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This paper aims to investigate the mechanical (tensile, hardness, impact, elongation), microstructure and wear behaviours of aluminium
alloy reinforced with mussel shell powder (MSP) at different weight percentages (0 wt. % to 15 wt. %) at 3 wt. % interval. The mussel shell
powder was characterized by X-ray fluorescence (XRF). The matrix and the composites’ morphology were studied using a scanning electron
microscope attached with energy dispersive spectroscopy for the distribution of mussel shell powder particles within the matrix. The wear
behaviour of the alloy and composites produced at various reinforcements were carried out using a Taber abrasion wear-testing machine.
The XRF showed the compositions of MSP to contain calcium oxide (95.70 %), silica (0.83 %) and others. Mechanical properties showed
that tensile values increase with increases in MSP, hardness value increases from 6 wt. % to 15 wt. % of MSP. The impact energy decreased
from 42.6 J at 3 wt. % to 22.6 J at 15 wt. %; the percentage elongation also decreased from 37.4 % at 3 wt. % to 20.5 % at 15 wt. % MSP,
respectively. The bending stress results increase with increases in the percentage of reinforcement. The morphologies revealed that uniform
distribution of MSP within the matrix resulted to improvement in mechanical properties. The wear resistance of the composites increases with
increase in the applied load and decreases with increases in the weight percentage of MSP and can be used in the production of brake pads
and insulators in the automobile industry.
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Highlights

e The use of aquaculture (mussel) shell waste material as reinforcement in aluminium metal composites has proved to be a
cost-effective, environmentally friendly and good substitute to imported synthetic reinforcements, which can be utilized in the
automobile industry.

*  The XRF analysis of mussel shell powder contains ceramic materials, such as calcium oxide (Ca0), silica (SiO,), iron oxide
(Fe,03), magnesium oxide (MgO0), aluminium oxide (Al,03), and strontium (SrO), which were uniformly distributed within the
composites and contributed immensely to the properties investigated.

*  The wear rate was significantly lower in the aluminium metal composites produced, and varies with normal load, and the
cumulative volume loss increases with increasing applied normal load. The reinforcement of mussel shell powder particles in
the AI-Si-Mg alloy matrix decreased the wear resistance of the composites produced.

*  The mechanical results obtained showed that the composite produced can be tailored toward achieving the desired or unique
properties for particular applications in the automobile or aerospace industries.

0 INTRODUCTION Aluminium matrix composites (AMCs) are

presently produced by employing several conventional

The growth of world's population and increase of
living standard due to technological development
have increased the quantity of waste materials
generated  through  industrial, mining and
agricultural activities substantially. The waste
materials are becoming major concern to both
environmentalists and human beings globally
[1]. Utilization of waste materials could reduce
contamination and free up spaces for disposal or
recycling of waste materials by converting it into
useful material for applications in aerospace and
automobile/construction industries could save the
world from natural disasters as being observed [2].

and patented methods. The properties of AMCs are
governed by the processing method. A liquid route,
such as casting, is relatively simple and economical,
but the limited wettability of reinforcement in
molten aluminium limits its usage. The economy,
simplicity and ability to produce large and intricate
parts are the key parameters that make stir casting
the most preferred method for producing AMCs. The
limitation of stir casting is the wettability between the
molten aluminium matrix and the ceramic particle.
AMCs produced through conventional casting offer
difficulties in the even mixing of the reinforcement
in main matrix [2]. The difference in densities of the
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base matrix and reinforcement hinders the distribution
of reinforcement in the main matrix and promotes the
formation of agglomerates or clusters. This can be
avoided by employing a stirrer in the molten mixture
so that the difference in energies may be checked.
The stirring of the molten mixture before pouring into
the mould cavity promotes the uniform distribution
of reinforcement in the aluminium matrix, induces
vortex formation, and the reinforced particles are
mixed at the side of the vortex [3].

The reinforced materials with ashes or powders
had produced materials that are quite friendly
with environmental and cost-effective benefits
[3]. Aluminium-based Metal Matrix Composites
(MMCs) have received increasing attention in
recent decades as engineering materials, and the
introduction of ceramic material into a metal matrix
produces a composite material that resulted in an
attractive combination of physical, chemical, and
mechanical properties that cannot be obtained with
the aluminium alloys alone [4].

Different reinforcements such as aluminium oxide
(Al,03), silicon carbide (SiC), titanium carbide (TiC),
tungsten (W), calcium oxide (CaO), silica (SiO,) etc
have been used to enhance aluminium composite
properties. Studies had also shown that hardness,
toughness, tensile and wear rate behaviours were
enhanced [5]. These unnatural reinforcers frequently
used were difficult to obtain in Nigeria and the
importation of such materials are at high cost and time
constraint, which may impede the production of the
composites. An alternative to these reinforcements
in developing countries is to explore agricultural and
aquaculture wastes, either in the form of ashes or
powder. The wastes of bagasse [6], melon shell ash
studied [7], periwinkle shell powder was used [8],
and oyster shells, among others, for the development
of AMCs had been investigated [9]. The results had
also shown that waste ashes and powder generated
contain high percentages of refractory materials, such
as alumina (Al,03), silica (SiO,), hematite (Fe,O5),
carbonate (CaCOs3) and calcium (Ca), among
others, which can be explored for the production of
composite

Mussel shell is an aquaculture waste generated
across the southern part of Nigeria and poses a serious
threat to both the environment and human lives. In
order to relieve this region of this threat, the mussel
shells were collected, subjected to treatments, and
convert to powder under strict conditions. From the
above aforementioned, the present paper, therefore,
investigates the wuse of aquaculture- mussel
shell powder (MSP) of particle size 100 pm by

dispersing it into an alloy via liquid metallurgy
to obtain composite. Mussel powder was varied
from 0 wt. % to 15 wt. % at 3 wt. % interval. The
chemical analysis of mussel powder was also carried out,
mechanical, microstructure and the wear rate of the matrix
and composites were carried out simultaneously.

1 EXPERIMENTAL
1.1 Material Preparation

Mussel shell powder was prepared by cleaning,
washing, drying, grinding and sieving it to obtain a
uniform size. The sieving was done at the Department
of Agriculture and Bio-resources Engineering,
University of Nigeria, Nsukka with an electric-
powered sieving machine. A sieve of 100 um was used
to sieve the mussel powder to uniform sizes. Fig. la
show the mussel shell collection while fig. 1b also
showed the MSP of particle size 100 pm produced
respectively. The chemical compositions of the MSP
are presented in Table 1.

Fig. 1. a) Mussel shell collections, and b) mussel shell of particle
size of 100 um

Table 1. The mussel powder analysis

Compounds Mussel shell powder [%]
Ca0 95.70
K,0 0.35
Si0, 0.83
Sr0 0.26
Fe,04 0.67
S03 0.46
MgO 0.48
Al,0, 0.46

1.2 Production of AI-Mg-Si/Mussel shell powder
particulate composites

The present study utilized aluminium alloy and
mussel shell powder with a particle size of 100 pm
as base matrix and reinforcement, respectively. The
chemical composition of the alloy is presented in
Table 2. The amounts of mussel shell powder (MSP)
used as reinforcers were determined using charge
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calculations presented in Table 3. The aluminium
alloy was superheated to 800 °C after being charged
into a crucible furnace. The stainless-steel stirrer was
used to stir the molten alloy/composites manually.
The reinforcement particles, MSP, were preheated
to 200 °C for 30 minutes. After preheating, MSP
particles were consolidated into the melt to exclude
moisture. To reduce the porosity, the addition of the
degassing tablet was added after the alloy/composites
were completely melted. The wettability was enriched
by the composition of magnesium in the melt. This
magnesium improves the wettability between the
matrix alloy, reinforcement thus, 3 wt. % to 15 wt. %
at 3 wt. % interval by equal MSP proportions used.
Preheated moulds were set before casting the alloy
and the composite of 30 mm by 100 mm, respectively.
Chemical analyses were performed on the alloy
and the composite. Fig. 2 shows the preparation,
equipment and cast products (alloy/composite) for this
research.

Table 2. A-Mg-Si alloy analysis

Compositions Mg Si Fe Mn Cr Cu Al
Weight percent
[wt. %] 10 60 .01 .02 .01 .03 Bal

Table 3. Summary of charge calculations in weight percent [wt. %]

S/No. Owt% 3wth 6wt% 9wt%h 12wt% 15wt%
MSP  MSP  MSP ~ MSP  MSP MSP

[MSP] 0 3 6 9 12 15

Silicon (Si)  0.600 0.600 0.600 0.600 0.600  0.600

Magnesium  1.000 1.000 1.000 1.000 1.000  1.000
Aluminium  98.400 95.400 92.400 89.400 86.400 83.400
Total 100 100 100 100 100 100

Fig. 2. The casting to the finished products

1.3 The Alloy and Composites Tensile Strength

A universal tensile testing machine was used
to evaluate the tensile properties of the alloy/
composites produced. The test specimen preparation
and testing procedure were in accordance with
ASTM E8/E8M-15a [10] and shown in Fig. 3.

L L Smm ZR_

< S50mm >

Fig. 3. Dimensions of tensile test specimen

1.4 Hardness Values

The sample preparation and testing procedure was
performed in accordance with ASTM E18-16 [11].
The hardness values within the range of 2 % were
averaged to obtain the hardness value for the alloy and
composites.

1.5 Impact Toughness

The impact specimen was placed on a horizontal stand
of the Izod Impact Machine. It was arranged such
that the notch was directly opposite to the point of
impact of a heavily suspended mass. With the gauge
set properly, the suspended mass was released from
a height to hit the specimen. The energy absorbed by
the specimen was reflected on a calibrated scale as
reported by [12], and [13]. The results obtained were
thus analysed.

1.6 Microstructure of the Alloy/Composite

Analysis of the microstructures of the alloy/composite
was carried out using model JEOL 840 of scanning
electron microscope attached with energy dispersive
spectroscopy (SEM/EDS) after cutting, grinding,
and polishing the specimens with different grades
of papers in accordance with [14] and [15]. Etching
was carried by wiping the specimen surface with wool
soaked in natal to give a dull reflection surface [16].

1.7 Wear Test

The wear behaviour of the test samples (alloy and
composites) was determined using the pin-on-disc
test under dry conditions as stated for wear testing
in [17]. It was carried out with the use of a Taber
abrasion wear-testing machine. The wear test
samples were produced in the form of a disc and
machined to specifications (200 mm diameter and 5
mm thickness). 10 N and 20 N loads were used, and
the wear loss was evaluated according to [18].

Evaluation of Mechanical, Microstructures and Wear Behaviours of Aluminium Alloy Reinforced with Mussel Shell Powder for Automobile Applications 29



Strojniski vestnik - Journal of Mechanical Engineering 67(2021)1-2, 27-35

2 RESULTS
2.1 Mussel Powder Compositions

The results revealed by the elemental analysis mussel
shell powder from X-Ray Fluorescence (XRF) are
presented in Table 1 and the powder particle size of
100 pm. From the table, the mussel shell powder
contains calcium oxide content of 95.70 %, alumina
of 0.46 %, silica of 0.83 %, magnesium oxide of 0.48
%, aluminium oxide of 0.46 %, iron oxide of 0.67 %
and the remaining balance was lost on ignition (LOI)
respectively.

2.2 Microstructures

The morphologies of the alloy and EDS are presented
in Fig. 4, while the composites at various weight
percent of the reinforcements from 0 wt. % to 15 wt.
% of MSP was presented in Fig. 5.

2.3 Mechanical Properties

The results of the mechanical properties investigated
such as hardness, tensile, impact toughness and
percentage of elongation are also presented in Fig. 6
and Table 5, respectively.

2.4 The Wear of the Alloy/Composites

Figs. 7 and 8 presented the effect of reinforcement on
specific wear rate and the morphologies of wear rate
before and after the tests.

3 DISCUSSION
3.1 Microstructure

The performance of alloys or composite can be
known through their microstructures. The alloys/
reinforcement with mussel powder examined were
at 2000x magnification. The micrograph presented
in Fig. 4 represents the aluminium alloy and its
energy dispersive spectroscopy while Fig. 5 shows
the composites produced with different percentage
of MSP at 3 wt. %, 6 wt. %, 9 wt. %, 12 wt. % and
15 wt. %. From the figures, the calcium oxides (CaO)
distributed within the structures reveal fairly uniform
distributions of MSP in the produced composite. There
appears to be a reasonably uniform distribution of
MSP in the alloy, which can be as a result of good
interfacial bonding, decreases in particle size and
increases in specific surface of the reinforcement for

a given volume fraction [19]. The volume of CaO and
SiO in MSP is shown in black while the white showed
the matrix and conformed to the findings of [20].
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Fig. 4. SEM/EDS of aluminium alloy without reinforcement

Table 4. The EDS of the elements in Al-Mg-Si alloy

Element Weight %
0K 0.03
CuK 0.01
Mg K 1.00
Al K Balance
SiK 0.58
ClK 0.02
Fe K 0.01
Ni K 0.04
Mn K 0.03
Totals 100.00

3.2 Mechanical Properties of Alloy/Composites
3.2.1 Hardness Values

The hardness, tensile strength, impact toughness and
percentage elongation of the alloy and the composites
were presented in Fig. 6 and Table 5. The hardness
value of the alloy was 49.78 HRC decreased to 13.16
HRC at 6 wt. % of MSP and later increased to 53.52
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Fig. 5. SEM morphologies of aluminium alloy/composites at:
a) 3 wt. % MSP, b) 6 wt. % MSP, ¢) 9 wt. % MSP,
d) 12 wt. % MSP, and e) 15 wt. % wt. % MSP
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HRC at 15 wt. % MSP. That is a decrease of 73.56
% of the alloy to the composite at 6 wt. %, and an
increase of 75.41 % at 15 wt. % of MSP was recorded.
Previous works attributed this increase in hardness
to the decreased particle size and increased specific
surface of the reinforcement for a given volume
fraction [21]. The hardness values were improved
at higher wt. % of MSP loading. The improvement
of the hardness of the composites to the increased
" ioum  ToHwWANE particle volume fraction, and increased strain energy
o ] - at the periphery of particles dispersed in the matrix
confirmed the previous studies [22] and [23].

3.2.2 Tensile Strength

The alloy/composite with mussel powder results
is shown in Fig. 6. The addition of mussel powder
particles significantly improved the tensile strength
of the composites compared to the alloy. The
improvement observed in tensile strength of the
composite was attributed to the fact that the mussel
shell powder acts as filler and possesses higher
strength which was more resistance [24]. The mussel
shell contains ceramic materials, such as CaO, SiO,,
Al,O3, Fe,O3 which had a favourable combination of
density; the hardness exhibits a significant increase
in its elastic modulus, hardness, strength and wear
resistance, accordingly [25]. Furthermore, the studies
on Al-MMCs are mainly concentrated on AIl-SiC,
Al-Al,0; based systems with limited studies on
Al-TiO, composites, though TiO, particles have
excellent mechanical properties [26] and [27]. Hence,
improvement in the strength of the composites can be
explained by the presence of ceramic particles in the
mussel shell powder. It was therefore estimated that

AIMgSi Matrix
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about 45 % increase in the tensile strength from 0 wt.
% to 3 wt. % MSP and 2.30 % from 3 wt. % to 15 wt.
% MSP, respectively.

3.2.3 Elongation

The percentage of elongation is shown in Fig.
6. It increases from 0 wt. % to 3 wt. % MSP and
decreased from 3 wt. % to 15 wt. % MSP. However,
at the particle size (100 um) of the filler due to high
surface area and good wettability, the porosity of the
composite decreases, which give rise to high strength
at low percentage from 3 wt. % to 15 wt. % of the
filler in the matrix [28].

3.2.4 Impact Toughness

The toughness results presented in Fig. 6 showed
an increase from 0 wt. % to 3wt. % and an decrease
from 6 wt. % to 9 wt. % and an increase from 9 wt.
% to 15 wt. % MSP. This sinusoidal change can be
attributed to particle and interfacial cracking initially.
The toughness values became virtually constant at 6
wt. % to 15 wt. % MSP and similar to works of [29].
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—o—Impact, IT [J]
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0 2 4 6 8 10 12 14 16
Weight percentage of mussel shell powder [wt. % of MSP]

Fig. 6. Variations of hardness, tensile, impact and elongation of
Alloy and composites against wt. % MSP

Table 5. Values of the mechanical properties studied

Wt. % Hardness Tensile Impact Percentage
MSP [HRC] stress [MPa] ~ test[J]  elongation [%)]
0 49.78 60 8.6 8.6
3 24.58 87 42.6 374
6 13.16 88.5 36.5 30.3
9 40.7 88.5 325 21.7
12 47.28 88.7 28.9 24.6
15 50.52 89 22.6 20.5
3.2.5 Bending Test

The bending test carried presented in Table 6 and
Fig. 7. Bending results showed an increase from 0

wt. % to 15wt. % of mussel shell powder and made
of compressive and tensile stresses. This change can
be attributed to particle and interfacial cracking which
confirm the results of percentage elongation and
impact results and similar to the previous works of
[30], and, [31].

Table 6. Values of the Bending test at various reinforcements

wt. % MSP Stress [MPa]
0 119.5
3 149.7
6 150
9 154.2
12 160.3
15 165.51

180
160 —————
:Qr 140 /
7 120 ¢
%0 1;)3 —e—Bending test, BT [MPa]
o
5 60
A 4

20

0

o

2 4 6 8 10 12 14 16
Weight percent of mussel shell powder [wt. % MSP]

Fig. 7. Bending test of Aluminium alloy and composites
against wt. % MSP

3.3 Wear Alloy/Composite Behaviours

Wear is the gradual loss of material due to relative
motion between a surface and the contacting substance
and the wear damage may be in the form of micro-
cracks or localized plastic deformation [32].

From Fig. 8, the wear rate of the composite
decreases with increase in the wt. % MSP
reinforcement. Still in the figure, an increase in the
applied load resulted in an increase in the wear rate
of the samples investigated. The MSP beneficial effect
on the wear resistance of the AIMgSi alloy composites
is observed to be the best at low load and reduces
with increase in applied load. Increases in MSP in the
composite restricts deformation of the matrix material
with respect to load; hence, the wear rate for the higher
content of MSP composites decreases as seen in the
figure and similar to work of [33]. The composites
exhibited higher wear resistance at different applied
loads. Wear rate at 9 wt. % MSP are 30 mm3/(Nm)
and 47 mm3/(Nm) at 10 N and 20 N, respectively. This
behaviour was attributed to the presence of MSP on
the counter surface, which act as a transfer layer and
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effective barriers to prevent large scale fragmentation
of the Al-Si-Mg matrix. Fig. 9 show the uniform
distribution of MSP within the matrix before and after,
supported with the low wear rate obtained. The wear
rate increases with increase in applied load while it
decreases with increase in the volume fraction of the
reinforcement, as seen in Fig. 8 and supported the
findings [34].

80

70 ¢

—0—20N —e—10N
60

50 |
40
30

20

Specific wear rate [mm’/(Nm)]

0 2 4 6 8 10 12 14 16
Percentage of reinforcement [MSP]

Fig. 8. Effect of reinforcement on specific wear rate

Fig. 9. Morphology of Aluminium alloy/ 6 wt. % MSP
a) before wear, and b) after wear

Fig. 10 shows the variation of the coefficient of
friction with different applied loads. The coefficient
of friction of both unreinforced Al-Mg-Si alloy and

Al-Mg-Si/MSP composites decreases as the applied
load increase. The coefficient of friction increases
as the amount of mussel shell powder particles
reinforcement increases in the alloy. The amount
of mussel shell powder particles was well-bonded
with the matrix during sliding, the aluminium alloy
matrix surrounding the particles were then worn
away, which left the counter face and the reinforcing
particles to be effectively in contact. If the particle
has easy decohesion, contact occurred between the
counter face and the matrix, and the hard particles
cause a third body abrasion mechanism. It is then
obvious that greater roughness and friction coefficient
in the reinforced aluminium alloy (composites) than
unreinforced aluminium alloy and also confirmed the
previous works [34] and [35].

121 —e—0wt%MSP

1| —e—3wt.%MSP
08 | —®—6 wL%MSP
9 wt. % MSP
0.6
—o— 12 wt. % MSP

04 | —@—15wt. % MSP

Coefficient of friction

0.2

0 5 10 15 20 25
Applied load [N]

Fig. 10. Variations of coefficient of friction with applied load

4 CONCLUSIONS

The purpose of this work was to investigates the use
of aquaculture MSP of particle size 100 um by
dispersing it into aluminium metal composites
via liquid metallurgy to obtain composites for
mechanical, microstructure and wear properties
analyses. Therefore, the following conclusion have
been drawn from the results:

1. The mussel shell powder is a potential reinforcer
that had improved mechanical and wear rate
behaviours investigated.

2. Hardness value decreases with increase in wt. %
mussel shell powder and later increase as the wt.
% of MSP was increased because of the higher
particle size of MSP. The tensile strength, impact
toughness, and elongation were also enhanced
positively at different composition of MSP.

3. Microstructures clearly revealed that the
composites materials produced by stir casting
method showed no voids and discontinuities of
MSP particulates in the matrix which resulted in
sound castings.
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4. The wear resistance of the composites increases
with increase in the applied load and decrease
with increase in the weight percentage of MSP.

5. The morphologies of the wear rate of the
composite revealed that the material removal was
mainly due to micro-cutting and as such, MSP
was a good substitute for the imported material,
in addition to being easily available, cheap, and
environmentally friendly.
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