.
The larger voids are uniformly distributed in the frac-
ture SEM micrograph of the matrix alloy as Fig. 14a
indicates. Figure 14a depicts the ductile type of frac-
ture in the matrix alloy due to shearing in the form of
dimples, void growth coalescence and ductile failure.

The addition of reinforcements reduces the quan-
tum of voids and dimples as shown in Figs. 14b-
d, signifying that elongation reduces, and the tensile
strength increases. The brittle fracture becomes evi-
dent macroscopically, and ductile fracture is seen mi-
croscopically. The dimple sizes reduce due to the re-
finement of grains in the matrix with the addition of
SiC and BLA particles, and in turn, result in decreased
ductility [51]. The fracture in composite material may
be because of cracks initiated, which subsequently pro-
ceeds to the debonded interface among the matrix and
ceramic particles. The presence of particles assisted
or resisted the crack propagation of the composites.
The interfacial nature of the ductile matrix and brit-
tle reinforcement is seen in the fracture morphology
of single reinforced composites and hybrid compos-
ites at higher magnification, as Figs. 15a,b indicate.
The strong bond between matrix and reinforcement
particles allows for load transfer from the matrix to
the reinforcement particles. The particle cracks seen
in Fig. 15a and the ductile shear bands observed in
the fracture morphology in Fig. 15b signify that the

composite materials retain some ductility. The rein-
forcement particles remain intact in the dimples as
shown in Fig. 15b, which revealed the better interfa-
cial bonding between matrix alloy and reinforcement
particles.

It has been suggested that the microcrack and mi-
crovoid development in the composites occurs primar-
ily due to debonding along the reinforcement or matrix
interface [37]. The coalescence of these microcracks
and microvoids facilitates the fracture of the compos-
ites. The composite material exhibited tendencies of
brittle behaviour may be due to the presence of brit-
tle ceramic (SiC and BLA) particles.

4. Conclusions

The Al-4.5Cu alloy, Al-4.5Cu/10SiC and Al-
-4.5Cu/(10SiC + 2BLA) and Al-4.5Cu/(10SiC +
4BLA) composites were fabricated by the stir cast-
ing method, and the microstructure and mechanical
behaviour were investigated. The major conclusions
are drawn below:

1. The optical, SEM metallographic study and
XRD analysis revealed that the uniform dispersion
of SiC and BLA particles was detected in the com-
posites. The density of the hybrid composite reduced
with the addition of BLA particles. Conversely, poros-
ity increased.

2. With the addition of reinforcement particles,
UTS, YS, and hardness increased significantly. The
Al-4.5Cu/(10SiC + 4BLA) hybrid composite exhib-
ited higher UTS, YS, and hardness. The Al-SiC-BLA
hybrid composite is ideal in applications where sub-
stantial weight reduction is wanted.

3. The percentage of elongation reduced with an in-
crease in SiC and BLA content in the fabricated com-
posites. The hybrid composites demonstrated elonga-
tion to a lesser degree than the SiC reinforced com-
posite and matrix alloy.

4. Analysis of the fracture mechanism under SEM
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micrographs indicates that the area of dimples on the
fractured surface in reinforced composites is smaller
than in the matrix alloy. The fracture in the compos-
ites is because of the crack in particles that occurs
when adding SiC and BLA content. The fracture is
seen to be brittle macroscopically, and ductile micro-
scopically.
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