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Abstract

The increasing demand for renewable reinforcement materials has encouraged the
exploration of abundant biomaterial waste as an alternative to conventional
ceramic reinforcements in metal matrix composites. In this study, Anadara
granosa shell powder (AGSP), an underutilised and widely available biogenic
waste, was investigated as an eco-friendly reinforcement for aluminium alloy 6061
(Al6061). The samples were produced via sand casting using AGSP. There were
three different AGSP sizes: 120, 180 and 200 um added to the Al6061 alloy.
Microstructural analysis, density measurements and tensile testing were
conducted to assess the impact of AGSP additions of different sizes on the Al6061
alloy. The findings reveal that finer particles promote a more homogeneous
distribution, enhanced interfacial bonding, reduced porosity and more efficient
load transfer, resulting in improved tensile performance. Conversely, coarser
particles exhibit less uniform dispersion and lower mechanical properties.
Meanwhile, the density of Al6061 exhibited no significant variation, suggesting
that the addition of AGSP reinforcement does not diminish the inherent
lightweight advantage of the Al6061 alloy. Overall, the study demonstrates the
strong potential of Anadara granosa shell waste as a renewable, low-cost and
effective reinforcement for aluminium alloys, while highlighting the critical role of
particle size selection in optimising composite quality.

1. Introduction

Aluminium alloy 6061, an Al-Mg-Si alloy, is one

However, previous reinforcement methods tend to
be costly and raise concerns regarding
environmental sustainability. In recent years, there

of the most extensively used commercial aluminium
grades, particularly in metal matrix composite
(MMC) applications. Aluminium-based MMCs have
gained significant attention due to their ability to
combine the lightweight characteristics of
aluminium with enhanced mechanical performance
derived from ceramic particulate reinforcements
[1]. Various reinforcement materials, including SiC,
Al,Os, B,C, graphene and high-entropy alloy (HEA)
particles, have been incorporated into aluminium
matrices to tailor microstructure and improve
strength, hardness and wear resistance [2-5].
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has been growing interest in incorporating
reinforcement sourced from biomaterial waste
into MMCs, supporting sustainable materials
development by utilising abundant biogenic waste.

Anadara granosa, commonly known as the
blood cockle, is widely consumed as a food source,
resulting in large quantities of shell waste that are
often discarded and contribute to environmental
pollution. Structurally, the shells comprise three
functional layers: the periostracum as the
protective outer coating, the prismatic layer
composed of calcium carbonate crystals arranged
in prism-like formations and the nacreous layer
formed by stacked aragonite platelets. The synergy
of these layers yields a naturally strong and
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durable bioceramic structure with microstructural
features that make the material a promising
candidate for composite reinforcement [6].

Chemically, Anadara granosa shells consist
primarily of calcium carbonate, mainly in the form
of calcite, aragonite and vaterite, with reported
purities reaching up to 97.53 wt. % [5,7]. Previous
studies on biomaterial-derived CaCOs;
reinforcements, including eggshells and mussel
shells, have demonstrated improvements in
hardness, tensile strength and yield strength when
incorporated into aluminium-based matrices [8,9].
However, studies on AGSP as a reinforcement in
aluminium-based MMCs remain limited,
particularly regarding its mechanical and
microstructural performance. Extensive studies on
the development of AGSP and the use of various
reinforcement types in aluminium alloy 6061
matrices have been reported and are summarised
in Table 1.

Table 1. Summary of related previous studies

Nevertheless, a critical review of the literature
reveals that the use of Anadara granosa as a
reinforcing particle in aluminium alloy 6061
remains largely unexplored and has not been
comprehensively addressed. Furthermore, existing
studies have predominantly focused on the
influence of the reinforcement weight fraction,
with limited attention to the effects of particle-size
variation on mechanical response  and
microstructural evolution. Meanwhile, particle size
is a critical factor influencing particle distribution,
interfacial bonding, porosity levels, crack initiation
behaviour and overall load transfer efficiency
within MMCs. To address this gap, the present
study investigates the influence of AGSP size (120,
180 and 200 pum) on the microstructure and
mechanical behaviour of aluminium alloy 6061
(Al6061), contributing to the development of
lightweight, high-strength aluminium-based
composites for structural applications.

Reference Material Summary
Sinurat et al. [6] AGSP CaO prepared from AGSP via calcination a'E 600—1009 Candused as a
precursor for hydroxyapatite synthesis
Nasir et al. [7] AGSP AGSP incorporated as a glass com.poner?t in glass ionomer cement and
characterised via FTIR
Al Fath et al. [10] AGSP AGSP converted into chitosan for biobattery application
. CaCOs f hell lied to dental pul d NF-kB, TGF-B1 and VEGF-A
Saraswati et al. [11] AGSP QG gy priedtoden ? pulp an « P1an
expression analysed
Siswoyo et al. [12] AGSP Shell used as natural coagul.ar?t t.o reduce total suspended solids and
turbidity in well water
Ruslan et al. [13] AGSP Shell waste used as partial fine aggregate r?placement in mortar for
sustainable construction
Veeresh Kumar 6061 6061-SiC and 7075-Al,03; composites fabricated via liquid metallurgy with 2—6
etal. [2] wt. % reinforcement, evaluated for hardness, tensile and wear properties
Deng et al. [4] €061 Aluminium matrix reinforced with TiB, _and B4C for improved mechanical
properties
Gassour et al. [14] 6061 Tribological performance .imprc?ved by reinfor.cing 6061 with green-
synthesised silver nanoparticles
Muhammed Muneer 6061 reinforced with AINbTaZr-Al,0; for better
6061 . .
et al. [15] structural, mechanical and wear behaviour
Beldar and Kumavat Mechanical properties of 6061-Ni and 6061-Cr composites investigated at
6061 . e
[16] 0-2.7 wt. % reinforcements variation
Bharathiraja and 6061 The effect of graphene, B4,C and T6 heat treatment on the microstructural
Anthony Xavior [17] and mechanical properties of 6061 matrix composites
Ghadimyari and AlFeCuCrNi particles added in varying volume fractions to 6061 via
. 6061
Akhlaghi [18] powder metallurgy
Kandpal et al. [19] 6061 . 6061/AI20.3 composites fabrlcatgd by stir cast|'ng had ref|.ned grains and
improved microhardness and tensile strength with increasing Al,O; content




2. Materials and methods

2.1 Samples preparation

The chemical composition of Al6061, shown in
Table 2, has been verified using the Vanta
handheld X-ray fluorescence analyser and
compared with a standard to ensure material
suitability before the fabrication process.

Table 2. Chemical composition of Al6061, wt. %

Element Present study | ASTM B209 [20]
Mg 1.09 0.8-1.2
Si 0.76 0.4-0.8
Fe 0.31 max. 0.7
Cu 0.17 0.15-0.40
Mn 0.23 max. 0.15
Cr 0.05 0.04-0.35
Zn 0.06 max. 0.25
Al balance balance

It has been previously reported that AGSP
contains CaCOs;, with minor oxide components also
identified, including Al,0;, Na,O and SiO, [21].
These biomaterial components highlight the
potential of AGSP as an environmentally friendly
reinforcement material while helping reduce shell
waste pollution. However, to obtain accurate data,
X-ray diffraction (XRD) analysis of AGSP was
performed using a Rigaku MiniFlex 600 X-ray
diffractometer to identify the crystallographic
phases prior to reinforcement. The analysis was
conducted at a tube current of 15 mA and a tube
voltage of 40 kV using a Cu tube.

The influence of mussel shell powder (MSP)
reinforcement on the mechanical properties of
6061 alloy was investigated in a previous study [9],
which revealed that a 15 wt.% MSP addition
exhibited the highest hardness and tensile
strength. Based on that study, approximately 15
wt. % of AGSP was added in the present study.
Prior to the solidification process, the Anadara
granosa shells were collected from seafood waste,
washed with a Bayclin disinfectant solution and
powdered detergent to remove contaminants and
then dried in sunlight for two hours. The dried
shells were ground with a mortar and pestle, then
sieved into different particle-size fractions. The
actual average particle sizes of the sieved fractions
were measured using Imagel software and found
to be 120, 180 and 200 um, respectively.

Composite samples were manufactured using
the sand casting method, consisting of Al6061
reinforced with 15 wt. % AGSP. The procedure
began by calculating the required amounts of
Al6061 (2.7 g/cm®) and AGSP (1.3 g/cm?). Then, the
Al6061 alloy was melted in a furnace at
approximately 700°C. After that, AGSP
reinforcement was added to the melt and
manually stirred for 30 minutes at approximately
700 °C to ensure the homogeneous distribution of
AGSP in the molten Al6061. Then, the melt was
poured into a bar-shaped sand mould with
dimensions 400 x 250 x 10 mm. Finally, the melt
was cooled at room temperature for
approximately three hours.

2.2 Microstructure analysis

Microstructural characterisation is essential for
understanding the internal phase distribution and
the quality of particle-matrix interfaces.
Characterisation was performed using an optical
microscope and scanning electron microscope
(SEM) with energy-dispersive X-ray spectroscopy
(EDS).

The optical microscope was primarily used to
examine the samples to evaluate the effectiveness
of particle mixing and bonding. SEM provided high-
resolution images to confirm the morphology of
the reinforcement particles, detail the quality of
the interface bonding between the matrix and the
reinforcement and identify porosity, all of which
significantly influence mechanical performance.
Additionally, EDS was utilised to determine the
chemical composition of the embedded
reinforcement. In addition, Imagel software, which
supports SEM images, was used to calculate the
size distribution of AGSP particles.

2.3 Physical and mechanical testing

Density measurements were performed using
the mass-to-volume ratio method, where density
equals mass divided by volume. The mass of each
specimen was measured using a precision balance
with an accuracy of + 0.001 g, while the volume
was determined by measuring cubic specimens
with dimensions of 1 x1 x 1 mm. Three replicate
measurements were conducted for each sample
to ensure accuracy and repeatability of the
results. The average density value was calculated
from these three measurements, and the
standard deviation was used to assess the
consistency of the data.




The tensile test was conducted in accordance
with the ASTM E8/E8M standard. Samples were
machined using CNC milling to standard tensile
test dimensions. A VTS WAW-600E universal
testing machine was used to determine the
strength of materials until fracture occurred, with
three repeated tests at 0.02 mm/s. The tensile
sample geometry is shown in Figure 1.

=

Figure 1. Tensile test samples

3. Results and discussion

3.1 Microstructure

In general, the performance of alloys and
composites is governed by their microstructures.
Accordingly, detailed microstructural characterisation
of the samples was carried out in the present
study. The XRD analysis (Fig. 2) was performed to
identify the crystalline phase of AGSP. The
diffraction pattern reveals that AGSP s
predominantly composed of aragonite (CaCOs), as
indicated by the characteristic peaks at 20 values
corresponding to the aragonite phase. This finding
is consistent with previous studies on marine shell-
based materials [21]. The presence of aragonite as
the dominant phase is significant for reinforcement
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Figure 2. XRD pattern of AGSP

applications due to its distinct mechanical
properties compared to other CaCOs polymorphs.

Figure 3 shows the microstructure of an
unreinforced Al6061 alloy. The microstructure is
shown in grey and white. Previous literature has
identified the grey area as corresponding to the
Mg,Si phase and the white area to the Fe-rich
insoluble phase [22]. Figure 4 displays the
microstructure of composites produced with
average AGSP particle sizes of 120, 180 and 200
um. In the micrographs, the AGSP phase appears
as bright areas, while the darker areas correspond
to the AI6061 alloy. The same result has been
reported in our previous study [23]. However, it
was used to study the influence of AGSP size on
the toughness and hardness of Al6061. The particle
size distribution shows that finer particles enforce
stricter selection, allowing only smaller particles to
be incorporated into the matrix. Consequently,
reducing particle size increases the specific surface
area of the reinforcement, which enhances matrix-
particle interaction and promotes better dispersion
within the composite [24].

The elemental distribution was examined
through EDS mapping as shown in Figure 5. Carbon
(C-K) and calcium (Ca-K), indicated by cyan regions,
confirm the AGSP particle locations within the
Al6061 alloy. Aluminium (AI-K) mapping shows
uniform matrix distribution, while oxygen (0O-K)
concentrates in AGSP regions, consistent with
calcium carbonate composition. Magnesium (Mg-
K) appears scattered in the matrix, associated with
the Mg,Si phase. Silicon (Si-K) shows minimal
presence due to low concentration. The clear
elemental demarcation between Ca-rich AGSP and
Al-rich matrix confirms successful reinforcement
incorporation and uniform particle dispersion.
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Figure 3. SEM morphology of Al6061 without
reinforcement
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Figure 4. SEM morphologies of Al6061 reinforced
with AGSP

The EDS analysis was utilised to obtain the
chemical composition of AGSP, and the results are
given in Figure 6. The AGSP composition (average
size 180 um) is provided in Table 3. The analysis
results, as shown in Figure 6, indicate that the
powder is dominated by calcium and oxygen,
indicating that calcium oxide or calcium carbonate
forms the main phase. EDS analysis revealed 19.92
wt. % carbon, 40.86 wt.% oxygen, 0.72 wt. %

sodium, 0.17 wt. % aluminium, 0.24 wt. % silicon
and 38.09 wt. % calcium. The Si peak is not visible
in the EDS spectrum due to its very low
concentration in the AGSP region, making it
difficult to detect in the graphical representation,
although it was quantified in the tabulated data.
The presence of Ca, O and C as the dominant
elements confirms that the AGSP is predominantly
composed of CaCO;, which is consistent with the
reference composition reported in the literature
[7]. Similar CaCOs-rich compositions have been
reported for waste oyster shells and other marine
shell-based materials [24].

Table 3. Elemental composition of AGSP determined
by EDS analysis of AGSP with particle size of 180 um

Element Line wt. % at. %
C K 19.92+0.22 | 31.84+0.35
0 K 40.86+0.70 | 49.03+0.84
Na K 0.7210.06 0.60+0.05
Al K 0.17+0.02 0.12+0.02
Si K 0.24+0.03 0.16+0.02
Ca K 38.09+0.35 | 18.25+0.17
3.2 Density

One of the key advantages of Al6061 alloy is its

lightweight characteristic, making density a
critical property to maintain in composite
applications. The density measurements for

unreinforced Al6061 alloy and AGSP-reinforced
composites with different particle sizes are
presented in Figure 7. The results show that the
matrix (Al6061 alloy) exhibits an average density
of 2.80 g/cm®, which is in good agreement with
the standard density of aluminium at 2.7 g/cm’
[25]. The addition of 15 wt. % AGSP with varying
particle sizes resulted in slight variations in
composite density. The composite reinforced with
200 pum AGSP particles showed an average
density of 2.56 g/cm?®, while those with 180 and
120 pm particles exhibited densities of 2.31 and
2.43 g/cm®, respectively. These values are
comparable to those reported in previous studies
on 6061 alloy-based composites reinforced with
lightweight particles. For instance, 6061-graphite
composites with 6 to 12 wt. % reinforcement
showed densities ranging from 2.48 to 2.59 g/cm’®
[26], which aligns with the trend noticed in the
present study, where the incorporation of low-
density reinforcement materials leads to a
reduction in overall composite density.
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Figure 5. EDS elemental mapping of Al6061 reinforced with AGSP particle sizes of 180 um as a representative
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Figure 6. EDS analysis of AGSP with particle size of 180 um

Importantly, the density changes noticed
across different reinforcement conditions are not
statistically significant when compared to the
matrix alloy. This finding is particularly valuable
because it demonstrates that incorporating AGSP
does not substantially compromise the
lightweight nature of the AI6061 alloy. The
relatively low density of AGSP (1.3 g/cm®) helps
maintain the lightweight characteristics of the
composite material. Maintaining low density is
crucial for applications where weight reduction is

a primary design consideration, such as
automotive  and  aerospace = components.
Therefore, it can be concluded that AGSP

reinforcement offers a sustainable material
solution while preserving the essential lightweight
characteristics of aluminium alloys, making it

suitable for applications requiring low-density
materials.
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Figure 7. Effect of AGSP particle size on the density of
Al6061




3.3 Tensile characteristics

The relationship between stress and strain of
each sample is provided in Figure 8 and Table 4.
The modulus of elasticity values obtained in this
study are relatively low. Previous studies have
reported a modulus of elasticity value for Al6061
alloy of 68.9 GPa [27], which is higher than the
values measured in the present research. The
mould size and cooling rate significantly influence
the solidification behaviour and microstructural
characteristics of the cast alloy, which in turn
affect the mechanical properties, including
modulus of elasticity. It has been shown that the
size of reinforcement particles plays an important
role in determining the tensile properties of
aluminium matrix composites. In the present
study, relatively coarse particles of 180 and 200
um produced higher stress concentrations, uneven
particle dispersion, and a greater tendency for
interfacial debonding between the matrix and
reinforcement, leading to a significant decrease in
tensile strength [28,29]. In contrast, the finest
reinforcement particles (particle sizes of 120 pum)
exhibited better dispersion within the matrix and
provided a more effective interface surface area,
subsequently enhancing interface bonding and a
more efficient load transfer process [30].

This is consistent with Owa and Olubambi [31],
who reported that poor particle distribution in
CaCOs-based shell particle composites led to void
formation and reduced tensile strength. In
contrast, well-dispersed composites showed
superior tensile performance, confirming that
dispersion quality, governed here by particle size,
is a key factor in biogenic CaCOs-reinforced
aluminium MMCs. Furthermore, the tensile
properties of the composite with particle sizes of
120 pm did not show significant deviation from the
unreinforced alloy, indicating that the addition of
AGSP offers a sustainable and useful application
for Anadara granosa shell waste, which is typically
discarded after consumption. Although the tensile
strength remains slightly lower than that of the
matrix, the reduced density and sustainable use of
shell waste justify the incorporation of AGSP as
reinforcement.

4. Conclusion

The present study aims to analyse the effect of
variations in the particle size of AGSP (120, 180 and
200 um) on the microstructural characteristics and
mechanical properties of Al6061 alloy. The results

Stress, MPa

S
o

Stress, MPa

IS
o

Stress, MPa

I
o

Stress, MPa

S
o

100

2]
o

D
o

N
o

D
o

N
o

2]
o

N
o

1 Tensile strength =93.67 MPa

— Al6061

0 2 4 6 8 10 12
Strain, %

1 Tensile strength =92.98 MPa

— Al6061 with particle sizes of 120 um

0 2 4 6 8 10
Strain, %
1 Tensile strength =81.65 MPa
— Al6061 with particle sizes of 180 um
0 2 4 6 8 10 12

Strain, %

1 Tensile strength =82.37 MPa

—— AI6061 with particle sizes of 200 um

0 2 4 6 8 10
Strain, %

Figure 8. Tensile test results in the form of
corresponding stress-strain curves




Table 4. Mechanical properties of the tested samples

Sample Maxi.mum Mijl..HUS of Yield strength, Tensile
strain, % elasticity, GPa MPa strength, MPa
Al6061 10.12+0.51 14.27+0.71 38.44+1.92 93.67+4.68
Al6061 with particle sizes of 120 um 9.20+0.46 12.09+0.60 15.12+0.76 92.98+4.65
Al6061 with particle sizes of 180 um 6.29+0.31 21.46+1.07 19.77+0.99 81.65+4.08
Al6061 with particle sizes of 200 um 6.40+0.32 18.30+0.92 23.26+1.16 82.37+4.12
show that particle size plays an important role in metal matrix composites manufactured via

particle distribution, structural homogeneity and
reinforcement  effectiveness in  composite
materials. The addition of 15 wt. % AGSP slightly
reduced the composite density from 2.80 g/cm? to
2.31-2.56 g/cm’, preserving the lightweight
characteristics of the aluminium matrix. Although
the tensile strength of the composites remains
slightly lower than that of the unreinforced Al6061
alloy, the reduced density and sustainable use of
shell waste justify the incorporation of AGSP as
reinforcement.

Variations in particle sizes of 180 and 200 um
resulted in less uniform distribution, while a
particle size of 120 um produced a more
homogeneous distribution, thereby improving
interfacial bonding quality, reducing potential
porosity and contributing to higher tensile
performance with tensile strength of 92.98 +4.65
MPa, comparable to the unreinforced Al6061
alloy (93.67 £4.68 MPa). Finer particles were also
found to provide better load transfer efficiency
and more stable mechanical properties.
Therefore, selecting a particle size of 120 um is
the optimal choice for improving the quality of
AGSP-reinforced Al6061 alloy.
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