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Abstract

Chicken eggshell (ES) is an aviculture byproduct that has been used as the
reinforcement in the present study which is recorded worldwide as one of the
vilest environmental problems. The present work deals with development of
ES-reinforced Al6061 matrix composites by stir-casting process with 0 to 10
wt% of reinforcement at an interval of 2 wt%. The microstructures of the fa-
bricated composites were examined by optical and scanning electron micro-
scopes with energy dispersive spectrometer (SEM/EDS). Optical micrographs
divulge the uniform distribution of reinforcing particles in the matrix while
X-ray diffraction (XRD) patterns ensure the dispersion of ES particles rein-
forcement in Al6061 matrix. The properties measured include density, tensile
strength and hardness values. The tensile strength and hardness of composites
increase with the addition of ES particles and the maximum values were
achieved at 4 wt%. Further increase of ES particles in the matrix leads to de-
crease in hardness and strength owing to increase in porosity.
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1. Introduction

Aluminium metal matrix composites (AMCs) are attaining global attention no-
wadays in the field of aerospace, automobiles, marine, construction etc. due to
their superiority over monolithic alloys which includes mechanical and physical

properties like low density, high specific strength, stiffness, elastic modulus,
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strength to weight ratio etc. [1] [2] [3] [4]. Al6061 alloy which is a precipita-
tion-hardened aluminium alloy, containing magnesium and silicon as its major
alloying elements, is the most widely used matrix material because of its good
mechanical properties, ease of fabrication, good castability, weldability and re-
sistance to atmospheric corrosion [5] [6] [7]. It is one of the most common alu-
minum alloys for general-purpose use. However, it doesn’t provide the required
properties under all service conditions, which are overcome by reinforcing these
alloys with hard particles such as SiC, AL,O,, B,C etc. Reinforcement of hard
particles results in achieving enhanced mechanical properties such as: high
strength, stiffness and high wear resistance compared to unreinforced alloys but
at the expense of some ductility [8] [9] [10] [11].

One essential factor which limits the application of AMCs is their high cost of
production due to the use of expensive reinforcement. One of the best way to
reduce the cost, is to use low cost reinforcements which include waste materials
like fly-ash, red mud, rice husk ash, bagasse ash, maize stalk waste and eggshells
waste particles. These waste and naturally available materials offer great oppor-
tunity towards the economical development of composites. Increasing demand
of these low cost composites has called for global research and most of them are
focused on Aluminium and its alloy. Chicken eggshell (ES) is a commonly
known waste byproduct when simply disposed causing serious environmental
hazards. However, recent investigations highlighted that chicken eggshell can be
commercialized to produce new materials because of its renovation potential.
Other advantages associated with the use of eggshell waste are its bulk availabili-
ty at low cost and lightweight property. Although chicken eggshell is a waste
product and a lot of health and social issues are associated with it, it is comple-
mented with presence of less dense calcium carbonate which can be commercia-
lized [12]-[18].

It has been reviewed that the potential of ES as a low cost reinforcement due
to its availability in bulk in the metal matrix has not been explored much yet. An
attempt has been taken to develop ES-reinforced Al6061 composites by stir
casting route which is adopted because of its simplicity and it offers better
bonding between reinforcement and matrix, wettability and homogeneous dis-

tribution of particles in the matrix [19] [20].

2. Experimental Procedure

In the present work, Aluminium alloy Al6061 is used as base material and egg-
shell powder of mesh size 100 - 120 um is used as the reinforcement. The melt-
ing of Al6061 has been performed in the stir casting machine. The chemical

compositions of Al6061 alloy is shown in Table 1.

Table 1. Chemical compositions of A16061 alloy.

Element Si Fe Cu Mn Mg Cr Zn Ti Al

Percentage  0.663 0.543 0.347 0.058 0.881 0.273 0.069 0.052  Balance
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The collected Eggshells were cleaned thoroughly with fresh water and then
boiled in water to allow separation of membrane and shell. It was then dried in
sunlight for a week. Sun dried ES were pulverized using RETSCH PM400 high
energy ball milling machine to convert ES into powder. The ES powders were
fed onto sieve set of vibratory sieve shaker machine, arranged in decreasing or-
der of fineness. The set was vibrated for 15 minutes to classify the fineness of
powder. Most of the powders get collected in the 100 and 120 mess sieve which
were combined together and utilized in the present work.

The composites under investigation were Al6061/ES composite, containing 2 -
10 wt% of reinforcement at an interval of 2%. Standard sample without rein-
forcement was also prepared. The composites were fabricated by single step stir
casting route. The melting of Al6061 alloy was carried out at 750°C. The eggshell
particles were preheated at 500°C for an hour. The preheated ES particles were
added to vortex melt in a controlled manner to ensure fair uniform distribution
of particles in the melt. It was stirred continuously at 500 rpm for 10 minutes
and then poured into the preheated mould to produce the cast bars 200 millime-
ter (mm) long, 20 mm in diameter. All the composites were prepared by the
same process. These cast bars were machined to produce test samples as per
ASTM E8M (Length = 60 mm, Gauge diameter = 12 mm and Grip diameter =
16 mm) standards.

The microstructural examination has been carried out by preparing cylindric-
al samples of 12 mm diameter and 10 mm height. Standard metallographic
processes have been used for polishing the specimens and all samples are etched
with Keller’s reagent. Micrographs have been taken on optical microscope
(model AxioCam ERc5s, ZEISS). Fractography of fractured surfaces after tensile
testing and EDXA elemental analysis of certain phases present in the composites
have been carried out using SEM (Model X-max 20, ZEISS) equipped with Ox-
ford instrument Energy Dispersive Spectroscopy (EDS).

Density of samples was calculated using Archimedes principle. The experi-
mental density was calculated using Equation (1) [21] and theoretical density is

calculated using Equation (2) known as rule of mixtures [21] [22].

Experimental Density= Mass/Volume (1)
Theoretical Density (o) = o, -Vin +Pgs -Ves (2)

where m is mass of composite specimen in grams (g), V'is the displaced volume
of water in cubic centimeter (cc), p,, is the density of matrix assumed as 2.71
g/cc, V,, is Weight fraction of matrix, p.is the density of Eggshell powder cal-
culated as 2.2 g/cc, Vi is the weight fraction of Eggshell powder. Porosity is cal-
culated by the formula given in Equation (3) [23].

Porosity =1 (Experimental Density/Theoretical density) (3)

The hardness of each sample was recorded directly from Rockwell tester
(model 7005 RHT-D) on H scale with a 3.175 mm steel ball indenter. Tensile

properties were evaluated at room temperature on standard cylindrical speci-
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mens using Instron 5900 series computerized universal testing machine as per
ASTM E8M standards with a crosshead speed of 12.5 mm/min or 0.5 in/min.

3. Results and Discussion

3.1. Microstructural Study

Figure 1(a) shows the SEM micrograph of chicken ES. The EDS spectra of the
ES particles as shown in Figure 1(b), indicates that it contains Ca, O, C, Mg and
which confirms the formation of calcium carbonate in the form of calcite
(CaCO0,) in the particles. The presence of CaCO, phase has also been confirmed
by XRD.

Figure 2(a) shows the optical micrograph of unreinforced Al6061 matrix al-
loy. It has been observed that the microstructure consists of Mg,Si and Al,,Mg,.
The EDS spectra as shown in Figure 2(b) reveals that elements Al, Mg and Si are
present in the Al6061 alloy in solid solution and precipitated form of Mg,Si and
and Al;,Mg,, phases both in the grain and along the grain boundaries (Figure
2(a)). The formation of Mg,Si and Al;,Mg,, phases has also been confirmed by
XRD.

20 pm EHT = 15.00kV Signal A = SE1 Date :7 Jan 2017
o g

WD =17.5 mm Mag =1.00 KX Time :12:16:24

T T

2 4 6 8 10 12 14 16
Full Scale 3806 cts Cursor:0.000 keV

(®)

Figure 1. (a) SEM image of chicken eggshell particle and (b) EDS spectra
of chicken eggshell particle.
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Spectrum 1
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Figure 2. (a) Optical microsgraph and (b) EDX spectra of as-cast
Al6061 matrix alloy.

Figures 3(a)-(e) shows the optical micrographs of ES-reinforced Al6061 alloy
matrix composites. The microstructure study shows that ES particles are un-
iformly distributed in the alloy matrix in the inter-granular as well as in-
tra-granular regions. The dark and white phases are ES particles and matrix re-
spectively. Figure 3(f) shows the EDX of composites which gives clue of some
chemical reaction between matrix alloy and ES particles resulted in the release of
Si, Mg, Ca, O and C in the composite. These constituents may have reacted with
Al present in the molten matrix alloy. Agglomeration and clustering of particles
have been observed more in the case the composites with higher wt% of ES par-

ticles resulting in porosity increase.

3.2. XRD Analysis

XRD analysis has been conducted to identify the different phases and elements
present in the composites. Figure 4(a) and Figure 4(b) shows the XRD patterns
of chicken eggshell ES particle and ES-reinforced composites, respectively. It has
been observed from Figure 4(a) that the eggshell contains the majority of cal-
cium carbonate (CaCO;) phase.

Figure 4(b) shows the XRD patterns of unreinforced and ES-reinforced
composites. It shows that the unreinforced Al6061 alloy consists of a-Al, Mg,Si
and Al,Mg,, phases whereas in the composites along with these phases an
additional intermetallic compound CaMgSi phase has been observed. The for-

mation of CaMgSi phase may be due to the interfacial reaction between the
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reinforcement and matrix. It has been observed that peaks slightly shifted to-

wards lower 2-theta in case of the composites compared to the unreinforced

Spectrum 1

(e) ®

Figure 3. Optical micrographs ES-reinforced Al6061 alloy matrix composites: (a) 2 wt%; (b) 4 wt%; (c) 6 wt%; (d) 8 wt%; (e) 10
wt% of ES and (f) EDS spectra of 4 wt% composite.
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Figure 4. (a) XRD pattern of eggshell (ES); (b) XRD pattern of composites.

Al6061 alloy suggesting the matrix in the composites has higher value of
d-spacing compared to the base alloy which may be due to incorporation of ES
particulates. The increased interplanar spacing may be due to the lattice constant
of Silicon (Cubic with a = 54.31 nm) as Si is present in small amount in Al6061
and there might be a possibility that Si occupy the interstices and shifts the peak
towards left.

3.3. Density Measurement

Figure 5(a) shows that both the theoretical and experimental density decreases
with increase in reinforcement which may be due to increase in porosity as
shown in Figure 5(b). With the increase in reinforcement the viscosity of melt
increases and therefore the fluidity of melt are reduced. This invites more gases
to get entrapped during casting resulting in porosity. Other reason may be due
to the density difference factor between reinforcement and matrix material
which causes the particle to float or sink in the melt. The density of ES particle is
less than that of the matrix alloy which causes the particles to float on the surface
of the melt. For proper mixing, a high stirring speed or time is required which

may increase the porosity due to gas entrapment.
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Figure 5. (a) Variation of density with wt% of ES; (b) Varia-
tion of porosity with wt% of ES.

3.4. Hardness and Tensile Strength

Figure 6(a) and Figure 6(b) shows the variation of hardness and tensile
strength of unreinforced and reinforced composites respectively while Figure
6(c) shows the stress-strain curve of different composites. It has been observed
that the tensile strength and hardness of composites increase with the addition
of ES particles and the maximum values were achieved at 4 wt%. The increases
in strength and hardness values are attributed to an increase of the weight per-
centage of hard and brittle phases of the eggshell particles in the Al6061 alloy
matrix. After 4 wt% ES, further increase of ES particles in the matrix leads to de-
crease in hardness and strength which may be due to the increased amount of
trapped air thereby increasing the amount of pores, as shown in Figure 5(b).
The other factors like particle breaking, debonding of particle with matrix due to
poor wettability may also be responsible for decrease in hardness and strength

with increase in reinforcement.
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Figure 6. (a) Hardness variation of composites; (b) Tensile strength variation of composites; (c) Stress-strain curves of unrein-

forced and reinforced composites.

3.5. Fracture Studies

The fracture morphology of tensile test specimens of composites are shown in
Figures 7(a)-(f). Figure 7(a) shows the fracture morphology of Al6061 matrix
alloy depicting mixed type of brittle and ductile fracture. The presence of bigger
and uniformly voids indicates macroscopic ductile fracture and smaller voids
and intergranular fracture indicates microscopic brittle fracture. This may be
due to presence of brittle Al,Mg,, intermetallic precipitates along the grain
boundaries.

Figures 7(b)-(f) shows the fracture morphology of different composites. The
fracture morphology is macroscopically brittle and microscopically ductile as indi-
cated by small stepped microscopically rough fracture surface and smaller voids
(Figure 7(b) and Figure 7(c)) due to grain refinement. It revealed no evidence of
particle pull out, showing good bonding between matrix and particle. However with
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Figure 7. SEM images of fractured surfaces of (a) 0 wt%; (b) 2 wt%; (c) 4 wt%; (d) 6 wt%; (e) 8 wt%; (f) 10 wt% at 200x.

increase in reinforcement percentage, the tendency of particle pullout increased

(Figures 7(d)-(f)). The cracks are visible nearby the particle pull out area
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(Figure 7(d) and Figure 7(e)) along with porosity (Figure 7(f)). All such evi-
dence indicates that wettability has reduced drastically when weight percentage
of reinforcement is increased. It is observed that ES particle is debonded at the
interface (Figure 7(e) and Figure 7(f)) due to weak particle matrix interface re-
sulting in particle pullout. Fracture morphology is transforming from mixed

ductile/brittle to completely brittle as reinforcement percentages increased.

4. Conclusion

It is found that the chicken eggshell (ES) particles have been successfully incor-
porated in Al6061 matrix alloy through stir casting technique. The microstruc-
ture analysis shows the presence of uniformly distributed ES particles in the ma-
trix alloy. It has been observed that the tensile strength and hardness of compo-
sites increases with the addition of ES particles and the maximum values were
achieved at 4 wt%. The increase in strength and hardness was resulted due to the
increase in the amount of the hard ES phase in the ductile Al6061 alloy matrix
which led to increase in dislocation density at the matrix-particle interphase.
Further increase of ES particles in the matrix leads to decrease in hardness and
strength which may be due to the increased amount of trapped air thereby in-
creasing the amount of pores. It has also been found that with the increase in
amount of ES reinforcement the density decreases. With the increase in ES rein-
forcing particles in matrix, particle pulled out and particle-matrix debonding

have been observed which lead to brittle fracture.
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