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Abstract
The present experimental investigationwas carried out to fabricate environmental friendly hybrid
aluminiummetalmatrix composites with three reinforcements inminimal amount through
electromagnetic stir casting: an uncommon fabrication technique. Al 7075-T6 alloywas infusedwith
three reinforcements; eggshell particles (wt%0.5, 1 and 1.5, particle size∼60 μm), SiC particles (wt%
1, 1.5 and 2, particle size∼65 μm) andAl2O3 particles (wt%1.5, 2 and 2.5, particle size∼90 μm)with
variablemechanical stirring time (2, 4 and 6min). Composite fabrication experiments were run in
accordancewith Taguchi’s orthogonal array L9 and analysis of variance (ANOVA)was conducted to
optimize process parameters and to observe their influence on quality characteristics. Developed
composites were characterized for various physical andmechanical properties such as density,
porosity, residual stress,micro hardness and tensile strength. Investigation outcomes show that
synthesized hybrid composite specimen S8with a total reinforcement content of 4.5%only,
demonstrated no significant change in density (only upto 2.2%)whereas themaximum reduction in
percentage porosity was 75%. Additionally,maximumabatement in residual stress of hybrid
composite specimen S8was 76%as compared to their unreinforced counterpart specimen S0, there
was amaximumenhancement of 83% inmicrohardness and 107% in tensile strength of fabricated
hybrid aluminiummetalmatrix composite specimen S8 in comparison of as-cast Al 7075-T6
specimen S0.Disposal of eggshells is a serious threat to environment, thusmore focuswas put on
recycling them and using them for development of environmental friendly and cost effective hybrid
composites with enhanced properties for numerous engineering applications.

1. Introduction

In present scenario,metalmatrix composites are replacing their conventional counter parts in a flashingway in
most of the advanced engineering applications due to their augmentedmechanical properties [1]. Aluminium
alloys as basemetals can be infused usingfibers, whiskers and particulate reinforcements [2]. Awide range of
particulate reinforcements such as TiB2, B4C, SiC, Al2O3, TiC, TiO2,WC, graphite, fly ash, redmud, rice husk
ash, bamboo leaf ash and bagasse ash etc have been used to develop aluminiummetalmatrix composites with
enhanced properties [3]. Al 7075mixedwith B4C particles through stir casting route showed increased hardness
andwear resistance, whereas Al 7075 infusedwith TiB2 particles displayed increasedmicro hardness, tensile
strength and yield strength [4]. In another studyAl 7075 alloywith SiC particles was analyzed forwear behavior
and surfacefinish and it was observed that for higher content of reinforcement the tool wear was increased and
surfacefinish became inferior [5]. Established AMMCswith single reinforcement exhibit enhanced
characteristics but often compromise with other crucial properties, hence hybrid composites have been
developed keeping in view the reasonable enhancement in properties by exploiting different virtues of various
reinforcements without any noticeable deterioration in composite attributes [6]. Addition of SiC particles into
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aluminiumalloys increasesmechanical strength andwear resistance but at the cost of ease ofmachining.
Whereas Al-SiC-Gr hybrid composites possess improvedwear resistance andmachinability both [7]. Hybrid
composites of aluminium alloywith SiC andB4Cparticles fabricated through ultrasonic cavitation based
solidification process exhibited enhanced hardness and higher tensile strength. Aluminium composite with SiC
and bamboo leaf ash, developed by two step stir castingmethod showed decreased density and improved
corrosion resistance [8]. Al 2219/B4C/MoS2 hybrid composites showed decreased densities, increased
microhardness and better wear resistance.With enhanced thermal stability, Al/Zn/Al2O3 stir casted hybrid
composites havewide utilizations in precision applications and thermal packaging [9].

Among various fabrication techniques for development of particulate reinforced aluminiummetalmatrix
composites, stir casting is considered to be themost advantageous due to its cost effectiveness, ability to handle
large volume, simplicity and capacity to controlmetalmatrix structure. In stir casting process composites are
produced by continuous stirring of basemetalmelt followed by infusion of reinforcements [10, 11]. The desired
particulate reinforcements with reasonable wettability are incorporated intomolten aluminiummatrix and the
mixture is solidified. Composites developed by stir casting technique demonstratemodifiable properties
depending upon distinct process parameters such as reinforcement content, reinforcement preheat
temperature, stirring temperature, stirring time, stirring speed and stirrer position etc [12]. Fundamental
complications experienced during stir casting are improper wetting due to poor interfacial bonding between
reinforcement &metalmatrix and non-uniform distribution of reinforcement particles due to agglomeration
[13]. To improve interfacial bonding offiller andmetalmatrix, various surface treatments were performed
including ultrasonic cavitation effect and inclusion of nanostructures into composites while for enhanced
wettability, either alloying elements were added tomoltenmetalmatrix or coating of reinforcements was carried
out [14, 15]. Evenwith such critical corrective actions, sometimes in stir casting process the reinforcement
particles get repelled away from themechanical stirrer due to the centrifugal force of rotatingmelt resulting into
non uniformdispersion [16]. To overcome this complication, in current study,modificationswere
implemented to existingmechanical stir casting setup in formof electromagnetic stirrer. In electromagnetic
stirrer, a three phasemotorwith the help of alternating current generated rotationalmotion and applied
rotational force on reinforcement particles infused inmoltenmetal resulting into uniformdispersion of
particulate reinforcements inmetalmatrix. In order to enhancemechanical attributes of developed hybrid
composites and avert agglomeration, hard particles of comparable sizes (eggshell particles with particle size
∼60 μm, SiC particles with average particle size∼65 μmandAl2O3 particles with average particle size∼90 μm)
were used as reinforcements. Hybrid aluminummetalmatrix composites prepared using electromagnetic
stirringwere evaluated for porosity, as porosity is a defect caused by interfacial reactions of preform andmetal
matrix inducing decline inmechanical characteristics of composites. Hence investigations for density and
percentage porosity of fabricated hybrid aluminium composites were importantmeasures [17]. Also the analysis
of residual stress of hybrid composites was extremelymomentous as they cause dimensional distortions and
diminishedmechanical characteristics [18]. Sequentially, fabricated hybrid aluminium composites were
evaluated formicrohardness, tensile strength and fractographic studies. Developed hybrid composites with light
weight and enhanced strengthmay replace conventional alloys in aerospace and automobile industry for
manufacturing of specific parts such aswing slat tracks, bulkheads, landing gears, wheels, piston cylinder liners,
transmission housings, connecting rods, suspension components and brakes etc and also for fabrication of
numerous structural components likewise platforms, bridges, power plant structures, offshore structures and
roof structures.

In present industrial scenario, a humongous research gap can be observed for development of eco-friendly
materials with distinctivemechanical attributes to cater specialized needs. In reference to hybrid aluminium
metalmatrix composites, literature on few conventional fabricationmethods, with limited reinforcement
combinations (utmost two reinforcements) and higherfiller contents is available. Also detailed influence of
various reinforcements on awider range ofmechanical traits of developed composites such as percentage
porosity and residual stress has not been reported so far. In this backdrop, there is an enormous scope for current
researchwork for development of ecodesigned hybrid aluminiummetalmatrix composites with upgraded
mechanical properties using three reinforcements through electromagnetic stir casting route.

2. Experimental procedure

2.1. Setup design
The present experiment for fabrication of aluminiumhybridmetalmatrix composites was conducted using a
combined setup of conventional stir casting system and electromagnetic stirrer. The conventional stir casting
setup included a furnace, stirrer impeller (rotating at 150 rpm), temperature sensors and control panel etc. An
electromagnetic stirrer originally was an electricmotor using a rotatingmagnetic field causingwhirlingmotion
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inmoltenmetal.When a three phase AC voltage was applied to themotor, itsmagnetic coil generated amoving
magnetic field and electromagnetic force was developed in themetalmelt causing its stirring. In current
investigation a three phase 10 hpmotor rotating at 960 rpmused as electromagnetic stirrer was combinedwith
mechanical stir casting setup (figure 1).

2.2.Details of selected basemetalmatrix and reinforcements
2.2.1. Basemetalmatrix
Previous series of aluminium alloys have already been explored extensively for numerous experimental
investigations. Themetalmatrix used for current studywasAl 7075-T6 alloy due to superior physical properties.
SynthesizedAl 7075-T6 hybrid composites with their ameliorated traitsmay have extensive spectrumof state-
of-the-art applications including high strength structural applications, thermallymodifiable& light weight
aerospace applications, automotive applications due to better tribological & fatigue properties, electronics
applications due to higher specific strength for power electronics & packagingmaterials and numerous defence
applications due to low density, high thermal conductivity, high heat capacity & dimensional stability at higher
temperatures. Chemical compositions of Al 7075-T6 alloy is given in table 1 [19].

2.2.2. Reinforcements
Each reinforcement used for current investigation had specific characteristics, thuswhenmixedwithmolten
metal, they contributed towards enhancement of distinct properties of synthesized composites as compared to
the unreinforcedmetal. Disposal of certain natural wastematter such as eggshells is extremely harmful for our
environment, hence after recycling; these can be used as natural reinforcements to develop composites. In

Figure 1.Electromagnetic Stir casting setup.

Table 1.Composition of Al 7075-T6 [19].

Component Al Cr Cu Fe Mg Mn Si Ti Zn Others

Wt% 87–91 0.18–0.28 1.2–2 >0.5 2.1–2.9 >0.3 >0.4 >0.2 6 Balance

Table 2.Reinforcement details.

Reinforcement Average particle size (μm)

Egg shell powder 60

SiC powder 65

Al2O3 powder 90
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present experiment, hybrid aluminiummetalmatrix composites were prepared by infusing three fillers in order
to tailor the properties of fabricated composites as per desired applications. Details of reinforcements used in the
experiment are given in table 2.

Microstructural and elemental analysis of reinforcement particles using field emission scanning electron
microscope (Make:OXFORD Instruments,Model: 7718) and x ray diffractometer (Make: Rigaku Japan,Model-
Miniflex-II) are illustrated infigures 2 to 7. Reinforcement particle sizes were determined by SEMmicrographs
obtained at 200Xmagnification. Avergae size of eggshell particles was observed to be≈60 μm, of SiC particles
≈65 μmand of Al2O3 particles≈90 μmas show infigures 2, 4 and 6. XRD intensity data for all the
reinforcements were taken for 2θ range of 10°–100°. For eggshell particles the diffraction peaks are located at
23.58°, 30°, 37.76°, 40°, 44.89° and 50° as shown infigure 3, whereas for silicon carbide particles the intensity
peaks occur at 38.52°, 41.96°, 60° and 73.84° as shown infigure 5. Infigure 7, the spectrogramof aluminium
oxide particles displays distinctive peaks at 25.9°, 35.41°, 37°, 44.25°, 52.72°, 57°, 68.78° and 77°.

2.3. Composite preparation
Here, 9 hybrid aluminium composites were fabricated usingAl 7075-T6 asmetalmatrix infusedwith variable
weight percentage of three reinforcements (eggshell particles weight percentage 0.5%, 1%, 1.5%, average particle
size∼60 μm, SiC particles weight percentage 1%, 1.5%and 2%, average particle size∼65 μmandAl2O3 particles
weight percentage 1.5%, 2%and 2.5%, average particle size∼90 μm)with variedmechanical stirring time

Figure 2. SEMmicrograph of eggshell particles.

Figure 3.XRDpattern of eggshell particles.
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Figure 5.XRDpattern of SiC particles.

Figure 4. SEMmicrograph of SiC particles.

Figure 6. SEMmicrograph of Al2O3 particles.
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(2 min, 4 min and 6 min) in accordance with the designmatrix using Taguchi L9 orthogonal array as shown in
table 3. An L9 orthogonal arraywas appropriate for this experiment as it was conducted tofigure out the effect of
four independent factors (eggshell particles wt%, SiC particles wt%, Al2O3 particles wt% andmechanical
stirring time)with three different factor level values assuming that there is no cross product effect between any
two factors [20].

To fabricate composites, aluminium ingots were cleaned andmelted in crucible in an electric furnace at
900 °C.Meanwhile required amount of reinforcements were wrapped in aluminium foil and preheated in a
muffle furnace up to 500 °C for 1 h in order to remove absorbed gases from reinforcements surface, avoid
temperature drop on infusion of reinforcement particles intomoltenmetal and obtain improvedwettability.
The temperature ofmetalmelt was slightly reduced and reinforcements were added in 3 steps. A preheated
stirrer was used to stir themixture in inert atmosphere at 150 rpm for variable time intervals as per the design of
experiment. Aftermechanical stirring, the crucible was placed on electromagnetic stirrer rotating at 960 rpm for
30 s for electromagnetic stirring in inert atmosphere. The composite castings (figure 8)were allowed to solidify
and various test specimens were prepared as per standard sizes formechanical testing.

In order to evaluatemechanical and physical characteristics of composites, ten specimens (one as-cast Al
7075-T6 and nineAl 7075-T6/egg shell/SiC/Al2O3 hybrid composites, in three replications) for each
characterizationwere prepared. For density, porosity, residual stress andmicro hardness testing, specimen
palates (conventionally polished up to Ra∼0.1 μm) of size 10× 10× 5mm3were prepared (figure 9), whereas
for tensile testing the sub-size dog bone plate type specimenswere prepared as per ASTME8-M11 (figure 10).

Figure 7.XRDpattern of Al2O3 particles.

Table 3.Design of experiment layout.

Hybrid composite specimen number Eggshell wt% SiCwt% Al2O3wt% Mechanical stirring time (minutes)

S1 0.5 1 1.5 2

S2 0.5 1.5 2 4

S3 0.5 2 2.5 6

S4 1 1 2 6

S5 1 1.5 2.5 2

S6 1 2 1.5 4

S7 1.5 1 2.5 4

S8 1.5 1.5 1.5 6

S9 1.5 2 2 2

S0 As-cast Al 7075-T6

Mechanical stirring speed 150 rpm

Stirring temperature 850 °C
Reinforcement preheat temperature 500 °C
Electromagnetic stirring speed 960 rpm

Electromagnetic stirring time (minutes) 0.5
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3. Results and discussions

Taguchimethod is based on predefined instructions and uses a set of arrays to designate a procedure for carrying
outminimumnumber of experiments being able to provide complete information related to the performance
parameters. In Taguchi approach, for an orthogonal experimental design the influence of control factors can be
segregated in terms of S/Nratio andmean response [20, 21].Mean objectives/response functionswere analysed
using data fromdesigned experiments in order to calculate signal to noise (S/N) ratio. Analysis of variance
(ANOVA)was conducted to investigate the influence of process parameters on specific quality characteristics in

Figure 8.Composite castings.

Figure 9. Specimens for density, porosity,micro hardness and residual stress testing.

Figure 10. Specimens for tensile testing (all the dimensions are inmm).
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terms of F-ratio and percentage contribution. All the four control factors with three levels (because theymay
affect the performance attributes nonlinearly) are shown table 4.

3.1. Prediction of optimumPorosity in fabricated hybrid composites
Densitymeasurement was done using gravimetricmethod/hydrostatic weighingmethod as per standard
OIML-r111 on aMettler Toledoweighing balance. At recorded temperature, each specimenwasfirst weighed in
air and thenweighed in distilledwater. Density of distilledwater is calculated by an empirical formula given in
equation (1).

t t
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Density of each test specimenwas obtained by equation (2).
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ρl: Density of distilledwater at recorded temperature
ρa: Density of air at recorded temperature
Ita:Weight of specimen in air at recorded temperature
Itl:Weight of specimen in distilledwater at recorded temperature
Theoretical values of density for hybrid composites were calculated by using rule ofmixtures [22], explained

by equation (3).
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Where ρc andwc: Density andweight of composite
ρf1 andwf1 : Density andweight of eggshell powder
ρf2 andwf2: Density andweight of Silicon carbide
ρf3 andwf3: Density andweight of AluminiumOxide
ρm andwm:Density andweight of Al 7057-T6 alloy used asmetalmatrix
Percentage porosity of developed composites was calculated by expression given in equation (4) [22].
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Here ρT: Theoretical density of composite
ρEX: Experimental density of composite
Experimentally obtained and theoretically calculatedmean values of density for as-cast Al 7075-T6 specimen

and 9 composites specimens (in three replications) are shown infigure 11. It was observed that therewas no
significant change in density of composites as compared to the basemetal (only upto 2.2%) due to comparable
densities of infused reinforcements.

Table 5 shows three readings corresponding to three raplications for percentage porositymeasurement of
developed hybrid composite specimenswith respective S/Nratio for ‘smaller the better’ type of quality
characteristic. Plots in figure 12 demonstrate the effect of different process parameters on S/Nratio and
percentage porosity. It is displayed that for increased reinforcements content (figures 12(a)–(c)) and longer
mechanical stirring time (figure 12(d)) percentage porosity of developed hybrid aluminiummetalmatrix

Table 4. Factors and their levels.

Control factors

Factors

designation Level 1 Level 2 Level 3

Eggshell

weight%

A 0.5 1 1.5

SiCweight% B 1 1.5 2

Al2O3weight% C 1.5 2 2.5

Mechanical stir-

ring time

(minutes)

D 2 4 6
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composites was decreased. It was inferred that forminimumpercentage porosity and S/Nratio, 3rd level of
eggshell content (A3), 2

nd level of SiC content (B2), 2
nd level of Al2O3 content (C2) and 2

nd level ofmechanical
stirring time (D2)were optimum levels. ANOVA is a statistical technique that is capable of analysing any

Figure 11.Density of composites.

Table 5.Observations for percentage porosity and S/Nratio.

Percentage porosity

Average percentage porosity of as-cast Al7075-T6 Specimen S0: 1.42

Composite specimen Reading 1 Reading 2 Reading 3 Mean S/Nratio (dB)

S1 1.35 1.03 0.79 1.06 −0.67

S2 0.83 0.67 0.62 0.71 2.94

S3 0.7 0.91 0.52 0.71 2.76

S4 0.86 0.6 0.68 0.71 2.83

S5 0.61 0.84 0.68 0.71 2.89

S6 0.88 0.73 0.52 0.71 2.79

S7 0.45 0.27 0.34 0.35 8.84

S8 0.29 0.37 0.39 0.35 9.05

S9 0.35 0.4 0.29 0.35 9.12

Figure 12.Effect of (a)Eggshell wt% (b) SiCwt% (c)Al2O3wt% (d)mechanical stirring time on percentage porosity and S/Nratio.
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experimental data and drawing significant conclusions in terms of F ratio, percentage contribution and error
variance [23, 24]. Table 6 showsANOVA results computed at 95% confidence level, it demonstrates F-ratio and
percentage contribution of various factors toward quality characteristic. It was noticed that eggshell wt%
(P=54.32%)had significant effect andmechanical stirring time (P=18.23%) hadmoderate influence on
porosity of synthesized hybrid composites where as other control factors were insignificant.

In can be observed from graphs infigure 12 that the insignificant control factors had almost horizontal lines
while the significant control factors had lines with higher inclinations [25, 26]. After analysing S/Nratio and
mean response characteristic, optimum levels of physically and statistically significant factors were determined
to beA3 andD2. The predictedmean of percentage porosity at optimal level of process parameters was
enumerated using equation (5) [27, 28].

X G A G D G 5mp 3 2= + - + -( ) ( ) ( )

Here Xmp denoted the predictedmean of percentage porosity at optimumcondition and G was the grand
average of all 27 observations of utility characteristics from table 5. A3 and D2 represented the average values of
percentage porosity at optimal level of significant process parameters. On submitting estimated values of various
response averages as G 0.63,= A 0.353 = and D 0.592 = in equation (5), predictedmean optimumvalue of
percentage porosity was realized to be 0.311. From table 6 the valueswere obtained for error variance (0.01) and
degree of freedom (DOF) for error (18)whereas F-ratio value at 95% confidence interval was determined from
standard statistical table. Further, confidence interval (CI)was calculated to be±0.19.Hence confidence interval
with respect to 95%confidence level of predicted optimumpercentage porosity was 0.121< percentage porosity
(PP)< 0.5. In accordancewith Taguchi’s optimization approach, a confirmation experiment was conducted by
running threemore replications for percentage porosity of developed hybrid composites at optimal levels of
process parameters as given in table 7 in order to authenticate the predicted results. It is realized from table 7 that
confirmation experiment result obtained for percentage porosity of composites was coveredwithin the
predicted confidence interval 0.121<PP<0.5.

3.2. Prediction of optimumResidual Stress in fabricated hybrid composites
Residual stressmight occur in fabricated hybrid composite specimens due to temperature gradients and
machining forces resulting into premature failure.Measurements of residual stresses in specimens were carried
out by x-ray diffraction technique using a non-destructive x-ray analyser (μ-X360) as shown infigure 13(a). It
consists of a position sensitive detector unit with scintillation counter formeasuring the residual stress in
metallic surfaces by detecting and comparing the full Debye ring data (figures 13(b)–(e)) from a single incident
x-ray angle with non-stressed state. X ray diffractionmethod determined the residual stress bymeasuring the
distance between crystallographic planes using the angles at whichmaximum intensity takes place when a
samplewas subjected to x-ray exposure. From these angles we could find out changed spacing between
diffraction planes due to any kind of deformation, which corresponds to themagnitude of residual stress [29].
Themeasurement conditions for residual stress were as given below:

Pitch: 50μm.
X-ray incidence angle: 25.0 deg
X-ray irradiation time (Setup): 90 s.

Table 6.Analysis of variance (ANOVA) for percentage porosity.

Factor Sumof squares (SS) Degrees of freedom Variance (V) Percentage contribution (P) F-Ratio

EggshellWt% 1.11 2 0.55 54.32 46.27

SiCWt% 0.17 2 0.08 8.26 7.04

Al2O3Wt% 0.17 2 0.09 8.62 7.34

Stirring time 0.37 2 0.19 18.23 15.53

Others/errors 0.21 18 0.01 10.57 —

Total 2.03 26 — 100 —

Table 7.Confirmation experiment for percentage porosity.

Quality characteristic
Replications

Percentage porosity of composites Replication 1 Replication 2 Replication 3 Mean

0.57 0.29 0.32 0.39
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X-raywavelength (K-Alpha): 2.29093 A.
X-ray irradiation time (Meas.): 47 s.
X-ray irradiation time (Max): 82 s.
Sample distance (Monitor): 29.000 mm
Totalmeasurement count: 7498
Sample distance (Analysis): 29.611/30.304 mm
Detection sensitivity: 52.8%
Temperature: 35.88 degCentigrade
Peak analysismethod: Fitting Lorentz
In this experimental work, as-cast Al 7075-T6 specimen and hybrid composite specimens (all in three

replications)were characterized for residual stresses. Table 8 shows signal to noise ratio calculation from
experimental data (three set of observations for three replications) for residual stress as ‘smaller the better’ type
of quality characteristic of developed composites. In current investigation, all the residual stresses were found to
be compressive in nature and it was noticed that generally residual stresses are lower for composites with higher
reinforcement content.

Effects of all the process parameters considered during composite fabrication on S/Nratio and residual
stress were studied and plotted as infigure 14. Graph infigure 14(a) displays that on increasingwt%of eggshell,
residual stress in composites was decreasedwhereas fromfigures 14(b)–(d) it can be observed that on increasing
SiCwt%, Al2O3wt%andmechanical stirring time residual stress in composites was increased. Various graphs
fromfigure 14 explain that forminimum residual stress in synthesized hybrid aluminium composites and S/N
ratio optimumprocess parameter levels were 3rd level of eggshell content (A3), 1

st level of SiC content (B1), 1
st

level of Al2O3 content (C1) and 2
nd level ofmechanical stirring time (D2). ANOVAat 95%confidence level was

carried out to study effect of process parameters on utility function. Table 9 shows percentage contribution and
F-ratio of different factors affecting the residual stress. It was realized from table 9 that eggshell wt%with
percentage contribution P=64.66% and SiCwt%with percentage contribution P=28.42% influence the
residual stressses significatly whereas Al2O3wt%with percentage contribution P=6.30%hadmoderate effect
on residual stresses induced in synthesized hybrid composites. On the other hand,mechaincal stirring time had

Figure 13. (a)–(e): Residual stressmeasurement using X-ray diffraction.

Table 8.Observations for residual stress and S/Nratio.

Residual stress (Mpa)

Average residual stress in as-cast Al7075-T6 Specimen S0: 89

Composite specimen Reading 1 Reading 2 Reading 3 Mean S/Nratio (dB)

S1 97 99 89 95 −39.56

S2 105 84 109 99.33 −39.99

S3 115 105 118 112.67 −41.05

S4 58 51 32 47 −33.67

S5 18 84 18 40 −34.10

S6 42 36 58 45.33 −33.31

S7 42 14 54 36.67 −32.11

S8 36 13 14 21 −27.431

S9 65 55 85 68.33 −36.831
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negligible influence on residual stresses. Themain effect plots shown infigure 14 display that predominent
control factors (eggshell wt%, SiCwt%andAl2O3wt%) had highly inclined lines as compared to the insignifcant
control factor. S/Nratio andmean response characteristics analysis was conducted followed by realization of
optimum levels of significant factors as A3, B1 andC1 for prediction ofmean residual stress X .mp( ) Following
response average components were evaluated using experimental data from table 8.

G A B C62.81, 42.0, 59.56 and 53.783 1 1= = = =

X G A G B G C G 6mp 3 1 1= + - + - + -( ) ( ) ( ) ( )

Predictedmeanoptimumvalue of residual stress Xmp = 29.70Mpawas calculated formequation (6). From
table 9, error variance=12.76 andDOF for error=18were obtained. F-ratio value at 95%confidence interval
was determined from standard statistical table. The confidence interval (CI) calculatedwas±6.13. Confidence
intervalwith respect to 95%confidence level of predicted optimumresidual stresswas 23.57<Residual Stress
(RS inMpa)<35.83. Additionally a confirmation experimentwas carried out by running threemore replications
for residual stress indevelopedhybrid composites at optimal levels of process parameters. Results of confirmation
experimentwere reported in table 10 and itwas realized thatmean value of residual stress 31.5Mpa fell within the
confidence interval 23.57<RS (Mpa)<35.83.

3.3. Prediction of optimumMicrohardness in fabricated hybrid composites
Each of the specimens (one as-cast Al 7075-T6 specimen and nine hybrid specimens, in three replications)was
tested formicrohardness (on FischerHM2000S). Duringmicrohardness test a load of 300mNwas applied for
20 seconds keeping creep time 5 seconds and load release time 20 seconds. Themicrohardness of as-cast Al
7075-T6 specimen and composite specimens (in three replications)with varying reinforcement ratios along

Figure 14.Effect of (a)Eggshell wt% (b) SiCwt% (c)Al2O3wt% (d)mechanical stirring time on residual stress and S/Nratio.

Table 9.Analysis of variance (ANOVA) for residual stress.

Factor Sumof squares (SS) Degrees of freedom Variance (V) Percentage contribution (P) F-Ratio

EggshellWt% 57840.22 2 28920.11 64.66 2266.52

SiCWt% 25422.35 2 12711.18 28.42 996.2

Al2O3Wt% 5635.65 2 2817.83 6.30 220.84

Stirring time 326.77 2 163.36 0.37 12.80

Others/errors 229.67 18 12.76 0.26 —

Total 89454.67 26 — 100 —
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with S/Nratio calculation for ‘larger the better’ type of quality characteristic are given in table 11.
Simultaneously, effects of various process parameters on S/Nratio andmean response were investigated and
plotted as infigure 15. Figures 15(a)–(d) display that on increasing wt%of eggshell, wt%of SiC particles and
mechanical stirring time, hardness of composites was increased.Whereas plot infigure 15(c) exhibits that
composites hardness was decreasedwith increasing wt%of Al2O3 particles. It was observed from figure 15 that
formaximummicrohardness and S/Nratio, 3rd level of eggshell content (A3), 3

rd level of SiC content (B3), 1
st

level of Al2O3 content (C1) and 3
rd level ofmechanical stirring time (D3)were optimum levels.

Table 12 represents ANOVA results formicrohardnessmeasurements performed at 95% confidence level in
terms of F-ratio and percentage contribution of various factors.Microhardness of synthesized hybrid
composites appeared to be influenced significantly by two control factors i.e. eggshell wt% (P=54.38%) and
SiCwt% (P=29.44%)while the third control factor Al2O3wt% (P=15.49%) hadmoderate effect on it. The
fourth control factormechanical stirring time couldmaginally affect themicrohardness of composites. The
graphs infigure 15 demonstrate thatmomentous control factor lines (eggshell wt%, SiCwt%andAl2O3wt%)
had elevated slopes whereas the insignifcant control factormechanical stirring time had almost horizontal line.
To compute predictedmean ofmicrohardness X ,mp( ) S/N ratio andmean response characteristics analysis was
conducted followed by realization of optimum levels of significant factors as A3, B3 andC1. In current study for
microhardness of developed hybrid composites following response average components were evaluated using
experimental data from table 11.

G A B C240.77, 274.89, 261.07 , 260.783 3 1= = = =

X G A G B G C G 7mp 3 3 1= + - + - + -( ) ( ) ( ) ( )

From equation (7)predictedmean optimumvalue ofmicrohardness Xmp was observed to be 315.20.
Table 12 demonstrates values of error variance (7.97) andDOF for error (18). F-ratio value at 95% confidence

Table 10.Confirmation experiment for residual stress.

Quality characteristic
Replications

Residual stress in composites Replication 1 Replication 2 Replication 3 Mean

37.1 29.9 27.5 31.5

Table 11.Observations formicrohardness and S/Nratio.

Microhardness (VHN)

Averagemicrohardness of as-cast Al7075-T6 Specimen S0: 167.5

Composite specimen Reading 1 Reading 2 Reading 3 Mean S/Nratio (dB)

S1 196.5 197.7 196.5 196.9 44.12

S2 205.55 212.55 207.55 208.55 44.62

S3 215.5 218.6 217.8 217.3 44.97

S4 212.29 210.29 211.39 211.32 44.73

S5 229.01 229.01 230.01 229.34 45.44

S6 277.52 278.52 280.52 278.85 47.14

S7 226.34 228.34 238.34 231.00 45.50

S8 303.25 309.25 307.25 306.58 47.96

S9 286.4 286.4 288.4 287.06 47.39

Table 12.Analysis of variance (ANOVA) formicrohardness.

Factor Sumof squares (SS) Degrees of freedom Variance (V) Percentage contribution (P) F-Ratio

EggshellWt% 20394.81 2 10197.40 54.38 1279.29

SiCWt% 11103.67 2 5551.83 29.44 696.49

Al2O3Wt% 5833.95 2 2916.97 15.49 365.94

Stirring time 262.53 2 131.26 0.69 16.46

Others/errors 143.48 18 7.97 0.38 —

Total 37738.46 26 — 100 —
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interval was determined from standard statistical table. The computed confidence interval (CI)was±4.84.
Therefore the confidence interval with respect to 95%confidence level of predicted optimummicrohardness
was 310.36<H (VickersHardnessNumber)< 320.04. The confirmation experiment was done by running
threemore replications formicrohardness of developed hybrid composites at optimal levels of process
parameters and it was noticed thatmean value ofmicrohardness 312.28 as reported in table 13was lyingwithin
the confidence interval 310.36<H (VHN)< 320.04.

3.4. Prediction of optimum tensile strength of fabricated hybrid composites
In order to investigate the tensile behaviour of developed hybrid aluminium composites, specimens (in three
replications)were characterized as per ASTME8-M11 for ultimate tensile strength on universal testingmachine
(TiniusOlsen,H 50K-S, Cross head speed: 2.5 mmmin−1, Strain rate : 0.002 s−1). Each specimenwas subjected
to axial tensile load and the ultimate tensile strength valuewas observed, one of the fractured specimens is shown
infigure 16. The ultimate force ranged from876 N to 1520 N and the ultimate tensile strengthwas observed to
be improvingwith infusion of reinforcement particles. Stress-strain diagrams of as-cast Al 7075-T6 alloy and
composites are shown infigure 17. To analysemean response function, signal to noise ratios (‘larger the better’
type of quality attribute) calculated fromdesigned experimental data are expressed in table 14. Analysis of
variancewas performed to observe the impact of control factors on quality attribute. The effects of process
parameters on tensile strength and S/Nratio have been plotted infigure 18. Figures 18(a)–(d) display that on
increasingwt%of eggshell, wt%of SiC particles andmechanical stirring time, tensile strength of composites was
increased.Whereas plot infigure 18(c) exhibits that composites tensile strengthwas decreasedwith increasing
wt%of Al2O3 particles.

It was experienced that all the process parameters have a significant effect on utility function and the
optimum levels are 3rd level of eggshell content (A3), 2

nd level of SiC content (B2), 1
st level of Al2O3 content (C1)

and 3rd level ofmechanical stirring time (D3). Table 15 demonstrates ANOVA results at 95%confidence level in

Figure 15.Effect of (a)Eggshell wt% (b) SiCwt% (c)Al2O3wt% (d)mechanical stirring time onmicrohardness and S/Nratio.

Table 13.Confirmation experiment formicrohardness.

Quality characteristic
Replications

Microhardness of composites Replication 1 Replication 2 Replication 3 Mean

309.43 297.55 329.85 312.28
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terms of F-ratio and percentage contribution of process parameters. By analyzing S/Nratio andmean response
characteristic, significant control value optimum levels were identified as A3, B2 andC1.

Control factors eggshell contentwith percentage contribution P=27.22%, SiliconCarbide content with
percentage contribution P=25.81% andAluminiumOxide content with percentage contribution
P=21.36%had impactful influence on tensile strength of hybrid composites whilemechaincal stirring time
had imperceptible effect on it. The plots shown infigure 18 demonstrate that dominating control factors
(eggshell wt%, SiCwt% andAl2O3wt%) had lineswith higher inclinations in comparison of the insignifcant
control factor. For estimation of predictedmean of tensile strength X ,mp( ) equation (8) is used after putting the
values of following response average components from table 14:

G A B C51.97, 58.8, 59.4 , 59.83 2 1= = = =

X G A G B G C G 8mp 3 2 1= + - + - + -( ) ( ) ( ) ( )

From equation (6), predictedmean optimumvalue of tensile strength Xmp was computed to be 74.0 Mpa.
Table 15 shows error variance=79.80 andDOF for error=18. For F-ratio evaluation at 95% confidence
interval standard statistical table was used. The calculated confidence interval (CI) obtainedwas±15.32.Hence
the confidence interval with respect to 95% confidence level of predicted optimum tensile strengthwas 58.68<

Figure 16. Fractured tensile test specimen.

Figure 17. Stress-Strain diagram.

Table 14.Observations for tensile strength and S/Nratio.

Tensile strength (Mpa)

Average tensile strength of as-cast Al7075-T6 Specimen S0: 38.3

Composite specimen Reading 1 Reading 2 Reading 3 Mean S/Nratio (dB)

S1 36.7 34.6 38.3 36.5 30.73

S2 47.5 45.6 47.2 46.7 31.67

S3 40.9 42.9 41.9 41.9 31.08

S4 55.4 46.2 51.9 51.3 28.25

S5 44.3 56.1 54.9 51.8 31.55

S6 70.3 63.8 55.7 63.3 32.59

S7 43.1 50.1 34.7 42.6 30.70

S8 84.1 82.1 72.4 79.5 37.54

S9 49.7 54.6 58.1 54.1 33.70
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Tensile Strength (TS inMpa)< 89.32. It was followed by a confirmation experiment by running threemore
replications for tensile strength of developed hybrid composites at optimal levels of process parameters and it
was observed thatmean value of tensile strength 67.94Mpa as reported in table 16was lyingwithin the
confidence interval 58.68<TS (Mpa)< 89.32.

3.5.Metallographic analysis
Among fabricated composites, composite specimen S8 (Al 7075-T6/1.5wt% eggshell/1.5wt%SiC/1.5wt%
Al2O3/Mechanical stirring time 6 min) exhibited outstandingly enhancedmechanical properties in terms of
lowest percentage porosity, lowest residual stress, highestmicro-hardness and highest tensile strength. For
comparative studies, XRDplots, EDS profiles andRaman spectra of as-cast Al 7075-T6 specimen S0 and hybrid
composite specimen S8 demonstrating their elemental compositionwithout any oxygen and carbon content are
shown infigures 19–21. FESEM images of as-cast Al 7075-T6 specimen S0 and hybrid composite specimen S8
are shown infigure 22. Themicrograph of base alloy displayed uniform fine grain sizes whereas in composite
alongwith reinforcement traces, occurrence of some uneven grainsmay be associatedwith infusion of
reinforcement particles. Fromfigure 22, compositemicrostructure appeared to have homogenous distribution

Figure 18.Effect of (a)Eggshell wt% (b) SiCwt% (c)Al2O3wt% (d)mechanical stirring time on tensile strength and S/Nratio.

Table 15.Analysis of variance (ANOVA) for tensile strength.

Factor Sumof squares (SS) Degrees of freedom Variance (V) Percentage contribution (P) F-Ratio

EggshellWt% 2133.43 2 1066.71 27.22 13.37

SiCWt% 2022.66 2 1011.33 25.81 12.67

Al2O3Wt% 1674.40 2 837.20 21.36 10.49

Stirring time 570.90 2 285.45 7.28 3.58

Others/errors 1436.48 18 79.80 18.33 —

Total 7837.89 26 — 100 —

Table 16.Confirmation experiment for tensile strength.

Quality characteristic
Replications

Tensile strength of composites Replication 1 Replication 2 Replication 3 Mean

68.26 75.32 60.25 67.94
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offiller particles, but the occurrence of particle clusters could not be ignored due to agglomeration. Synthesized
composites also exhibited some traces of porosity due to various process induced effects such as gas trapped in
metalmelt duringmixing, shrinkage due to composites solidification, presence ofmoisture on reinforcement
particles surfaces, evolution of hydrogen and inappropriate casting parameters during fabrication creating
isolated areas in composites which get solidify at last and generate voids. Porosity reduces themechanical
attributes of composites due to occurrence of stress concentration in proximity of voids [30]. To reduce
porosity, a balance is necessary between void sources (trapped air andmoistures layers etc) and voids sink
(vacuum evacuation and bubblemobility etc). Comparative reduction in porosity with reinforcement addition
tometalmatrix is shown infigure 23. In general, residual stresses or strain fields are developedwithin the

Figure 19.XRDpatterns of (a)As-cast Al 7075-T6 specimen S0 (b)Composite specimen S8.

Figure 20.EDS profiles of (a)As-cast Al 7075-T6 specimen S0 (b)Composite specimen S8.

Figure 21.Raman spectra of (a)As-cast Al 7075-T6 specimen S0 (b)Composite specimen S8.
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composites because of thermomechanicalmismatch in the characteristics ofmetalmatrix and reinforcement
during cooling from fabrication temperature, presence ofmoisture, fluctuation inmaterial properties,
difference in amount of reinforcement and tool-part interaction duringmachining [31]. Variations in residual
stresses of fabricated hybrid compositesmay primarily be associatedwith thermal residual stresses during
electromagnetic stir casting process, distinct weight percentage of reinforcements infused and residual stresses
developed duringmachining of hybrid composites. Lower values of residual stress in hybrid compositesmay be
because of increased dislocation density due to higher reinforcement content [32]. Specimens S0was subjected
to higher residual stresses while specimens S8with higherfiller content exhibited lower residual stresses.
Specimen S3was an exceptionwith higher reinforcement content and higher residual stress and this possibility
may be attributed to the phenomenon of plastic deformationwhich got enhancedwith reduced dislocation
density. As compared to the unreinforcedmetalmatrix, the presence of reinforcement particles in basemetal
restrainsmechanical dislocations within the composites [33, 34] causing enhanced strength and hardness. All
the composite specimens showed improvedmicrohardness as compared to the unreinforced basemetal
specimen S0, due to the hardness properties of incorporated reinforcement particles (predominantly eggshell
and SiC particles). It was ascertained from current experimental data that as percentage porosity increased,
hardness and tensile strength of fabricated hybrid composites decreased due to failure inception from voids
within composites. Here as- cast Al7075-T6 specimen S0withmaximumpercentage porosity showed lower
microhardness and tensile strengthwhile hybrid composite specimen S8with higher reinforcement contents,
longer stirring time and lesser percentage porosity demonstrated highermicrohardness and tensile strength. In
exceptional case, ultimate tensile strength of a composite specimen S1was observed to be lesser than that of base
metal (specimen S0) and itmay be as a result of formation of loosely bound reinforcement particlemicro-
clusters due to agglomeration and porosity. In case of hybrid composites specimen S7, reduced ductilitymay be
due to infusion of hard SiC andAl2O3 particles concentrating stress atmetalmatrix-reinforcement interface and
localizing crack initiation resulting into brittleness. In some of the SEMmicrographs of fractured specimens
shown infigure 24, detached reinforcement particles were found due to the breakage of bonds betweenmetal
matrix and reinforcements. The fractured surfaces were observed to exhibit cup-conemode of fracture, which
substantiated that the fracture occurredwas somewhat ductile in nature and necking of tensile test specimen
under axial load eventuated before themetalmatrix failure took place [35, 36].

Figure 22. FESEM images of (a)As-cast Al7075-T6 specimen S0 (b) composite specimen S8.

Figure 23.Porosity inmicrostructure (a)As-cast Al 7075-T6 specimen S0 (b)Hybrid composite specimen S5 (c)Hybrid composite
specimen S8.
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4. Conclusion

Al 7075-T6/Eggshell/SiC/Al2O3 hybrid composites with variable reinforcement’s content andmechanical
stirring timewere developed successfully as per the designmatrix by electromagnetic stir casting technique. Use
of hazardous eggshell waste as reinforcement resulted into synthesis of ecodesigned and economical hybrid
composites with augmented physical andmechanical attributes. Each composite specimen exhibited distinctive
enhanced property, hence to be considered as viable alternatematerial for potential engineering applications.

• No significant change in density of composites was observed as compared to the basemetal (only upto 2.2%).

• Themaximumdecrease in percentage porosity of synthesized hybrid composites was upto 75%as compared
to as-cast Al 7075-T6with optimum levels of significant factors (Eggshell wt%:1.5 andmechanical stirring
time: 4 min). Predicted optimumvalue of percentage porosity for 95% confidence interval was
0.121<PP<0.5withmean value of percentage porosity=0.39 from confirmation experiment corresp-
onding to optimumconditions, which fell within the predicted confidence interval as per Taguchi’s parameter
design technique predictions.

• Amaximumdecrease in residual stress in composites was observed to be 76%as compared to as-cast Al 7075-
T6 specimen. Eggshell wt%: 1.5, SiCwt%: 1 andAl2O3wt%1.5were the optimum levels of significant process
parameters. Predicted optimumvalue of residual stress for 95% confidence interval was 23.57<RS
(Mpa)<35.83withmean value of residual stress=31.5Mpa obtained from confirmation experiment
corresponding to optimumconditions according to Taguchi’s parameter design technique predictions.

• An enhancement ofmaximum83% inmicrohardness of prepared hybrid composites waswitnessed as
compared to its unreinforced counterpart. The optimum levels of dominant process parameters were
observed to be as eggshell wt%: 1.5, SiCwt%: 2 andAl2O3wt%: 1.5. Predicted optimumvalue of
microhardness for 95% confidence interval was 310.36<H (VHN)<320.04withmean value of
microhardness=312.28 from confirmation experiment corresponding to optimumconditions of process
parameters, establishing a good agreement between Taguchi’s parameter design technique predictions and
confirmation experiment outcomes.

Figure 24. SEMmicrographs of fracture surfaces of composite specimen after tensile test.
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• There is an increase ofmaximum107% in tensile strength of fabricated hybrid composites specimen as
compared to the as-cast Al 7075-T6 specimen. The significant process parameters have optimum levels as
eggshell wt%: 1.5, SiCwt%: 1.5 andAl2O3wt%: 1.5. Predicted optimumvalue of tensile strength for 95%
confidence interval was 58.68<TS (Mpa)<89.32withmean value of tensile strength=67.94Mpa from
confirmation experiment corresponding to optimumconditions of process parameters as per Taguchi’s
parameter design technique predictions.
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