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Besides being chief construction ingredients, concrete and steel produce a high amount of CO2, and high energy consumption
promotes global warming. To evade this problem, green and low energy consuming alternative is required. Rapid growing time
with the least period to attend optimum strength made bamboo a new immerging mainstream constituent in construction.
Bamboo, as one of the probable alternate structural materials, not only promises a sustainable and sturdy option but also reduces
the environmental carbon footprint. In this research, article authors replaced steel reinforcement in concrete with bamboo. To
establish bamboo as a construction material, a concrete beam of 200mm× 500mm is made in which bamboo bars of diameter
20mm are used with a variation of 1 to 4% of the reinforcement area. Various tests were performed to provide the feasibility of
bamboo as construction materials after 28 days of curing, in which test results were found promising. Te impact test shows only
25% of wear and tear. Also, bamboo reinforced concrete (BRC) without changing cross sections provided 50% axial compressive
strength compared to steel reinforced concrete (SRC). However, in the tensile test, BRC outperformed SRC by providing 50%
more resistance against tensile load. Authors also performed rate analysis between SRC and BRC to fnd that it almost reduces 18%
of the cost at a small scale. Hence here, comparative research is provided, and the authors believe that it would pave the road on
which forthcoming researchers will walk to reach the destination of fnding an alternate, sustainable, and green construction
material in the form of bamboo.

1. Introduction

In naming construction materials, concrete holds one of the
top positions on the list. Concrete is generally made of
cement, fne aggregate, coarse aggregate, and water. Te
reaction of cement components with water provides

sufcient and required binding property with the strength of
the concrete. Cement gets into smaller gaps existing between
fne sand, flling the pore and providing impermeability to
concrete. Te property of binding diferent constituents of
concrete initiated after adding water to concrete after that
initial setting and hardening of concrete take place. Tis

Hindawi
Advances in Materials Science and Engineering
Volume 2023, Article ID 6931291, 11 pages
https://doi.org/10.1155/2023/6931291

https://orcid.org/0000-0002-2465-2076
https://orcid.org/0000-0001-9929-8553
https://orcid.org/0009-0006-8717-7627
mailto:ayele018@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/6931291


process imparts strength to fne aggregate and makes it
a solid mass. Fine aggregate flls the gaps between the coarse
aggregate.Tey consist of silica grains in angular or rounded
shapes. Allowing water through its pores helps to harden the
cement, helping lower the shrinkage cracks. Te reaction
between cement constituents and silica of coarse aggregate
made concrete a solid mass, providing resistance against
crushing. However, the hardness of concrete also brings
some problems in the structure as concrete shows a very
brittle nature against loads. Concrete can easily withstand
compressive load but have very poor ductility and provide
little resistance against tensile load. To complement the
properties of concrete, a ductile material is required to
withstand with both forces and will show only ductile failure.

In the 19th century, researchers used steel bars as re-
inforcement for concrete. Te selection of steel as a rein-
forcing material in compliance with some of its properties,
i.e., steel is highly ductile. Young’s modulus is equal for both
compression and tension; it has high tensile strength
compared with concrete, and most importantly the thermal
coefcient of steel and concrete is almost identical, thus
preventing bond failure between them [1–3].

However, the usability of cement and steel in con-
struction has issues. Te frst and obvious issue is the weight
of the structure, i.e., dead load. Te high specifc gravity of
concrete and steel can make structures very heavy. Tis not
only contributed to the calculation of load combinations for
structure design but also increased the cost of structures. For
heavy structures, it is likely to be noted that it sufers more in
an earthquake. Te second issue is not visible but is more
concerning than the frst issue and has a negative impact on
the environment.Te production sector of this constituent is
one of the most polluting industries. Production of cement
requires burning fossil fuels to burn the limestone and other
ingredients to make clinker which later grinds to make
cement.Tis process produces an enormous amount of CO2.
One ton of cement contributes 750 kg of CO2 to the envi-
ronment. Similarly, for steel, the production of 1 ton steel
contributes 1.9 tons of CO2 to the atmosphere. Tis is es-
timated as half a ton of CO2 per person [4]. Te third issue
associated with these ingredients is that it is costly. Te
advancement of any country depends on the development of
the infrastructure sector. Hence, rising cost of ingredients
only contributes to problems rising for developing countries.
Terefore, it is easy to say that headlong production and use
of cement and steel adversely impact the atmosphere.
Various problems, i.e., cost, degradation of cement, weight,
and nonrenewability of each material, change the focus of
the study to the more sustainable and ecofriendly options.

New studies show that using natural fbre, sustainable
and green concrete technology can be developed [5]. In this
area, past studied fbres are jute [6, 7], coconut coir [8, 9],
sisal [10], babadua [11], date palm [12], bamboo [13], and
bamboo fbre [14]. Although every fbre shows potential but
rapid growth, attainment of optimum strength in a few years
and lush amount of supply provide the bamboo fbre with
little advantage over all other natural fbres.

Past studies report the notable mechanical and physical
properties of bamboo [5]. Fast-growing, timber-like bamboo

is associated with the grass family Poaceae. In just three
years, it attains its optimum strength and maturity at the age
of 5 years.Te tensile strength of some bamboo species is the
same as the yield strength of mild steel. Other than that,
a six-time greater specifc weight ratio is achieved by
bamboo compared with steel. Bamboo can take a tensile and
compressive load similar to steel, but the remarkable point is
to notice that the required energy for producing 1m3 of steel
is 50 times higher than bamboo. All these properties made
researchers use bamboo in place of steel reinforcement [15].

Mansur and Aziz [6] use bamboo mesh in woven form
with cement mortar. It is used to act as reinforcement. Tis
study suggested that a signifcant increment had been seen in
ductility and toughness. Using bamboo imparts a consid-
erable increase in tensile, fexural, and impact strength.
Akeju and Falade [16] research on the reduction of water
absorption of bamboo by coating it with bitumen and sand.
Tey used treated bamboo for reinforcement in column and
beam member. Ghavami [15] enlightens that ultimate load
carrying capacity is increased four times using bamboo as
reinforcement with nonreinforced concrete. However, the
author also provided suggestions that the bond strength of
steel is higher for steel and concrete than that of bamboo
with concrete, which made bamboo reinforced concrete
(BRC) carry less tensile load. Te author described the
application of bamboo as a structural element using as
a frame, beam, and shutter, which would be subjected to
bending stress.

Prasad et al. [17] used low-cost panels for cheap houses
using bamboo reinforced cement-sandmortar panels in hilly
areas. Mats were made of bamboo and coated with bitumen,
and a spray of sand was used for wall and roof elements. A
plaster of 12mm made with mixed cement: sand (1 : 6) is
applied to both faces to bear stresses; however, no test was
reported supporting that. Maity et al. [18] suggested the use
of precast BRC wall panels. Lima et al. [19] performed the
durability analysis by applying calcium hydroxide and tap
water on BRC and stated that after 60 days of the continuous
wetting and drying cycle, BRC did not show any variation in
tensile strength and Young’s modules.

Single and double beam using bamboo as reinforcement
and column analysis were performed by Rahman et al. [20]
and Salau et al. [21], respectively. It is stated by Terai and
Minami [22] that RCC’s formula to evaluate fracture be-
havior is sufcient to perform for BRC. Also, Yamaguchi
et al. [23] used bamboo as main rebar and stirrups with
fexural load and studied its performance.

Diferent studies, such as roofs’ top by insertion of
bamboo strips [24, 25], their behavior, and strengthening the
bamboo by chemical treatments, regarding the use of
bamboo as structural elements are performed [26]. Using
bamboo pegs in reinforcements and also the bond between
them, all are studied and elaborated on in past research
studies [27–29].

Regarding carbon embodied energy, the manufacturing
sector of both reinforcing materials shows signifcant dif-
ferences positively towards bamboo. Embodied energy of
bamboo columns is only 4–6MJ/kg in comparison with
medium carbon steel with an energy of 29–35MJ/kg [30].
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Similarly, the carbon footprint of steel is signifcantly greater
than bamboo’s, with 2.2–2.8 kg·CO2/kg (equivalent kg of
CO2 per kg of the material) for medium carbon steel [30]
and 0.25 kg·CO2/kg for bamboo [31–33].

Authors in this research studied the bamboo called as
Katang (Bambusa bambos) shown in Figure 1 available
locally in Maharashtra. A thin layer of bitumen and sand is
applied to protect it from corrosion and water absorption.
Various tests were performed to fnd the diferent me-
chanical properties of bamboo and applied it as the main bar
in the beam arrangement using bamboo sticks as stirrups.
Te test list and results are discussed below.

Te authors’ objective of this study is to investigate the
diferent civil advantages of using bamboo as a reinforcing
material in place of steel for making reinforced concrete
sections. Past studies using bamboo reinforcement did alter
the cross section of the concrete beam. Te authors in this
study intended to achieve the maximum compressive
strength possible from bamboo reinforced sections com-
pared with steel reinforced sections without altering the
cross section of the concrete beam. Also, a cost analysis is
performed by the authors in this study to compare the
economic diference in steel reinforced and bamboo rein-
forced concrete sections.

2. Experimental Program

Experimental program for bamboo reinforcement is
depicted in a fow diagram in Figure 2.

2.1. Material Selection and Properties

2.1.1. Bamboo. For this study, we selected a bamboo species
called Bambusa bambos or giant thorny bamboo locally
available in Maharashtra state. In the local language, it is
called Katang [35]. It is perennial Poaceae having a clump
height of 20–35m. It almost takes 12 years to reach maturity
[36]. Te interesting fact with bamboo is that it attains its
maximum height in the very frst year with a 30 cm growing
rate per day [37, 38]. Specifcations of Bambusa bambos are
represented in Table 1.

2.1.2. Cement. While defning cement, the adhesive and
cohesive property plays a key role. Te property of cement
assists in compacting diferent fragments together. For this
study, we selected Portland pozzolana cement (PPC), which
will later be used in making concrete. Diferent tests were
performed to determine cement’s properties, i.e., consis-
tency (IS code 8112-1976), initial setting time (IS code 12269:
1987), fnal setting time (IS code 12269:1987), specifc gravity
of cement (IS code 2720- part 3), fneness modules (IS code
4031:1996 part 1), and soundness of cement using Le
Chatelier’s apparatus (IS code 4031-1996 part 2) and IS code
5514-1996. Diferent test results are tabulated in Table 2, and
also chemical composition of cement is presented in Table 3.

2.1.3. Aggregate. Inert, inorganic, granular material having
stones or stone-like solid is named as aggregate. Aggregate is

a very chief ingredient in concrete making. It occupies about
3/4th of the volume of concrete. It provides required
strength to the concrete structure, while cement is associated
with particle binding. Changes in aggregate property can
bring a change to the tangible property due to the large
volume fraction. Aggregate also provides economical con-
trol to the concrete and also provides durability and stability
in the concrete mix. Two types of aggregates are generally
used in the concrete. Tey are described as follows:

(a) Coarse Aggregate. Aggregates retained on sieve no. 4
(4.75mm) are predominantly named as coarse ag-
gregates for the concrete-making process. Te
maximum size can be taken as large as 150mm.
Diferent properties of coarse aggregates used in this
project are determined referencing IS code 383:1970.
Te diferent test results are shown in Table 4.

(b) Fine Aggregate (Sand). Aggregates those passed no. 4
sieve (4.75mm) and retained on no. 200 sieve (75
microns) are considered fne aggregates. Fine ag-
gregates fll the pores of coarse aggregates providing
better load transfer property by creating better
contact between particles. Te various tests to ana-
lyze the properties of fne aggregates are used in this
project, referencing IS code 383:1970, as described in
Table 4.

2.1.4. Water. Water used to prepare diferent samples of
concrete had been clean and free from impurities and dirt.
No such foreign matter was presented in water, i.e., oil, salts,
alkalis, and sugar. Te pH value is greater than 6 for applied
water in this study.

Figure 1: Image of Bambusa bambos [34].
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2.2. Sample Preparation

2.2.1. Bamboo. Bamboos were dried and cut into 3/4th inch
(20mm) wide and 7 ft 9 inches (2.36m) long strips for the
tests. Bamboo strips were treated by applying a bitumen coat
and sprinkles of sand to them.Te treatment is done to avoid
the absorption of water when it is cast in the beam. Five
points were selected to measure the distance. Te efect of
nodes was not present in the limited study of authors; hence,

the efect of nodes was desired to be investigated. Samples
were prepared so nodes would be at the center, and alu-
minum tabs were provided to protect bamboo from
crushing. All assemblies are presented in Figure 3.

2.2.2. Concrete Mix. Concrete mix design is done to achieve
suitable strength and durability. By selecting the proper in-
gredient, we ensure that concrete can perform up to our ex-
pectations. Concrete design mainly depends on four major
factors: water/cement ratio, cement content, gradation of

Experimental Programme

Material Selection and
specifying Properties Bamboo Cement Fine

Aggregate

Coarse
AggregatePreparation of Samples

Beam Specimen

Concrete Mix

Bamboo
Specimen

Different test Performed
on Beam Section

Workability

Tensile test on
Bamboo Strip

Pullout Test Impact test
Axial

Compression
Test

Flexural
Strength
of Beam

Rate Analysis

Figure 2: Flowchart of experimental program for bamboo reinforced beam (source: author).

Table 1: Specifcations of Bambusa bambos (source: author).

Specifcation Property
Full strength attaining period 3–5 years
Full maturity 12 years
Sustainable temperature 22–30°C
Habituality Evergreen
Height 30m
Edibility Moderate

Table 2: Properties of PPC (source: author).

S. N. Description of property Value in PPC
1 Fineness (cm2/gm) 3600
2 Normal consistency (%) 31

3 (a) Initial setting time (minute) 55
(b) Final setting time (minute) 305

4 Soundness (mm) 2
5 Specifc gravity 3.15

Table 3: Chemical constituent of PPC (source: author).

S. N. Oxide % in cement
1 SiO2 19.71
2 Al2O3 5.20
3 Fe2O3 3.73
4 CaO 62.91
5 MgO 2.54
6 SO3 2.72
7 K2O 0.90
8 Na2O3 0.25
9 Miscellaneous 2.04

Table 4: Properties of course and fne aggregate (source: author).

S. N. Property Coarse aggregate Fine aggregate
1 Fineness modules 7.098 2.493
2 Specifc gravity 2.85 2.66
3 Water absorption 0.8% 1%
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aggregate, and consistency. Determination of preparation of
these four factors is known as concrete mix design. Based on
experience, we adopted a 0.45 water/cement ratio but allowed
water for absorption to increase the ratio to 0.509. Te used
proportion for desired concrete is 6 : 9 :14, which provided
mean compressive strength of 31MPa. Final mix proportion
and quantities of concrete are shown in Table 5, and concrete
preparation is shown in Figure 4. From Figure 5, the X-ray
difractometer identifed the presence of a noncrystalline
substance in bamboo reinforced beam.

Te slump test provided 100mm of slump for this
concrete mix.

2.2.3. Beam Preparation. Te aim of the paper is to fnd the
feasibility of bamboo as reinforcement can be achieved by
comparing bamboo reinforced beams to the steel reinforced
beam. Te design of the beam was provided with 0.4 widths
to depth ratio, the clear cover is between 45mm for steel, and
clear spacing is prepared with 25mm or 1.33 times more
than the biggest aggregate size. For the bamboo reinforced
beam, 200 ∗ 500mm size of the beam is selected where
20mm of bamboo dia bar is provided. Clear cover and clear
spacing each were provided with 40mm. Bamboo bars were
tied using bending wire. Te beam and arrangement of r/f
are shown in Figures 6 and 7, respectively.

2.3. Methodology and Experimental Investigation. After
mixing the concrete in two batches, it was taken to the
formwork. A 40mm clear cover is placed at the bottom, and
reinforcement is placed over it. Concrete was placed around the
reinforcement, and rubber mallets were used as vibration tools
to compact concrete. Also, steel rods were used to push down
concrete so expulsion of air could occur.When all concrete was
poured down, the top surface was fnished with a smooth
surface and curingwas done after 24hours of casting. Cylinders
were also prepared for compression tests for a curing period of
7, 14, and 28days. Strength was found according to that.
Diferentmechanical properties, i.e., compressive strength, split
tensile strength, and fexural strength of the sample, were found
using the universal testing machine (UTM) at a constant
loading rate of 120KN/min.

3. Results

3.1. Workability. Slump test, compaction test, and Vee-Bee
test (shown in Figure 8) and results were found to be high for
the mix. It shows that the mix is workable, can be helpful for

various desired applications, and can fow well in areas
where congestion of ingredients occurs. Te diferent results
are shown in Table 6.

L1 L2 L3 L4

W2TABS

T2 σ2=P/[(W2)(T2)]

Figure 3: Assemblies for bamboo specimen preparation (source:
author).

Table 5: Finale mix proportion and quantities for concrete (source:
author).

Constituent Mass used Volume
Water 158.36 lit
Cement 311.11 kg 1m3

Fine aggregate 739.148 kg 2.376m3

Coarse aggregate 1351.16 kg 4.34m3

Figure 4: Preparation of concrete (source: author).
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Figure 5: X-ray difractometer of the bamboo reinforced beam
(source: author).

Figure 6: Reinforcement arrangement (source: author).
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3.2. Tensile Test on Bamboo Strip. A tensile test was con-
ducted to know the elastic parameter of reinforcement and
ultimate strength (as shown in Figure 9). A total of three
specimens were tested, and as the aim was to fnd the efect
on bamboo’s nodes, there was only one node in each sample.
Te measurement of thickness and width is taken from 3
points, and the average is taken for the calculation. It was
noted that most of the failures have occurred on sample
nodes. Te resulting data are presented in Table 7.

3.3. Pull-Out Test. For inner bonding strength calculation,
cylinders were made. A total of 3 adhesives are taken: (a)
plain bamboo, (b) Araldite, and (c) Araldite with binding
wire. In concrete cylinders, 100mm of strips are inserted. To
calculate bond stress, formula τb� F/SL is used where F
denotes pull-out load, s is the perimeter, and l is the inserted

length, i.e., 100mm. For every adhesive, three samples were
made. Results are shown in Table 8.Te analysis of the result
provides data that Araldite with wire provides the best bond
stress. Te test represented that most failures happened due
to slippage of the bamboo strip.

3.4. Impact Test. For the impact test sample, having clean
aggregates dried in the oven at 105–110 to achieve constant
weight after placing the sample in Los Angeles’ machines,
20–30 rpm of rotation is achieved. After 15minutes, the
sample is removed and passed through the 1.75mm sieve,
indicating the percentage of samples passing after the test.

Stirrups

4% AreaSpacing

Clear Cover Clear Spacing

Figure 7: Beam arrangement (source: author).

Figure 8: Vee-Bee test setup (source: author).

Table 6: Workability test results (source: author).

Compaction factor test 0.89
Slump test 68mm
Vee-Bee 13 sec

Figure 9: Tensile test setup for bamboo (source: author).
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Te test data show that the weight of oven-dried sample was
w1 � 1250 gm, and the retained portion of the sample after
the test was w2 � 937.5 gm; hence, using the formula
W1 − W2/W1 × 100, we calculated that the impact test shows
only 25% of abrasion in the sample which is good.

3.5. Axial Compression Test. Axial compression tests for
short columns were performed using columns of size
160mm× 160mm× 1000mm. A total of 24 columns were
casted for mix design of M20, 3 no. of each column for 4%,
6%, and 10% of reinforcement, and three plain concrete
columns and RCC column with steel were cast for com-
parison purpose. From Table 8, Araldite and wire are used
for maximum bond strength.Te average of three is taken as
axial compression for each column type. Because bamboo is
a fbrous material, a higher amount of reinforced column
with bamboo, i.e., 10%, can sustain with a comparison of
steel reinforced column. Load deformation behavior is
plotted in Figure 10, where the chart shows that bamboo r/f
absorbs more energy.Te same result was found in the study
of Agrawal et al. [29].

3.6. Flexural Strength of Beam. To compare fexural strength
of SRC beam with 10% reinforced BRC beam, two beam
specimens were made with three samples for each specimen
prepared. Te sizes were 700mm× 150mm × 150mm. A
lab test was performed after 28 days of curing according to
IS 516, and average data are considered, suggesting that
SRC is better in fexural about almost two times than BRC.
Te comparative data are represented in Table 9, and
performing fexural test setup is shown in Figures 11 and
12, respectively.

3.7. Transverse Loading Test on Concrete Columns. From
this test, the authors tried to fnd out the behavior of
bamboo reinforced columns under the action of both
axial and transverse loading. Nine samples were made
for the transverse loading test: plain concrete, steel
reinforced concrete, and bamboo reinforced concrete
columns. Each constituent has three samples from
which the average is taken as transverse loading. Te test
is performed under constant 10 KN of axial load. Dif-
ferent samples with diferent percentages of reinforcing

Table 7: Tensile test results (source: author).

S. N. Length (mm) Dia of bamboo
specimen (mm) Area (mm2) Ultimate load

(KN)
Failure stress

(MPa) Strain

1 500.00 28 615.75 17.2 27.93 0.0080
2 510.00 26 530.9 13.8 25.99 0.0080
3 520.00 28 615.75 16.2 26.30 0.0076

Average 26.74 0.0078

Table 8: Pull-out test results (source: author).

S.N. Adhesive Bamboo width
(mm)

Bamboo thickness
(mm)

Contact area per
unit height

(mm)

Pull-out load
(KN)

Bond stress
(MPa)

Avg. bond
stress
(MPa)

1 Plain bamboo
20.63 3.53 48.32 0.25 0.05

0.1622.71 3.10 51.62 1.34 0.26
21.85 4.67 53.04 0.99 0.19

2 Araldite
23.47 3.47 53.88 1.94 0.36

0.3120.89 3.07 47.92 1.28 0.27
21.34 3.95 50.58 1.53 0.30

3 Araldite with
wire

22.81 2.95 51.52 1.96 0.38
0.5020.24 3.39 47.26 2.68 0.57

20.64 2.05 45.38 2.54 0.56

50

100

150

200

250

300

350

400

450

A
xi

al
 L

oa
d 

(K
N

)

3.01.5 4.00.5 2.0 3.51.0 4.52.5
Axial Deformation (mm)

bamboo reinforcemet concrete
steel reinforced concrete
plain concrete

Figure 10: Load deformation behavior (source: author).
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material are presented in Table 10. Also, results occurring
from these tests are presented in Table 10. Results indicate
that steel reinforced column shows 13.94 KN of sus-
tainability of transverse load and bamboo reinforced
column shows 11.03 KN of transverse load. Te

comparison of both samples provides positively 80% of
transverse load towards BRC than SRC.

Also, BRC concrete can sustain 11% of more transverse
load than plain concrete. All results are plotted in the graph
in Figure 13.

Table 9: Flexural strength comparison between SRC and BRC (source: author).

Reinforcement type Length Width Depth Load of
failure

Flexural� (3PL/2bd2)
(N/mm2)

SRC 700 150 150 14.53 4.536
BRC 700 150 150 7.34 2.25

Figure 11: Setup for fexural test (source: author).

Figure 12: Performing fexural test (source: author).

Table 10: Maximum transverse load sustain by columns (source: author).

S.
N. Material Sample no. Reinforcement

percentage
Transverse load at

failure (KN)
Average load

(KN)
Maximum defection

(mm) Average defection (mm)

1 Plain
concrete 1 — 9.89

9.87

5.61

5.342 Plain
concrete 2 — 9.62 5.21

3 Plain
concrete 3 — 10.1 5.2

4 RCC 1 0.78 13.98
13.94

5.96
5.795 RCC 2 0.78 13.64 5.64

6 RCC 3 0.78 14.2 5.78
7 BRC 1 4 11.2

11.03
4.9

4.568 BRC 2 4 10.8 4.2
9 BRC 3 4 11.1 4.6
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3.8. Rate Analysis. Te comparative rate analysis for both
types of beam is presented in Table 11.

Hence, from the data, it is clear that BRC also reduces the
cost of structure making by almost 18%.

4. Conclusion

Tis study tested the possible use and feasibility of bamboo
as concrete reinforcement on diferent beam and column
specimens. Te study includes a bunch of tests, i.e., tensile
test, pull-out test, axial compression test, fexural strength,
and comparison on rates performed by authors. It is in-
vestigated and found that Araldite with wire exhibits higher
bond strength for the pull-out test for the interface.

Tensile test on treated bamboo strip provided an average
of 186.3MPa of failure stress. Also, the impact test on the
concrete mix provides only 25% of wear and tear in the Los
Angeles test, which is quite good. Te axial compression test
suggests that columns with a higher percentage of bamboo as
reinforcement provide more energy absorption. Each col-
umn shows brittle behavior and provides only a little

warning before failure. However, the fexural analysis of SRC
and BRC provides results that SRC is better in avoiding
fexural failure almost by two times than the BRC beam. Te
authors also provide a rate analysis for SRC and BRC on the
current price range and found that BRC reduces cost by
almost 18%. Hence, authors believe that bamboo has the
potential to become a sustainable and cheap building ma-
terial as reinforcement and should perform experiments in
future to further solidify outcomes from this study.

In this paper, the authors provide novelty in diferent
points from previous studies. Authors replaced the con-
ventional method of steel as a reinforcing material with
bamboo reinforcement. Apart from all previous studies, this
study focuses on Indian species of bamboo called Katang,
which is found in the Maharashtra state of India. From
studies of these species, we identifed diferent engineering
properties of bamboo listed above. In this paper, a special
arrangement of bamboo reinforcement is studied for re-
search purposes, i.e., the arrangement of nodes in the center
of the span so that nodes take the maximum load. Without
changing the cross section of the bamboo reinforced beam
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Figure 13: Transverse loading deformation curve (source: author).

Table 11: Rate analysis (source: author).

S. N. Specimen Materials Per Quantity Rate (in rupee) Cost (in rupee)

1 Steel reinforced concrete

Cement Bag 1 385 385
Fine aggregate m3 0.009325 2170 20.23

Coarse aggregate m3 0.003475 1575 5.47
R/F kg 3.475 53.5 185.91
Total 596.61

2 Bamboo reinforced concrete

Cement Bag 1 385 385
FA m3 0.009325 2170 20.23
CA m3 0.003475 1575 5.47
R/F kg 0.68 17 10.52

Araldite adhesive kg 0.05 800 40
Wire Coil 1 23 23

Bitumen kg 0.05 35 17
Total 501.22
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compared to the steel reinforced beam, the authors achieved
50% more compressive strength than the steel reinforced
beam. Also, the authors perform a cost analysis to clarify the
objective of achieving a cheap alternative of steel reinforced
concrete section.

5. Future Scope

Te potential of bamboo as reinforcement is tried to justify
in this study. Notably, bamboo reinforcement has some
issues to rectify. First, to gain the same amount of com-
pressive strength as steel reinforcement, a higher percentage
of bamboo is required, which eventually increases the weight
of the structure since a large area is required to ft the greater
percent of bamboo. So, studies to reduce the weight of the
structure can be carried forward. Also, the efect of clear
cover for bamboo reinforced structures should be studied in
future. A clear cover is provided to protect steel from
corrosion, but bamboo is afected by the environment and
can decay. So, optimum clear cover can be identifed by
future work. Also, the efect of hybrid reinforcement using
steel and bamboo can be investigated in future.
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Tis research aims to increase the utility of globally and abundantly available waste natural fbres of Gallus-Gallus fbres coir waste
from mattress and car seat manufacturing factories. Te composite samples were prepared with a rally round of polyester resin of
grade GP500 bio-epoxy by synthesizing specially treated Gallus-Gallus fbres selectively used for reinforcement and characterizing
them through static and dynamic mechanical analyses to identify their wide range of applicability. Te Gallus-Gallus fbres are
preprocessed with sodium oxidative and a half per cent of potassium manganate (VII) chemical solution. Te selective use
includes 5mm, 10mm, 15mm, and 20mm length of the Gallus-Gallus fbre, and the quantity of reinforcement was 10%, 20%, and
30%. Five alternate layers of matrix and fbres, with vertical and horizontal orientation, are considered; 12 diferent samples of
Gallus-Gallus fbres reinforced polyester polymer composites and a neat polyester composites were synthesized and characterized
for moisture absorbability, tensile strength, tensile modulus, fexural strength, fexural modulus, wear resistance, and out-
performed composites were included in microscopic examination and dynamic Mmchanical analysis. Te interesting results are
the preferred resin, supported for good surface fnish, interface bonding, and totally in the enhancement of Composite properties.
Te composites are strong in tension (760.89MPa) and sufciently fexible (fexural modulus 5441.32MPa), absorbed less
moisture (5.8 g), high wear-resistant (least weight loss upon abrasion with a value of 0.1989 g), secured good results in dynamic
analysis, and ensured homogeneous distribution of fbres in the matrix through a scanning electron microscopy image. Te
composites CPPC10, CPPC11, and CPPC12 performed well but composite CPPC12 outperformed.
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1. Introduction

Globally, the availability of chicken feathers increases day-by-day
multiple times due to the consumption of chicken fush through
the wide variety of palatable tasty food styles and huge in
volume. It was estimated that the feather disposal is 5–10 per
cent of the weight of the chicken. Chicken feathers (Gallus-
Gallus) contain 91% keratin protein. Tey are electrically and
thermally low conductive materials and enhanced mechanical
properties as fllers [1]. Some of the interesting results found in
literature especially in the valorisation of chicken fbres were
used as reinforcement materials in synthesizing composites.Te
authors in [2] used TPU-polyether resin as matrix and waste
keratin Gallus-Gallus fbres (GGFs) as reinforcement (0%, 30%,
and 60%) in synthesizing polymer composite through solvent-
casting-evaporationmethod and investigated thermomechanical
properties by dynamic mechanical analysis. Uniform distribu-
tion of fbres is ensured through SEM image [3]. RSO-
polyurethane composite is synthesized in rubber seed oil-
based polyurethane resin employed as a matrix in synthesiz-
ing 5%, 10%, 15%, 20%, and 25% weight percentage of Gallus-
Gallus particles reinforced composites by the casting method.
Tese composites were characterized by the test of hardness,
moisture absorption, density tensile, and impact strength. It was
found that an increase in hardness and tensile strength was
observed in reinforcement from 15% to 25% and a decrease in
the density and impact strength [3, 4] used polypropylene resin
matrix in composing 5, 10, 15, and 20 wt.% Gallus-Gallus fbres
in powder form reinforced in the matrix [5]. It was found that
the reinforcement enhanced fexural and tensile properties but
not impact strength. SR green epoxy 56 resin is used to compose
an average length of 26mmGallus-Gallus fbres reinforced 60%,
70%, and 80% of weight fraction. Tey were characterized by
thermal and acoustic insulation properties. Te study [6] used
the cellulose of butyl methylimidazolium chloride resin to
compose curtain of hair, Gallus-Gallus, and wool reinforced
composites and found that the reinforcement improved the
mechanical properties. Alkali-treated Gallus-Gallus fbres are
used to improve the mechanical properties of the composite [6]
in which natural rubber was employed as resin/matrix [7]. Poly-
lactic acid resin-based Gallus-Gallus particle of weight fraction,
2%, 5%, 8%, and 10% reinforced composites, reported that
Gallus-Gallus fbres enriched the thermal stability of CFF/PLA
composite. Te studies [8, 9] also used Gallus-Gallus fbre fllers
as heat insulation in Winter clothes. Te study [10] synthesized
glass/epoxy/Gallus-Gallus fbre hybrid composite for printed
circuit board application and found that the dielectric constant
of the composites decreased with fbre contents and similar to
printed circuit board property achieved. Te study [11] brought
into play of poly-methyl methacrylate resin matrix to blend
keratin fbres of Gallus-Gallus reinforced composite which
resulted that the sign of the augment of storage modulus ofers
elevated stability, as replicated in the modulus behaviour, and
reduction of Tan delta peak is a sign of the physically powerful
interface. Waste SiC is utilized as fller material for preparing
epoxy glass fbre composite and investigated themachinability in
abrasive water jet machining by [12]. Tey used Taguchi and
grey relation analysis to optimize themachining parameters.Te
study [13] recommended the green fller material for

synthesizing the glass fbre epoxy composite through the
compression moulding technique in which the 0.6 wt.% re-
inforcement outperformed. Te study of [14] investigated the
efects of oxygen plasma treatment on polyethylene matrix and
found that higher fexural strength of 25.87MPa was observed
by the novel treatment but tensile strength was slightly reduced
from 18.2MPa to 17.7MPa. Te study [15] used benzoyl
chloride treatment for the natural fbres of ramie and kenaf
fbres; they optimized the weight percentage of fbres with
Taguchi-based grey relational analysis and further optimized by
TOPSIS technique [16]. Te novelty utilized TiO2 fller in the
polymer composited and improved the tribological properties
and reported that 40wt.% SP/5wt.%TiO2 composition recorded
good results. Te study [17] recommended sodium bicarbonate
treatment for natural fbres like jute fbre composites and found
that such treatment improved the machinability of drilling [18].
Banana fy ash/sisal/pineapple composites are introduced and
the wear parameters are optimized by GRA, and it is reported
that the addition of fller materials and hybrid fbres with the
polymer matrix results in increased friction.

Novelty of this research utilizes the used-waste of coir from
the car seat and used bed and sofa set as nanofller in fabricating
novel composite. Tis research gives more importance on bio
degradation after use so it utilizes grade GP500 bio-epoxy
polyester resin to compile a composite matrix with Gallus-
Gallus fbres reinforcement.Te preprocessing of Gallus-Gallus
fbres and special chemical treatment to refne the quality of
Gallus-Gallus fbres and enhancement of their strengths. In-
vestigation on the infuence of the length of Gallus-Gallus fbres
used and quantity of fbres reinforced in layer fashion com-
posites. Te originality can be claimed in the chemical solution
prepared for processing and preprocessing of Gallus-Gallus
fbres, composite matrix, and classifcations of specially treated
selective Gallus-Gallus fbrereinforced polyester polymer
composites and use of nanofllers.

2. Materials and Methods

Te use of Gallus-Gallus fbres as reinforcing elements in
synthesizing hybrid composites is focused in this research.

2.1. Constituents of Composite. Te Gallus-Gallus fbres are
employed as reinforcement elements and the polyester resin
of grade general purpose 500 bio-epoxy as matrix materials.
Te considerable properties of the matrix material are its
casted laminate possesses tensile and fexural strengths that
are 57N/mm2 and 85N/mm2, respectively. Teir tensile
modulus and fexural modulus are 3150N/mm2 and 3250N/
mm2, respectively. Low volumetric shrinkage 7-8% and
specifc gravity 1.22. Te Gallus-Gallus fbre physical and
chemical properties are moisture absorption 16–20wt%.
Aspect ratio that is length to diameter ratio between the 30
and 50. Te specifc gravity of Gallus-Gallus fbre is 0.7 to 1.2
and the nature of rapidly degrade in highly alkaline envi-
ronment (where pH value is 12.4), oven dried fbre recorded
tensile strength about 70MPa and young’s modus up to
50GPa, 43 :100 for hardener and resin ration in wt%.Te fast
harder was used. Te used coir from the waste car seat, waste
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bed, and sofa was frst separated.Tat coir fbres were put into
Soxhlet device; acetone, toluene, and methylated spirit were
added in the ratio of 1 : 4 :1 to dewax coir for 4 hours to
5 hours. Ten, those fbres were extracted and dried at 380K.
After that such coir fbres were grinded multiple times and
fne nanopowder is obtained. Te average particle size was
measured with use of nano ZS model Malvern particle size
analyzer. It was in the range of 850 nm to 975 nm. Its chemical
properties are 27.41% cellulose, 42% lignin, 14.63% hemi-
cellulose, and 10.16% pectin/wax. Te ultimate tensile stress
was 106 to 175MN/m2 and Elongation was permitted up to
47%. Tough polyester resin 20% weaker than bond made by
epoxy, more fragile, they are useful, create low stress, and less
expensive. Polyester resins are found working well along with
epoxy since they are adequate adhesive [19]. Te unsaturated
polyester resin with epoxy unutilized to fabricate E-SiO2
nanocomposites and achieve the amazing results of Shore A
hardness increased by 14.0%, elongation at break by 86.80%,
fexural stress by 86.81%, fexural strength by 69.18%, and
Young’s modulus by 37.03% [20].

2.2. Pretreatment of Gallus-Gallus Fibres. Te fresh Gallus-
Gallus fbres of various lengths were collected from the
butcher shop or slaughter house shown in Figure 1. Tose
feathers were washed with running water. Te cleaning
solution was prepared as the distilled water is mixed with
heated SDS solids in the ratio of 40 :1 and a total of 10 litres
as suggested [21–23]. Te feathers were fed in the washing
machine to agitate for 30 to 45minutes with 50°C heated
sodium dodecyl sulphate (SDS) solution.Te SDS is used for
bacterial decontamination in the Gallus-Gallus fbre. Ten,
those feathers were washed and agitated with plain distilled
water for 15minutes. After rinsing the feathers, they dried in
sunlight for a day.

2.3. Chemically Treating Gallus-Gallus Fibres. Te chemical
solution was composed of with weight fraction of 5%
caustic soda (sodium hydroxide, NaOH), fve per cent of
potassium permanganate VII, and the remaining ninety
per cent distilled water. NaOH is a mandatory compound
with potassium permanganate VII for the permanganate
ion to react for the purpose (dermatitis, fungal in-
fections, and so on). Ten, the cleaned feathers were
soaked in the solution for 10 hours. After that, the
Gallus-Gallus fbres were washed in distilled water. Ten,

the washed Gallus-Gallus fbres were dried in sunlight for
48 hours. Hence, the Gallus-Gallus fbres were treated for
refnement.

2.4. Hybrid Composite Samples Preparation. Te compres-
sion moulding type synthesizes method is preferred. Te
percentage of specially treated Gallus-Gallus fbres (in-
cluding nanofller) varied four three levels as 10%, 20%, and
30% against the variation of the polyester matrix. Te
length of the Gallus-Gallus fbres varied in four levels from
5mm to 20mm with the step of 5mm. Te neat polyester
was also prepared to validate the infuence of specially
treated Gallus-Gallus fbres and their contribution to the
composite matrix. Te neat polyester acts as a control
specimen that is a benchmark specimen. Te detailed re-
search design is presented in Table 1. Te layer arrange-
ments are polyester/Gallus-Gallus fbres/polyester/Gallus-
Gallus fbres/polyester. Hence, out of fve layers, the Gallus-
Gallus fbres are placed in the second and fourth layers. Te
percentage of contribution in the composite matrix is di-
vided equally (as per research design allocation) for
obtaining uniformity. For example, 90% polyester and 10%
fbre (specially treated Gallus-Gallus fbres 8% and nano-
fller 2%) are used for CPPC1, CPPC4, CPPC7, and
CPPC10. Te composite laminates CPPC2, CPPC5,
CPPC8, and CPPC11 consists of 16% specially treated
Gallus-Gallus fbres and 4% nanofller) and the composite
laminates CPPC3, CPPC6, CPPC9, and CPPC12 consist of
24% specially treated Gallus-Gallus fbres and 6% nano-
fller. In those composites, respective lengthen fbres and
polyester resin are distributed in layers as 30%, 5%, 30%,
5%, and 30% for a layer of frst, second, third, fourth, and
ffth, respectively.

2.5. Synthesize of Composites. Te research design of syn-
thesizing of proposed specially treated selective Gallus-
Gallus fbres reinforced polyester polymer composites is
detailed in Table 1. Te coir nanofllers were mixed
thoroughly with resin. Square shaped chromium-plated
Mild steel moulds (of side 30 cm) were placed on the
worktable of the compression testing machine (CTM). Te
wax was applied on the moulds for nonsticking of com-
posite to mould and easy for releasing the composite from
the mould. Te selective length of Gallus-Gallus fbres was
used as per research design in synthesizing a class of

Figure 1: Fresh Gallus-Gallus fbres and waste coir powders.
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composite. Te extreme layers are polyester in between
layers and are alternate sequence appropriate long fbres
and matrix material. Hence, out of fve layers, the Gallus-
Gallus fbres were placed in the second and fourth layers.
After completing all fve layers, the undried composite was
compressed by compression testing machine (CTM). Tis
causes the excess resin and air gaps/air bubbles removed
from the composite and fnished with uniform thickness.
Te composite was kept in CTM for 6 to 10minutes and
maintained the temperature of 120°C with a uniform load
of compression of 2000 kg to avoid the bending while
setting of composites [3]. After that, composites panel was
allowed to dry on the rooftop for 5 to 6 days. In the same
way, all 13 kinds of composite panels were synthesized. Te
chemical treatment of Gallus-Gallus fbres supports well in
synthesizing the composites and found good bonding with
the matrix. Te surface fnish of the composite was also
found good.

2.6.Characterization ofMoistureAbsorbability. Te samples
were warmed up at 50 to 60 degrees Celsius for discarding
the moisture content in the composite sample panels.
Ten, they were measured in all the dimensions and mass
of each specimen. Te specimens were immersed in the
distilled water bath for 120 hours. Te weight gain and
dimensional gain were noted every 12 hours gap. Te
rapid improvements were observed in the frst few ob-
servations and then gradually stabilized. On the last day,
that is, the ffth day, no more improvement was found in
dimensions as well as weight gain. Hence, it was un-
derstood that the test is almost complete. Te fnal
readings were used for estimating the net moisture
absorbed in grams and elongation computations. Te
observations were graphically presented, analyzed, and
discussed in the next section.

2.7. Characterization of Tensile Properties. Te sample
specimens for characterization of tensile properties are
shown in Figure 2. A 400,000N capacity Universal Testing
machine was employed in this investigation. Te specimen
and testing procedure is followed as per ASTMD3039. In an
inch wider, 10 inches long rectangular-shaped specimenand
the gauge length was 6 inches. A gradual load of a millimetre
per minute speed was set. Te investigation was performed
at room temperature and in the spring season. Te sample
specimens for this investigation are shown in Figure 3. Te
observations were graphically presented, analyzed, and
discussed in the next section.

2.8. Characterization of Flexural Properties. Te bendability
of material is also a fundamental characteristic of a material.
Tis is usually carried out in the position of a simply
supported beam with a load on its midspan. Tat is, the
reaction load at each endpoint and the loading at the middle
point. Te same universal testing machine is employed for
this investigation and the loading speed was a millimetre per
minute. A half an inch wider 6 inches long and 3mm thicker
specimens were used as per the standard of ASTMD790.Te
test was carried out at room temperature in spring atmo-
spheric conditions. Te observations were graphically pre-
sented, analyzed, and discussed in the next section.

2.9. Characterization of Tribological Property. Te wear re-
sistance is one of the tribological properties. Te test
(standard D4060-14) was carried out to characterize the
Gallus-Gallus fbres reinforced polyester polymer compos-
ites and neat polymer composite in terms of wear resistance
property. Te Taber abrasers, Model ISE AO16 is employed
in this investigation with a setting of revolution of turntable
1000 per minute for fve hours for each 6.35mm thick round
sample with the surface area of 100 square millimetres. After
5 hours, the loss of weight of the specimens wasmeasured for
knowing the wear resistance of samples of each fbre length
category and neat polyester composite. Te observations
were graphically presented, analyzed, and discussed in the
next section.

2.10. Characterization of Properties Based on Dynamic Me-
chanical Analysis. Te DMA Q800 V20.6 Build 24 is
employed for executing the dynamic mechanical analysis in
the composites. It is a kind of bending mode investigation.
Te 3mm thick, 1/2″× 2 1/2″ sized rectangular specimens
were used.Te heating rate of 4 degrees Celsius per minute is
in the range of 28 to 230 degrees Celsius, and the vibration
frequency is 1Hz. Figure 4 shows results of the dynamic
characterization. Te observations were graphically pre-
sented, analyzed, and discussed in the next section.

Te tensile tested specimen samples are shown in Fig-
ure 5. Te special treatment of Gallus-Gallus fbres brings
basic required strength into all kinds of composites. Te
detailed analysis and discussion of their characterization
results were presented in the next section.

3. Results and Discussion

Te 12 types of Gallus-Gallus fbres reinforced polyester
polymer composites and neat polymer composites were

Table 1: Research design.

Composites PC∗ CPP CPP CPP CPP CPP CPP CPP CPP CPP CPP CPP CPP
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

Length of feather Gallus-Gallus fbres — 5 5 5 10 10 10 15 15 15 20 20 20
Weight percentage of polyester 100 90 80 70 90 80 70 90 80 70 90 80 70
Weight percentage of Gallus-Gallus fbres 0 8 16 24 8 16 24 8 16 24 8 16 24
Percentage of waste coir nanoparticles 0 2 4 6 2 4 6 2 4 6 2 4 6
∗Control specimen.
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synthesized and characterized with static and dynamic
mechanical analysis. Teir observations are presented in this
section as graphical outputs. In this section analysis of the
results of the investigation is presented in detail. To evaluate
the efectiveness of Vol. % of fbres and length of fbres used
in Gallus-Gallus fbres reinforced polyester polymer com-
posites, Tukey’s multiple range test is employed for ana-
lyzing the results of static analysis. In MINITAB 17 software,

the signifcance level of value is set as p less than 0.05. Te
comparative analysis is presented in this section
sequentially.

3.1. Tensile Load-Based Characterization. Te tensile test
observations are presented in graphical form with Tukey test
results in Figure 6. Te test results reveal that neither neat
polyester composite nor 5mm and 20mm long fbres used
composites categories Gallus-Gallus fbres reinforced
polyester polymer composites are strong. Te preferable
composite matrix (tensile strength is 16.5MPa) is 80%
polyester and 20% Gallus-Gallus fbres (with a selective
length of 15mm). Te Tukey test results reveal that within
the 10% fbre cases, the composite CPPC4 outperforms and
the composite CPPC7 is more signifcant than composite
CPPC1, composite CPPC4, and composite CPPC10 as per
means of standard error ± SE at the level of P≤ 0.05. As
logically compared to other wt% composites, the increase
in tensile strength of 10 wt% composites is expected to
increase up to composite CPPC7. Tis ambiguity in the
result may be due to some inherent defects of synthesizing.
Te ostensible plunge in the tensile modulus was dem-
onstrated in the case of 30 wt% fbre reinforced composites.
Te reason behind this fact is the lack of fbre dispersion.

Figure 2: Tensile test specimen of specially treated selective Gallus-Gallus fbres reinforced polyester polymer composite and neat polymer
composite.

Figure 3: Flexural test specimen of specially treated selective Gallus-Gallus fbres reinforced polyester polymer composite and neat polymer
composite.

Figure 4: Dynamic mechanical analysis specimen of specially treated selective Gallus-Gallus fbres reinforced polyester polymer composite
and neat polymer composite.

Figure 5: Te tensile tested specimens of specially treated selective
Gallus-Gallus fbres reinforced polyester polymer composite and
neat polymer composite.
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Te dispersion of fbres usually happens in the situation of
fbre agglomeration. Te neat composite has a tensile
strength of 1.41MPa.

In Figure 6, from left to right, the frst three bars indicate
control specimens, so no variation observed. Te next
12 bars indicate the performance of composite specimen
CPPC1 to CPPC12. It can be observed that within the 15%
fbre cases, the composite CPPC8 outperformed. According
to Tukey test results, the composite CPPC2 is more sig-
nifcant than composite CPPC4, composite CPPC6, and
composite CPPC8 as per means of standard error± SE at the
level of P≤ 0.05. In the Tukey test results of 30% fbre cases,
the composite CPPC3 is more signifcant than the control
specimen than composite CPPC6, composite CPPC9, and
composite CPPC12 as per means of standard error± SE at
the level of P≤ 0.05.

Te tensile modulus of Gallus-Gallus fbres reinforced
polyester polymer composite and neat polymer composite is
shown graphically by the Tukey test result in Figure 7. In
Figure 7, from left to right, the frst three bars indicate
control specimens so no variation is observed. Te next
12 bars indicate the performance of composite specimen
CPPC1 to CPPC12. It can be observed that the Tukey test
results reveal that according to tensile modulus there is no
signifcance as per the length of the fbres used, but the
quantity of fbres used is signifcantly deferred as per means
of standard error± SE at the level of P≤ 0.05. Te highest
tensile modulus obtained for 10mm long fbres used
composites like CPPC4, CPPC5, and CPPC6. Te CPPC5
found the highest value of 760.89MPa compared to the
tensile modulus of CP (213.32MPa).

3.2. Flexural Test-Based Characterization. Te fexural
strengths of Gallus-Gallus fbres reinforced polyester poly-
mer composite and neat polymer composite show

graphically the Tukey test result in Figure 8. In Figure 8, from
left to right, the frst three bars indicate control specimens so
no variation is observed. Te next 12 bars indicate the
performance of composite specimen CPPC1 to CPPC12. It
can be observed that the increase of fbre content in the
composite increases the fexibility; that is, fexural strength
improved and the highest values were obtained for the
composite CPPC12 (41.58MPa) followed by CPPC11
39.35MPa. Te fexural strength of the PC is 29.14MPa. In
terms of fexural strength, the Tukey test results, it is un-
derstood that there is no signifcant diference between
composite as per means of standard error± SE at the level of
P≤ 0.05. Tat is, all the prepared composites are sufciently
fexible.

Te fexural modulus of Gallus-Gallus fbres reinforced
polyester polymer composites and neat polymer composites
is shown graphically with the Tukey test result in Figure 9. In
Figure 9, from left to right, the frst three points (same one
over another) indicate control specimens, that is, variation
observed. Te next 12 points indicate the performance of
composite specimen CPPC1 to CPPC12. It can be observed
that the increase of fbre content in the composite increases
the fexibility that improves fexural modulus and the highest
values obtained for the composite CPPC12 (5441.32MPa)
followed by CPPC11 as 5278.95MPa. Te fexural modulus
of PC is 2032.23MPa. According to the fexural strength-
based Tukey test result, it is understood that there is a sig-
nifcant diference of 10% fbre category composites (red) as
per means of standard error± SE at the level of P≤ 0.05,
starting from 10mm fbre length category and increased
gradually with the increase of fbre lengths.

3.3. Wear Resistance-Based Characterization. Te observa-
tion of weight losses Gallus-Gallus fbres reinforced poly-
ester polymer composites and neat polymer composite is
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Figure 6: Tensile strength specially treated selective Gallus-Gallus fbres reinforced polyester polymer composites and neat polyester
composite with Tukey test results.
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graphically presented along with Tukey test results in Fig-
ure 10. In Figure 10, from left to right, the frst three points
(same one over another) indicate control specimens, that is,
variation is observed. Te next 12 points indicate the per-
formance of composite specimen CPPC1 to CPPC12. It can
be observed that the special treatment on the Gallus-Gallus
fbres supported well enhancements across all the fbre
contents used. At lower weight fractions, the sample of
CPPC1 (reinforced with 10wt% (5mm length of fbre)) had
the most wear resistance because it had the least weight loss
upon abrasion with a value of 0.1989 g among the treated
CFF reinforced composites followed by samples containing
10wt% (10mm length of fbre) contents having increasing
weight loss values of 0.2156 and 0.3998 g. A critical look at

the graph revealed that the reinforcement of Gallus-Gallus
fbres promotes wear resistance. So, wear resistance im-
proves with the increase of vol. % of Gallus-Gallus fbres.Te
wear resistance is comparatively so much better than the no
fbre reinforcement (neat polyester) had the least wear re-
sistance and the overall highest weight loss value of 2.954 g.
Tis indicates that the reinforcements improved the abra-
sion resistance of the developed composites.

3.4. Characterization of Moisture Absorption Property.
Te observation of net moisture absorbed by the Gallus-
Gallus fbres reinforced polyester polymer composites and
neat polymer composite in grams of weight gain is presented
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Figure 7: Tensile modulus specially treated selective Gallus-Gallus fbres reinforced polyester polymer composites and neat polyester
composite with Tukey test results.
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Figure 8: Flexural strength of specially treated selective Gallus-Gallus fbres reinforced polyester polymer composites and neat polyester
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graphically along with the Tukey test results in Figure 11. In
Figure 11, from left to right, the frst three bars indicate
control specimens so no variation is observed. Te next
12 bars indicate the performance of composite specimen
CPPC1 to CPPC12. It can be observed that there are fve

groups such as neat composite, Gallus-Gallus fbres (length
5mm, 10mm, 15mm, and 20mm) reinforced polyester
polymer composites. As per the Tukey test result, there are
no signifcant diferences in variation of fbres reinforcement
in composites, but in a variation of the length of the fbres.
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Figure 9: Flexural strength of specially treated selective Gallus-Gallus fbres reinforced polyester polymer composites and neat polyester
composite with Tukey test results.
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Figure 10: Wear property of specially treated selective Gallus-Gallus fbres reinforced polyester polymer composites and neat polyester
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In general, it is found that an increase in fbre content
and an increase in the length of fbres are used directly in
proportion to the weight gain by moisture absorption. Te
highest gain weight by composite CPPC12 by moisture
absorption was 5.8 g.

3.5. Microscopic Analysis. Te microscopic analysis was
carried out employing the scanning electron microscopy test
image of tested composite specimen of CPPC12. Te uni-
form distribution of Gallus-Gallus fbres in the polyester
matrix is ensured. Te self-explanatory image of scanning
electron microscopy is shown in Figure 12. Te CFF in the
SEM image meant chicken feather fbres (Gallus-Gallus
fbres).

3.6. Analysis of the Dynamic Mechanical Analysis-Based
Characterization

3.6.1. Dynamic Mechanical Analysis for Storage Modulus
(E′). Usually, the frequency of 1Hz is maximum in a diverse
natural fbre ratio in the storage module (E′), particularly the
bio-composites. Te storage modulus is indirectly pro-
portional to tan delta. Te dynamic mechanical analysis
results of the storage module were statistically between the
diverse natural fbres of CPPC12 composite. Te values were
signifcant at the maximum temperature of 90.27°C and it is
signifcant with 20wt% and 10wt% composites of CPPC11
and CPPC10 with 89.58°C and 82.67°C, respectively. Te
storage modulus curves also illustrated that the biologically
derived composites integration increases the E′ values
signifcantly.

3.6.2. Dynamic Mechanical Analysis for Loss Modulus (E″).
Te dynamic mechanical analysis curves (Figure 13) of the
loss modulus showed that the fbres of composite CPPC12

reached maximum dissipation of mechanical energy with
362.0MPa as compared to composite CPPC11 with
320.11MPa, whereas CPPC10 with 318.29MPa. It is also
clearly evident that in the loss modules data, the consoli-
dation of diverse types of bio-composite composition lands
the extension of the loss modulus peak percentage, as a result
of the amplifcation in procession separation.

3.6.3. Dynamic Mechanical Analysis of Composites Based on
Tan Delta. Te tan data results are displayed in Figure 13.
Te loss modulus to storage modulus is a ratio (E″/E′) which
is base for considering the damping results [21]. In general,
combination of natural fbres ratio grades the behaviour of
damping in bio-composites; it is generally owing to the
shear-stress (Շ) dosage with fbres combined in the company
of energy of viscos-elastic indulgence on natural fbre matrix
[12]. Tese experimental results support [1] chicken feather
fbre (CFF) in thematrix of poly-lactic acid (PLA) improving
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Figure 11: Te moisture absorbability of specially treated selective Gallus-Gallus fbres reinforced polyester polymer composites and neat
polyester composite with the Tukey test results.

Figure 12: Scanning electronmicroscopy image of specially treated
selective chicken feather fbres (CFF) reinforced polyester polymer
composite of CPPC12.
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the maximum stifness, that is, the tensile modulus of
4.2GPa [8]. Chicken feather fbre reinforced composites
improved the mechanical, thermal, and electric
properties [24].

Te above results in the CPPC12 composite, the sig-
nifcant peak area of 0.362 delivered at 89.62°C as compared
to the CPPC11 composite (0.398 at 111.26°C) and CPPC10
Composites (0.526 at 105.16°C). Hence, it is clear that the
storage modulus of the composites decreased with the in-
crease of Gallus-Gallus fbres reinforcement; hence, the
mechanical loss factor (tan delta) decreased with the increase
of Gallus-Gallus fbres reinforcement. Te sign of augment
of storage modulus ofers elevated stability, as replicated in
the modulus behaviour, and reduction of Tan delta peak is
a sign of physically powerful interface [10].

Chicken feather fbre (CFF) in the matrix of poly-lactic
acid (PLA) improved the maximum stifness, that is, trensile
modulus of 4.2GPa. Chicken feather fbre reinforced

composites improved the mechanical, thermal, and electric
properties. Gallus-Gallus fbres and jute fbre combined at
50/50 fbre wt% for highest impact strength [25]. Aluminum
diethyl phosphinate, ammonium polyphosphate, reinforced
thermoplastic polyurethane, and aluminum hypophosphite
are used to enhance fame retardant properties of Gallus-
Gallus fbres composite [26]. Te Gallus-Gallus fbres as-
sociated with human hair fbre in unsaturated polyester resin
matrix in which the composition human hair 40 (Wt.)%,
Gallus-Gallus fbres 10 (Wt.)% remaining 50 (Wt.)%, matrix
recorded 183MPa fexural strength, and 108.3MPa com-
pressive strength [27].

4. Conclusions

Tis research focused on increasing the utility value of
universally as well as abundantly available Gallus-Gallus
fbres and waste coir fbres. Te Gallus-Gallus fbres were
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Figure 13: Te results of dynamic mechanical analysis of specially treated selective Gallus-Gallus fbres reinforced polyester polymer
composites CPPC10, CPPC11, and CPPC12. (a) Tan data. (b) Loss modules.
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pretreated and specially treated with sodium and potassium
manganate VII solution. Te Gallus-Gallus fbres are se-
lectively used in synthesizing composites in terms of wt%
(10%, 20%, and 30%) as well as length (5mm, 10mm,
15mm, and 20mm) of Gallus-Gallus fbres. Te waste coir
powders were used as nanofllers. Te specifc outcomes are
consolidated as follows:

Moisture absorption, depending upon the content of
(Wt. %), specially treated selective Gallus-Gallus fbres
in the composite matrix as well as the length of fbres
used. Both are directly proportionate to the quantity of
absorption of moisture. Although the maximum of
5.8 g weight gain found in 20mm fbres used 30%
Weight contributed CPPC12 composite.
Temaximum tensile strength of 16.5MPa was observed
for composite CPPC10, that is, 80% polyester and 20%
Gallus-Gallus Fibres of the selective length of 15mm.
Te highest tensile modulus obtained for 10mm long
fbres used composites like CPPC4, CPPC5, and
CPPC6 which for CPPC5 tensile modulus was found
highest as 760.89MPa.
Te highest fexural strength observed for the com-
posite CPPC12 was 41.58MPa and CPPC11 was
39.35MPa.
Te highest fexural modulus observed for the com-
posite CPPC12 was 5441.32MPa and then CPPC11 at
5278.95MPa.
Te maximum wear loss of 1.12 g was observed on the
CPPC12 composite at 5000 rpm speed for 240minutes
of the tested specimen. Hence, the entire range of the
proposed specially treated selective Gallus-Gallus fbres
reinforced polyester polymer composites has good wear
resistance

Based on the abovementioned results, the composites
CPPC10, CPPC11, and CPPC12 are considered for mi-
croscopic examinations and dynamic mechanical analyses.
Te microscopic examination ensured the uniform distri-
bution of selective Gallus-Gallus fbres in the polyester resin
matrix.Te dynamic mechanical analyses concluded that the
mechanical loss factor that is tan delta decreased with the
increase of Gallus-Gallus fbres reinforcement. Tat is, the
augment of storage modulus ofers elevated stability, as
replicated in the modulus behaviour and reduction of tan
delta peak is a sign of the physically powerful interface.
Overall, the composite CPPC12 outperformed well.

Te practical implications would be the utility value of
Gallus-Gallus is focused on. Te proposed composites prop-
erties are spread from sufcient strength to good strength, so
a wide range of applications can be identifed such as con-
struction, doors, shelves, furniture, automotive, and upholstery.
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Silica has shown numerous applications in diferent felds such as environmental, biomedical, agriculture, and even in chemical
processing. However, due to high energy-intensive and cost-efective issues, researchers show interest to replace the conventional
methods with biobased environmentally-friendly techniques for biosilica production from renewable biomass sources. Generally,
silica is found to be available in amorphous and crystalline structures. For commercial purposes, silica is produced from alkyl
orthosilicates ore that consists of polyethlydiorthosilicate, tetraethyl ortothosilicate, and tetramethyl orthosilicate. Another form
of silica, silica gel, is produced from the selected resources of biomass, such as palm tree, wheat straw, maize leaves, tef straw,
sugarcane bagasse, rice husk, rice straw, sugarcane leaf, oat husk, bamboo leaf, and corn cob.Te production of biobased silica gel
from agricultural residues is found to be a sustainable which receives a signifcant attention that can be replaced with inorganic-
based silica gel for environmental concerns. Based on this context, there is a huge look for developing a process to produce
biobased silica and silica gel from biomass resources with low energy utilization as promising alternatives to conventional
methods. Keeping in view, current trends andmethods for synthesis, the characterization of biobased silica and silica gel, as well as
its wide prognostic applications were focused on a comprehensive review.

1. Introduction

Silica is a well-known material that is the most useful in-
organic chemical compound for diferent industrial appli-
cations, such as environmental, biomedical, agriculture, and
even in chemical processing. Commonly, it is found on the
earth’s crust and arises naturally as fint, sand, or quartz
[1, 2]. Based on its structural characterization, silica gel has
been found to be either amorphous or crystalline in ap-
pearance, which is observed as an infexible 3-dimensional
network of colloidal [3]. According to Kalapathy et al. [4],
the structural character of the silica gel depends on its
preparation method. Accordingly, it can also be categorized
in aqua gel form, where the openings are occupied with
water molecules in the xerogel aqueous phase, the openings
are detached due to evaporation; besides, in the aerogel

form, the solvent portion is detached by supercritical carbon
dioxide. Biomass can be a potential source for the extraction
of synthetic silica components such as silica gel. In such
a way, biomass resources ash of rice husk [5], sorghum
bagasse [6], tef straw [7], maize leaves [8], rice straw [9],
wheat straw [10], sugarcane bagasse [11], sugarcane leaf [12],
bamboo leaf [13] corn cob [14], and palm [1] are found to be
potential feedstock. Sodium silicate is used in general to
extract the silica from the residual ash of the feedstock [15].
Further, the produced silica is treated with diferent types of
acid such as sulphuric acid [16], hydrochloric acid [17],
nitric acid [18], and acetic acid [19] to turn it into gel. Several
investigations have proven that the silica particles have
numerous industrial applications, such as the synthesis of
shear thickening fuid, as adsorbents, and inert material,
even as potential catalyst [20–22]. Bageru and Srivastava [7]
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and Mizer [5] have documented that the silica gel materials
have a strong adsorption capacity due to its high surface area
(700–800m2/g) with appreciable other physical properties.
In specifc, it exits excellent adsorption capacity on diferent
organic compounds [23, 24]. Te soluble forms of silicates
derived from silica have remarkable industrial applications,
especially, in pharmaceuticals and construction areas. Te
most common applications of liquid silicates are found in
the development of ceramics [25, 26], concrete materials
[27], glasses manufacturing [28], cement [29], delivery of
biologically active ions [30], supercapacitors manufacturing
[31], batteries [32], pharmaceuticals and cosmetics [33],
detergents and adhesive agents [3, 4, 34]. Solid-state silica is
used for various applications in the manufacturing of
petroleum-derived products [35], fne-chemicals [36], bio-
fuels [37], oil recovery [38], pollution abatement technol-
ogies and optical materials [4, 39], catalyst support [40],
microflters [41], thermal superinsulation [42], controlled
release of drugs [23], and drug delivery systems for anti-
biotics [34, 43].

Silica particles have also been demonstrated for their
outstanding performance in infuencing plant metabolic ac-
tivities [44]; it helps as a fertilizer to improve seedling growth
rate, root development, and increase water retention [45] in
plants. Moreover, silica gel exhibits several applications as
adsorbent in chromatographic separation and removal of
organic pollutants in water purifcation systems [46].

Commercially, silica can be produced from alkyl ortho-
silicates ore using the appropriate catalysts, such as poly-
ethlydiorthosilicate, tetraethyl ortothosilicate, and tetramethyl
orthosilicate [7]. Silica gel is prepared by acid precipitation
method using sodium silicate solution, quartz, and soda ash at
the elevated temperature. So far, the conventional methods,
namely, precipitation [47], electrocoagulation [48], alkaline
fusion [49], chemical vapor deposition [50], sol-gel [3, 51],
fuidized bed technology [52], and hydrothermal methods [3]
are employed traditionally for the production of silica gel.
However, high-temperature calcination that reaches up to
1710°C is found to be one of the major drawbacks for silica gel
production in the traditional existing methods [3, 49]. High-
temperature reaction leads to energy-intensive process that
has an adverse efect on developing an economically sus-
tainable process for silica gel production and its marketing as
well [10]. Te conventional methods of producing silica gel
limit its use in situations where product purity is not com-
promised because they contain contaminants such as heavy
metals [6]. In addition, large-scale production of crystalline
silica nanoparticles may release toxic matters into the working
environment that may create unsafe working condition which
causes occupational diseases, such as lung cancer and pul-
monary tuberculosis [53].

Silica gel can be produced from renewable sources of
selected biomass such as palm tree [1], wheat straw [10], maize
leaves [8], tef straw [7], sugarcane bagasse [11], rice husk and
rice straw [5, 9], sugarcane leaf [12], oat husk [54], bamboo
leaf [13], and corn cob [14]. At present, agricultural residues
receive signifcant attention as feedstock to produce silica gel
due to sustainability, economic and environmental concern.
However, developing a process for silica gel production with

low energy and cost requirements using agricultural biomass
material is still challenging [5, 7]. So far, diferent approaches
for preparing silica gel from agricultural residues have been
carried out, such as hydrothermal technique, chemical vapor
deposition, combustion synthesis, sol-gel processing
[7, 55, 56], and precipitationmethods [39]. Upon the potential
importance of silica and silica gel, this comprehensive review
has been narrated to provide the diferent techniques used for
the synthesis and characterization of biobased silica and its
current and prognostic applications.

2. Biosilica

Silicon compounds are transferred from the roots to the
shoots and deposited as the amorphous material SiO2. Silica
accumulations in the shoots of many plant species range
from 0.1 to 10% [57]. Phytoliths are an accumulation of
silicon in plants (amorphous hydrated silica) [58]. Usually,
the concentration of stationary silicon compound is higher
in older plant tissues, and the rate of build-up varies
depending on the tissue. According to silicon accumulators
makeup 7 out of 10 largely harvested crops. When compared
with other natural systems, some crops have high silicon
accumulation such as rice, sugarcane, and wheat that have
ability to transfer more silicon from the soil. Terefore,
plants, particularly crop wastes accumulate a lot of silicon,
which might be thought of as an excellent source of biosilica
[59]. Silica, produced from plant origins [60] has been
identifed to have better advantages compared to the silica
obtained from synthetic or mineral sources. Such biobased
silica can be synthesized using processes with less energy
consumption, relatively simple, and environmentally
friendly that do not require sophisticated infrastructure and
costly reagents. Te biobased silica powder obtained from
plant sources comprises a slight amount of metal oxides
which are considered impurities. However, the high purity
silica at an afordable cost is an obligatory requirement. It
has been clear that most waste by-products found from
biomass residues create environmental concerns [5] such as
attraction of pest and odor generation that might cause
adverse efects on human health [61].

Te studies conducted elsewhere revealed that the silica
deposition in agricultural residues is signifcantly infuenced
by the availability and quantity of silicon present in the soil.
Te plant root system absorbs silicic acid from the soil and
deposits it in the plant in the form of amorphous silica.
Trough the biological nature of the transpiration, silica
deposition in the plant increase in all parts of the plants.
Research outputs indicated that more water absorption
could improve more silica deposition in the various plant
components [20, 62, 63]. Currie and Perry [64] have re-
ported that diferent plants were identifed as signifcant
contents of silica, such as wheat, rice, bamboo, sunfower,
sorghum, and corn. Usually, silica has been deposited at
leaves, stems, and other plants parts ranging from 0.1 to 10
w/w%. According to Currie and Perry [64] and Norsuraya
et al. [61], present of silica content in agricultural residue can
be varied with respect to species, season, plant maturity, and
geographical location of the farm.
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Table 1 presents the availability of silica composition in
diferent agricultural residues reported by diferent in-
vestigators. From these observations, the presence of silica in
various agriculture residues that vary from 46 to 95.5%;
however, the composition depends on the type of biomass
sources.

2.1. Biomass Source

2.1.1. Rice Husk and Straw. Rice husk has been investigated
for its potential as an energy source as well as a source of
silica [65]. Gu et al. [66] investigated in their research that
rice husk ash is primarily made up of silica, which can be
used in wastewater treatment and other industrial uses. Silica
particle extraction from rice straw ash is a green approach
that protects human health and the environment.Te widely
used process for producing silica in industries involves
fusing sodium carbonate and quartz at high temperatures
that range from 1700 to 2000°C for sodium silicate pro-
duction, which is then precipitated with sulphuric acid to
recover silica. Ma et al. [67] reported that 0.23 tons of carbon
dioxide are released to the environment for every ton of
silica produced, escalating the greenhouse impact.
According to Carmona et al. [68] that rice husk contains
around 20% minerals as well as organic compounds in-
cluding cellulose, hemicellulose, and lignin, where silica
makes up 94% of minerals, with the remaining 6% made up
of aluminium oxide, potassium oxide, magnesium oxide,
calcium oxide, and phosphorus oxide. Te soil’s composi-
tion varies from location to location depending on the kind
of soil, fertilizers applied, and weather conditions [3].
Ramadhansyah et al. [69] observed that 93% of silica was
gained from rice husk material. Moreover, from rice hulls
contain 8.7–12.1% of silica content [70]. Trubetskaya et al.
[71] report that the dry matter of rice husks contains a larger
fraction of silica with 9.8%.

In yet another study, extracting high amount of silica
using acid treatment method can be used to remove the
presence of trace quantities of cations to increase the SiO2
yield from the rice husk [70]. In such processes, the husk is
subjected to calcination process followed by sodium hy-
droxide treatment in the preparation of sodium silicate. In
order to control the size of nanoparticles, the aging time and
temperature need to be adjusted during the reaction [72].

Rice straw difers from other cereal straws since it has
high silica concentration and less lignin [73] and is referred
to as a stem of plants [2]. In general, the stem is separated
after harvesting rice grains and considered as by-product or
biomass waste. It is found to be rich in silica. Diferent
studies indicated that the silica content in the rice straw is
comparatively higher than in other parts of the plants.
Studies revealed that the composition of the rice straw ash
content (13–20%), the percentages of cellulose (32–47%),
hemicellulose (19–27%), lignin (5–24%), and other com-
ponents (13–20%). Other ingredients in rice straw include
silica, which makes up (60–80%) of the total weight. Owing
to the silica content present in the ash obtained from rice
straw, it can be considered a promising raw material for

silica synthesis [2, 9]. Khaleghian et al. [74] reported that the
content of rice straw ash has 10–17%; from this, around 75%
is the silica content. Te chemical makeup of rice husk and
straw has been reported by diferent investigators are
summarized in Table 2.

Studies revealed that the rice husk from India and
Cambodia have almost the same composition in the SiO2
content (80% and 80.18%, respectively) [76, 77]. Besides, the
rice husk from China had 94.79% of SiO2 content [75]. In
this line, the rice husk obtained from Bangladesh [79], Brazil,
Canada, and Malaysia also have better silica content, such as
89.86%, 92.9%, 97%, and 93.1%, respectively [59]. It is ap-
parent that based on its geographical nature, SiO2 content in
the rice husk is found to be low in Cambodian and Indian-
based rice husk.

After rice husk, one of another important origins for
silica are rice straws. Accordingly, rice straw from Indonesia
(84.60%) [9] and Italy (83.20%) [77] were observed to similar
in their silica composition. While comparing to the SiO2
content of rice straw from the China (73.26%) [75], Egypt
(57.90%) [78], and Vietnam (50.68%) [77], the yield of SiO2
for Indonesian’s and Italian’s rice straw were found to be
high. Yet another climatic factors, such as humidity level, air
quality, sun light exposure, use of fertilizers, soil nature, and
farming conditions, can also be decided the amount of silica
present in the agriculture residues [78]. However, the husk
obtained from the rice plant, contains 1.6 times more silica
than the rice straw because of the plant’s accumulation
mechanism as aforementioned. Schneider et al. support this
result and they observed that the rice husk has 1.8 times
more silica content than rice straw [77] because of the
biomass features where they are geographically located, even
the other components contents also found to be varied.

2.1.2. Sorghum Bagasse. Te grasses of sorghum can store
silica in the form of silicic acid that can be precipitated as
amorphous silica, commonly, known as phytoliths [81].
Tey absorb silicic acid from the soil and deposit as solid
silica in their leaves. Tis mineral, which makes up 1–10% of
the dry weight of grass mass, increases the resistance of plant
to various stressors. However, even such a mineralization
process is still poorly understood that needs to be in-
vestigated in detail about the mechanism for increasing
stress tolerance [82]. Bioresidues from the red grain sor-
ghum husk comprise both organic and inorganic materials,
such as cellulose, hemicellulose, lignin, Na, Ca, Mg, Fe, K,
Mn, Al, and SiO2 [83]. With reacting low concentration
hydrochloric acid to the sorghum husk particles at pres-
surized temperature followed by calcination, silica phyto-
liths could be extracted [84]. According to Periasamy et al.
[85], signifcant amount of pure silica (95%) and negligible
amount of magnesium were found in this biomass [85].
Sweet sorghum (Sorghum bicolor (L.) moench) is one of the
common crops Africa sub-Saharan. It is a subsistence crop
that can grow at diferent climatic environments. It is pri-
marily utilized for the preparation of bioethanol [6], food,
fuel, fber, and brewing. Te sweet sorghum bagasse is left as
a solid residue that remains after collection of its grains. Its
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bagasse has been mostly used to prepare the reinforcing
composites woods, silage feed, and pulp manufacturing for
paper. Studies on the composition analysis of sweet sorghum
bagasse reveal that the contents vary with respect to its
genotype, environment, and plant maturity [86]. Sorghum
plant has eight diferent types, and all types show a signif-
cant variance in the amounts of ash, silica, iron, and calcium.
In all the types, silica is found to be in the range from 8.10 to
10.78% in the ash obtained from its roots. Te amount of ash
in the sheath and leaves varied similarly. Te roots’ silica
concentration ranged from 4.37 to 5.72% [87].

2.1.3. Tef Straw. Tef grain is a specifc source of traditional
food in Ethiopia. Te chemical analysis on tef straw, which
is grown on diferent parts of Ethiopia has been demon-
strated with diferent compositions of silica. However, the
chemical composition of tef obtained from various agro-
ecologies was observed to be similar [88]. Commercially, Tef
straw is worthless in Ethiopia except for traditionally used
for animals feed and mud house construction as a binder. In
some provinces, it has been under taken to open air burning
to discharge the nutrients as manure for further cultivation.
Nevertheless, this approach could cause air pollution on the
surrounding [7]. More than twomillion tons of tef straw are
thrown out with the trash each year.Tese are plenty enough
for the production of silica material. Recently, diferent
studies were documented on the tef straw utilization for the
purpose of producing biogas, biomethane [89], and re-
moving toxic heavy metal such as Cr (VI) from aqueous
solutions [90]. According to [7], thermal method had been
used to obtain 91.82% of pure biosilica from the tef straw.

2.1.4. Wheat Straw and Husk. Wheat is one of the most
widely grown crops, covering more than 20% of the global
agricultural product [91]. Wheat grain has better protein. It
contains unique physical and chemical properties. It is
consumed by major populations in the world because of its
better protein content as compared to cereal crops, rice, and
maize. It has very good source of carbohydrates andminerals
such as phosphorous, potassium, calcium, magnesium, iron,
boron, and zinc [92]. Wheat husk is a biomass residue
remained after harvesting and mostly used for the

production of energy. Terefore, generating energy from
wheat husk has great potential especially in the wheat
producing countries. Wheat straw contains considerable
amount of silica of about 9% that found in the form of
hydrated which can be recovered as amorphous silica under
a programmable burning condition [93].

In recent times, it is used as substrate for ethanol pro-
duction in second generation process [94]. Waste biomass of
the wheat straw is a promising renewable energy source in
the forms of liquid, solid, and gas fuel. Additionally, when an
agricultural by-product of wheat straw is burned, a signif-
cant content of SiO2 can be obtained [95]. Besides, under
a controlled burning condition, from the wheat straw can
produced 10% ash, and from this ash can extract more than
70% of silica [96].

2.1.5. Bagasse and Leaves of Sugarcane. Sugar and ethanol
are the most extensive commercial product prepared from
sugarcane. A substantial amount of agricultural waste, such
as straw and bagasse, are produced during the sugar-making
process [11, 70]. Each ton of sugarcane is said to yield
200 kilograms of tips and straw and between 250 and 270 kg
of bagasse, while processing the waste. Te biomass created
in the sugar manufacturing sector results in ash, which is
either used as fertilizer or is just dumped in landflls.
Terefore, the use of landflls causes some environmental
and public health issues. Recently, construction industry led
to employ the sugarcane waste ash instead of cement or sand.
Te sugarcane ash contains a substantial amount of silica. It
could be a by-product with signifcant added value for
diferent industries, such as tooth pastes and the rubber
industry as strengthening agents [11].

Te chemical makeup of diferent biomasses is shown in
Table 3. According to these data, Wassie and Srivastava [99];
have reported that tef straw ash has a 52.23% silica [99].
However, Amibo et al. [98] observed the concentration of
silica was observed to be 92.89% [98]. Ash from wheat husk
comprised with 92.30% of silica [59]. From the studies
documented by Alves et al., sugarcane bagasse has
72.74–81.60% of silica [11, 27]; besides, sugarcane leaf and
wheat straw have showed, 80.14% and 73–73.15%, re-
spectively. Te level of the other inorganic by-products
composition was found to be low.

Table 1: Percentage of silica in ash produced by diferent biomass sources.

Feedstock Silica content
(%) Diferent methods Calcination temperature

(°C)
Type of
materials

Structural
properties Reference

Rice husk 97.44 Sol gel 850@3 hr Silica gel Amorphous [5]
Sorghum bagasse 96.36 Sol gel 600@3 hr Silica gel Amorphous [6]
Tef straw 91.80 Hydrothermal 900@2 hr Silica Crystalline [7]
Maize leaves 93.00 Leaching 500@4.5 hr Silica gel Amorphous [8]
Rice straw 84.60 Extraction 500@2 hr Silica Crystalline [9]
Wheat straw 83.00 Sol- gel 550@4 hr Silica gel Amorphous [10]
Sugarcane bagasse 81.60 Sol gel 550@1 hr Silica gel Amorphous [11]
Sugarcane leaf 80.14 Sol gel 600@1 hr Silica gel Amorphous [12]
Bamboo leaf 75.90 Extraction 950@1 hr Silica gel Amorphous [13]
Corn cob 52.32 Sol gel 650@3 hr Silica gel Amorphous [14]
Palm 46% Leaching 800@0.5 hr Silica gel Amorphous [1]
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2.1.6. Corn Cob. Corn or maize is one of the well-known
crops, which is frequently utilized as food in the world [3].
Te waste material from the corn is corn cob husks. In corn
cobs, silica considers the main inorganic component
[101, 102]. It is obtained in huge amount from the pro-
duction of corn processing as a waste. Normally, the by-
products, corn cob, are stored and burned in an open area.
Corn cobs contain notable amount of amorphous silica
[56, 103], which could be converted into silica after burning
in air and followed extraction using alkaline or acid solutions
[103]. According to [3], the ash generated from corn cob
comprises around 60% of silica. Tey have used a well-
grounded powder to produce silica, silica nanoparticles, and
silicates [3]. On other hand, the silica in corn plants is found
to be accumulated in other parts of plants such as fruits,
leaves, stems, seeds, and roots [39].

2.1.7. Bamboo. Bamboo is very famous biomass made by
lignocellulosic material. Using bamboo, diferent value-
added goods are attained. It is known to be nonwoody
plant commonly produced by primary shoot. It has various
uses, starting from diferent domestic products up to in-
dustrial utilization, such as nutrition, paper, pulp (textile,
toys, medicine sector, and aircrafts [104]), and building
materials [70]. However, the leaves obtained from the
bamboo plants are often considered as waste materials that
receives comparatively less attention. Nevertheless, it has
some signifcance in terms of presence of silica compounds,
which can be extracted and utilized [13]. Studies report that
the silica content of ash obtained from the bamboo leaf after
washed using acid was found to be signifcant [70]. Hence,
bamboo has similar chemical composition that of wood,
however, in terms of minor components, bamboo is known
to be higher content compared to wood [104].

Chemical composition analysis reveals that constituents
of bamboo fber primarily consist of hemicelluloses, cellu-
lose, and lignin. Tis contributes around 90% of total bio-
mass of the bamboo. It is also found that the presence of the
minor components such as tannins, fat, protein, pigments,
pectin, resins, inorganic salts, ash, and waxes in the bamboo
biomass. Tese ingredients are the key responsible for the
physiological activity of bamboo. Generally, they are found
in cavity of cells or special organelles [70].

2.1.8. Palm Mill Fly Ash. Palm oil is very famous which is
produced from palm (Elaeis guineensis) [105]. In the view of
silica-containing agrowastes, fy ash obtained from palm oil
mill can be a potential resource [54]. Around four million
tons of wastes are produced from palm oil mill per year in
Malaysia, which is the largest world producer. In the palm oil
processing, mills are utilized only 10% of the palm fruit
bunches, whereas the remaining 90% are simply discarded
[106]. During the combustion of residues, palm-oil-fuel-ash
is found to be a by-product from processing of palm oil
[107]. Te solid waste consists of 15% shell and 85% fber
that are utilized as boiler fuel whereas the 5% fuel might be
leftward as unburned material that generates ash. Alkaline
extraction and sol-gel precipitation using sulphuric acid

have been extensively used to produce silica that can be
precipitated from palm oil ash. However, the process with
the use of sulphuric acid requires a large volume of
chemicals which makes the processing cost expensive. Re-
cently, by another way, CO2 is employed to reduce the
amount of chemicals needed for this process. In addition,
this method can destabilize the silica extract easily for the
recovery of sodium hydroxide [54].

Table 4 demonstrates the biomass chemical composition.
Where bamboo leaf ash contains silica with a range from
75.90 to 82.86% [109, 111], followed by ash from corn cob
from 27.80 to 66.38% [59, 108, 111], and palm ash
40.60–63.60% [1, 59, 110]. Te other by-products from the
inorganic composition were at a lower level compared with
the major components.

Ashes from bamboo leaves, maize cobs, and palm leaves
were analyzed, and it was discovered that they included
oxides of aluminum, sodium, calcium, potassium, iron, zinc,
magnesium, titanium, phosphorus, sulphur, and chlorine.

3. Synthesis of Biobased Silica from
Biomass Resources

3.1. Preparation of Biosilica from Selected Biomasses.
Silica is extracted from diferent biomass sources using
diferent extraction methods. Silica is extracted from the rice
husk by two methods, extraction with alkaline solution, and
sol-gel technique [5]. Tese methods are found to be eco-
nomically feasible for the silica production [4]. According to
[10], wheat straw is treated with hydrochloric acid in mi-
crowave digester. After removing the excess acid, it was
calcinated at 550°C. Ten, the fne white powder was ob-
tained. Tef straw is also one of the most important silicas
bioresources, while silica is synthesized from tef straw using
hydrothermal method by refuxing with HCl at 80°C for 1 h.
Te prepared silica can be subjected to characterize using
diferent techniques to understand the physical and chemical
properties [7, 11]. Recently, the use of corn cob for the
biosilica production is signifcantly concerned bymost of the
studies. Initially, corn cob is subjected to grind to obtain fne
powder using size reduction techniques. In another way,
silica is obtained from the ash of corn cob using the acid
precipitation method [3]. In elsewhere, maize leaves are used
for silica production using leaching method [8]. Sugarcane
bagasse and leaves are another bioresource for biosilica
[3, 70]. Palm tree ash also has been investigated for silica
production by treating with acids. For this, appropriate
concentration of sulphuric acid, hydrochloric acid, and
nitric acid solution were widely used for silica extraction [1].

During acid extraction, the biomass residue was washed
and dried after that the size of the residue treated by HCl
solution. Ten it was dried in over with temperature of 60°C
for 24 h. Followed by subjected to burn in a furnace for 6 h at
800°C.

3.2. Preparation of Biosilica Nanoparticles from Selected
Biomasses. A beaker was contained 5, 10, and 15% of NaOH
solution and combined with rice husk ash. Te mixture was
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agitated for three hours. Te residue is washed with distilled
water after fltering the fnal mixture. Te fltrate from this
extraction is sodium silicate solution. Te sodium silicate
solution’s starting pH was calculated. When a gel forms or
condensation with an acid solution occurs, add HCl, and stir
until pH 7 is reached. To describe the gel, it was fltered,
rinsed with distilled water, and dried for three hours at 100°C
[112]. In other investigations, wheat straw samples were
burned of using a mufe furnace at 500°C for 8 hours before
being subjected to refux boiling in a 10 percent (v/v)
aqueous solution of HNO3. Te samples were then com-
pletely cleaned with distilled water before being burned of
400, 500, 600, and 700°C, respectively. For this process
porous silica nanoparticle was prepared [113].

3.3.Methods of Preparation. Silica is prepared from diferent
biomass resources [2] using various methods such as hy-
drothermal technique, combustion synthesis, chemical va-
por deposition, microbial hydrolysis processing [7], sol-gel
processing [10, 11], and chemical vapor deposition [114].

3.3.1. Sol-Gel Method. Sol-gel is a process by which
a transformation occurs in colloidal suspension of sol into
gel through 3D interconnecting network. Tis process yields
homogeneous and pure sol-gel. Sol-gel method can be
further processed to get diferent forms of desired materials
such as flms, fbers, and powders in submicron forms [3]. In
this method, suspension of concentrated hydroxide or
metallic oxide (sol) is involved. Te sol is dehydrated
through evaporation which results in a semirigid mass,
colloquially, and gel. In a controlled heating, the gelated
material can produce pure and mixed oxides. Te properties
of a particular sol-gel network are related to diferent pa-
rameters, such as temperature, pH, reagent concentration,
time of reaction, concentration of added catalyst, drying, and
aging temperature. Tese factors are signifcantly afecting
the condensation reactions and rate of hydrolysis [114]. Te
reaction is controlled by the reactants of alcohol, acid/base,

and water. Te particle size can be adjusted by precursor
concentration, pH, and reaction temperature [3]. In general,
the sol-gel technique requires important steps in order to
obtain fnal metal oxides which comprise condensation,
hydrolysis, and rate of drying. Accordingly, the metal pre-
cursor is taken to rapid hydrolysis reaction to produce
solution of metal hydroxide. In the process, a condensation
process leads to result in a 3D gel. By the end of the process,
the gel product is dried, and converted to a xerogel [115].

Sol - gel method is the most extensive method and applied
to prepare silica gel. Table 1 summarizes amorphous silica and
the yield of silica gel from various biomass. To eliminate the
volatile material from the sample, rice husk ash was calcined
at 700°C for fve hours. To create sodium silicate solution, rice
husk ash that had undergone thermal calcination was ex-
tensively combined with alkali solution. Trough the neu-
tralization of a sodium silicate solution, silica can be
produced. According to Ananthi et al. [18], the rice husks can
be steeped in nitric acid and precipitated silica to achieve the
maximum amount of sodium silicate solution [18].

According to [61], the silica gel content was leached out
from the aqueous phase in the form of soluble sodium
silicate according to

SiO2(Ash) + 2NaOH⟶
yields

Na2SiO3 + H2O (1)

Ten, silica gel was started to precipitate when the
pH decreased to <10. Te precipitation of silica gel has been
carried out according to

Na2SiO3 + 2HCl⟶
yields

SiO2 + 2NaCl + H2O (2)

Te solution (sol) was aged in mother solution at room
temperature for 20 hr and called silica gel [4].

Sol-gel method is able to produce thin and thick coating.
It has the capacity of sintering at low temperatures
(200–600°C). Sol-gel method is efcient with economic
feasibility that can produce better-quality product. However,
this method has some drawbacks, such as the product

Table 4: Composition of corn cob, bamboo leaf, and palm ash by geographical location.

Chemical components

Composition in percent
Reference

[59] [14] [108] [109] [13] [59] [1] [110]
Bangladesh Nigeria Indonesia India Indonesia Bangladesh Malaysia Malaysia

Corn cob Bamboo leaf Bamboo leaf Palm ash Palm ash Palm ash
Silicon dioxide (SiO2) 66.38 47.78 27.80 82.86 75.90 63.6 45.50 40.60
Aluminium oxide (Al2O3) 7.48 9.40 5.70 1.14 4.13 1.6 5.40 3.71
Ferric oxide (Fe2O3) 4.44 8.31 4.69 0.32 1.22 1.4 3.26 15.74
Calcium oxide (Zhang et al.) 11.57 16.70 14.03 2.57 7.47 7.6 12.80 19.60
Magnesium oxide (MgO) 2.06 7.80 9.50 1.35 1.85 3.9 3.20 1.30
Sodium oxide (Na2O) 0.41 1.89 — 0.18 0.21 0.1 — —
Potassium oxide (K2O) 4.92 5.42 18.49 3.27 5.62 6.9 23.30 13.80
Manganese oxide (Mn2O3) — 2.70 — — — — — 0.28
Phosphorus oxide (P2O5) — — — — — — 5.38 2.73
Sulphur trioxide (SO3) — — — — 1.06 — — 0.44
Titanium oxide (TiO2) — — — — 0.20 — — 0.35
Other components — — — — — — 1.16 —

8 Advances in Materials Science and Engineering



resulted with residual hydroxyl and/or carbon groups. It
needs long processing time.Te use of organic solutions may
result in handling of toxic [116]. Te process fow for cre-
ating silica gel from agricultural waste is shown in Figure 1.

3.3.2. Hydrothermal Method. Hydrothermal process is
a proven method for synthesis of nanomaterials. It is
principally a solution reaction-based approach [117, 118].
Tis method generally carried out at elevated temperature
and high pressure for crystal growth or crystal synthesis
since the substances is insoluble in normal temperature of
less than 100°C and pressure of less than one atmosphere.
Te elevated temperature of 250–300°C can produce the
maximum ionic product. In most of the time, hydrothermal
synthesis is carried out below the temperature of 300°C.
However, the temperature about 374°C, and pressure,
22.1MPa are found to be the critical condition. Studies
showed that under supercritical condition, the dielectric
constant, and solubility of compounds solvent properties
can be changed dramatically.

Because water has a dielectric constant of 78 at ambient
temperature, polar inorganic salts can be dissolved in it. Te
dielectric constant exhibits a decreasing trend while tem-
peratures rise and an increasing trend while pressure falls. As
a result, due to the enrichment of the reaction rate, and
massive supersaturation produced by the theory of nucle-
ation, supercritical water ofers a potential reaction feld for
particle development, and lowering its solubility [119]. Te
hydrothermal process can produce crystalline segments that
are unstable at their melting point. Tis process is suitable
for growing crystals of excellent quality while maintaining
good control over their alignment. Basically, the process via
which metallic oxide units develops the process of creating
metallic salt solutions, including hydrated metallic ions
[119]. Te hydrothermal process can produce crystalline
segments that are unstable at their melting point. Tis
process is suitable for growing crystals of excellent quality
while maintaining good control over their alignment. Ba-
sically, there is the process via which metallic oxide units
develops. It is used to create metallic salt solutions using
hydrated metallic ions that hydrolyze to metal hydroxides
and then continue to precipitate to metal oxides after de-
hydration. Hydrolysis is an electrostatic interaction between
metallic ions and hydroxyl ions.

Hydrolysis method is proven to be more efective for
determining the precise physical characteristics of novel
compounds and multicomponent physicochemical systems
under high pressure and temperature [114]. After acid
refuxing, biomass material samples can be used to make
biosilica components by hydrothermally decomposing the
organic constituents in an electric mufe furnace. 50 grams
of tef straw were placed in an electric mufe furnace and
burned for two hours at diferent temperatures (500, 700,
and 900°C) to produce ash. Tis experiment was conducted
by Bageru and Srivastava.Tey noticed that the tef straw ash
products include substantial amounts of biosilica compo-
nents [7]. Te availability of agricultural waste products that
can be converted into silica material is shown in Figure 2.

Te yield of silica from various biomass is shown in Table 1
with the majority of this method’s crystalline silica being
created for further use.

3.3.3. Chemical Vapor Deposition Methods. Commercial
nanoparticle material synthesis frequently uses chemical
vapor deposition (CVD). For a technique of components
exposed to one or more volatile pioneers, CVD is employed.
Te pioneers breakdown or react on the surface of the
substrate to produce a tinny flm or nonvolatile frm sum.
Te majority of its applications involve coating faces with
thin flms. CVD is also utilized to produce highly pure
nanocomponents, powders, and to build resource combi-
nations using penetration methods [3].

Te chemistry is ludicrous and many diferent kinds of
chemical reactions are intertwined due to the multipurpose
environment of CVD [120]. Single-walled carbon nanotubes
(SWNTs) are produced generally at lower temperatures of
600–900°C; however, higher temperatures of 900–1200°C
reaction encourage the formation of SWNTs. On occasion,
depending on the type of ingredients, carbon nanofbers and
nanobeads are also produced. A recent study discovered that
utilizing a superior nitrogen-pretreatment of the Fe-Mo/
MgO reagent, thermal CVD could make SWNTs with
substantially graphitized structure. Since it was concluded in
the complete comment that nitrogen-pretreatment enhances
catalytic activity and supports the development mechanism
to manufacture elongated SWNTs, it is similarly formed,
extremely graphitized SWNTs of enlarged size [114].

Te method that has been used commercially to remove
silica fne particles is one specifc beneft of CVD [121].
However, the drawbacks of CVD include peculiar equip-
ment and potentially hazardous gaseous unsatisfactory
yields [3]. Another difculty in the CVD manufacturing
process is controlling the stage structure, particle diameter,
and shape [114, 121]. Due to the gaseous undesirable
products’ high level of poisonousness, CVD requires spe-
cialized equipment.

Tis method of preparation involves depositing a thin
layer of gaseous reactants on the substrate. By combining the
gas molecules in a reaction chamber at room temperature,
deposition is produced. A chemical reaction occurs when
a heated substrate comes into contact with a gas mixture,
and a thin flm is produced on the surface.Tis thin layer can
be kept and applied in numerous ways. Te primary de-
ciding factor in this method is the temperature of the
substrate. Tis process produces evenly sized, exceptionally
pure, and mechanically stable nanoparticles. Two drawbacks
of CVD are the requirement for specialized equipment and
the severe toxicity of the gaseous by-products [122].

3.3.4. Coprecipitation Method. Complications may be sit-
uated where this type of method is infrequently agrees to
attain worthy macroscopic homogeneousness [123]. Its
production includes suspension of compounds of precursor
salt in media of aqueous followed by pH arrangement the
precipitate in the solution [114]. For metallic compounds of
two or more alignment the solubility of the constituents
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difers depending on the precipitate which occurred during
precipitation. Normally, for a condition of poor mixing or
a slow precipitate in the reaction intermediate, the pre-
cipitate which shows a heterogenous and coprecipitation
method is preferable one compared with other techniques
[123]. For preparation of metallic oxide powders and ce-
ramics material this method is preferred. Coprecipitation
techniques preferred not only as a simple method but also
easy for mixing of metallic ingredients which produces with
a low temperature treatment with perfect stoichiometry
[114]. To prepare molecular sieve for converting amorphous
to crystalline constituents with better thermal stability, using
hydrothermal treatments is preferred [123] rather than this
method. Silica gel acquired from diferent biomass materials
are presented in Table 1. Figure 3 presents a schematic il-
lustration for silica gel extraction process.

3.3.5. Leaching Method. Leaching is nothing but eliminating
constituent from solid through liquid withdrawal media. In
this method, the natural solid form the preferred constituent
spreads into the solvent. Tree imperative parameters are
found to be most important in leaching process that are
solvent selection, interaction time, and temperature. Tem-
perature must be attained to optimize production of bulk
transfer and solubility. It can be distributed into two classes,
namely, dispersed solid, and percolation. However, solids
are contacted with the selected solvent in the classes of
percolation and broadly used for exciting the solid quantity.
Whereas, for dispersed classes usually the solid becomes
grounded into small before adding into the selected solvent.

Additionally, liquid is added into the quantity of solid and
vice versa for the case of dispersed classes. To prepare
metallic oxides of silica, nitric, hydrochloric, and sulphuric
acids are widely applied [1, 8].

Temperature of 90°C is better than 80°C for leaching
performance of silica from rice husk ash which increased
from 92.40% to 99.30%. Similarly based on this performance
the Fe2O3 decreased from 2.26 to 0.43% at 90°C. With the
elevated temperature, the acid molecules gotten an addi-
tional kinetic energy, because of this the molecular move-
ment greatly increment, which results the rate of chelating
increased. In addition to this, the smaller the particle size of
the rice husk which gain larger surface area exposed and
making easier mass and heat transfer to the prepared husk
powder thus contributing in increasing leaching rate [124].
Temperature and particle size are the main determinant
factor to enhance leaching process efect.

Sol-gel, chemical vapor deposition, hydrothermal, and
leaching are a few of the various reported approaches that
have been summarized. Comparing the sol-gel approach
traditional methods, there are a number of benefts. Sol-gel
techniques sometimes include trade-ofs for better control of
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surface area, pore volume, and size dispersion. Additionally,
it is superior to other conventional methods for generating
high-quality materials that are homogeneous and pure at low
temperatures.

4. Characterization

Synthesized biobased silica material derived from the se-
lected biomass resource is characterized using diferent
techniques. Te major characterization techniques include
Brunauer–Emmett–Teller (BET), transmission electron
microscopes (Rodella et al.), X-ray fuorescence, X-ray
difraction (XRD) method, thermo gravimetric analysis,
diferential thermal analysis, Fourier transforms infrared
spectroscopy, Raman spectroscopy, and scanning electron
microscopes [125].

4.1. Brunauer–Emmett–Teller (BET). Adsorption is the
process by which gas molecules or atoms attach to a surface.
Te exposed surface area, temperature, gas pressure, and the
degree of gas-solid interaction all have an impact on how
much gas is adsorbed. Because it is readily available in high
purity and interacts strongly with the majority of materials,
nitrogen is often used in BET surface area analysis [126]. In
the BETmethod, where P is the system pressure and P0 is the
initial pressure, the specifc surface area can be evaluated in
the relative pressure range (P/P0) of 0.05 to 0.25. Te silica
nanoparticles’ pore volume was calculated using a pore size
analyser using the nitrogen adsorption isotherm at a relative
pressure P/P0 of 0.3 measurements of the porous size dis-
tribution [66].Te nitrogen adsorption isotherm of rice husk
ash at 77K is with a plateau near the relative pressure (P/P0)
of 1.0 was not reached by the adsorbed volume of nitrogen
on rice husk ash [127].

In studies elsewhere, Prempeh et al. [128] determined the
surface area using the BET equation for pressures between
0.05 and 0.3 (P/P0) is ftted on the data of adsorption in BET
analysis the adsorptive gas of nitrogen at 77K for this the
molecular cross section of it works with standards value of
0.162 nm2. At 0.98 the relative pressure of total volume was
determined. Using an indirect molecular adsorption tech-
nique, characteristics of the pore size can be determined.

Particle size reduction often supports adsorption,
a surface phenomenon. Smaller biomass particles are said to
have a higher ability for adsorption than bigger ones. Since
adsorption capacity and BET surface area are directly in-
versely related, larger particles with more BET surface area
should result in better removal rates [136]. Te surface area,
pore volume, and pore size of various types of silica gel,
silica, and biomass ash are shown in Table 5. Te generated
ash from bamboo leaves had a maximum specifc surface
area of 667.95m2/g, a total pore volume of 58.4ml/g, and an
average pore diameter of 99.97 nm after being heated to
600°C for 4.5 hours. [134] following that, rice husk ash was
discovered to have an average pore diameter of 1.98 nm,
total pore volumes of 0.6464ml/g, and a specifc surface area
of 653m2/g [135]. Silica obtained from the rice straw ash
with surface area of 413m2/g, total pore volumes of 0.2ml/g

and 1.9 nm as the average diameter of the pore [133].
Similarly, the highest surface are of silica gel from tef straw
with temperature 750°C at 2 h was found to be 305m2/g [98]
afterward, sugarcane bagasse silica with a surface area of
265m2/g, total pore volumes of 0.425ml/g, and an average
pore diameter of 6.250 nm came in second [11].

4.2. X-Ray Difraction (XRD). XRD method is known to be
an efective technique which is used to determine the crystal
structure of any materials [137, 138]. XRD analysis was
conducted by comparing the difraction lines of the samples
with those in standard from the powder difraction [125].
Based on this standard, XRD can determine the crystalline
nature of particle of bigger size of 3–5 nm. Te chemical
phase confguration and the bulk materials of crystalline can
be analyzed using XRD. XRD instrument have electro-
magnetic radiation which has a wave length size that ranges
from 0.01 to 0.7 nm. Tis range is comparable with spacings
of the lattice planes in crystalline form. Te spacing size of
metallic atoms always is between of 0.2-0.3 nm. X-ray
photons are dispersed in a diverse way whereas the X-
rays beam incident interrelates with the exact atom.
When there is no change in incident photon and diferent
photons of energy were scattered, and this revealed their
elastic nature. Te superposition of distributed waves and
the advantageous behavior of wave phase interference are
both possible. However, because of the phase, destructive
interference cannot occur. Te creation of periodic planes in
coherent stutterers is caused by the atoms’ crystalline planes.
When diferent kinds of atomic planes are created by dif-
fraction patterns, which provide information about how the
atoms are arranged within crystals.

Te amorphous nanosilica was discovered at the peak of
2 equal to 220 in the prepared rice husk ash at temperatures
of 500, 700, and 1000°C. According to the silica activity
index, the absence of the crystallin phase is largely supported
by the lack of strong peaks that would have indicated the
absorption of crystal structures that were organized. When
rice husk is prepared sustainably at a lower temperature,
potassium is found since there are no carbon peaks, and the
material is porous. In contrast, the rice husk needs to be
washed in acid solution prior to thermal treatment in order
to primarily remove the potassium content and remove any
fxed carbon from the raw materials. Te particles’ half-
width of the peak can be calculated using (3) Scherer’s
formula.

Scherer’s formula can be expressed as follows:

D �
K∗ ʎ

β∗ Cos θ
, (3)

where K (constant)� 0.9 nm, λ� 1.542 Å (angstrom) by
means of wavelength Cu-Kα and radian of β. Te nanosilica
materials were produced near to 7 nm, these results can be
determined manually using the chart of XRD [139].
According to Bageru and Srivastava [7], the amorphous
nanosilica was discovered at the peak of 2 equal to 220 in the
prepared rice husk ash at temperatures of 500, 700, and
1000°C. According to the silica activity index, the absence of
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the crystallin phase is largely supported by the lack of strong
peaks that would have indicated the absorption of crystal
structures that were organized. When rice husk was pre-
pared sustainably at a lower temperature, potassium is found
since there are no carbon peaks and the material is porous.
In contrast, the rice husk needs to be washed in acid solution
prior to thermal treatment in order to primarily remove the
potassium content and remove any fxed carbon from the
raw materials. Te particles’ half-width of the peak can be
calculated using (3) Scherer’s formula. It was found that
purity of the biosilica increases with temperature. However,
while increasing the temperature amorphous nature of the
silica after 700°C was observed to lose, in case of Figure 4(b)
by the hydrothermal method, the same was observed as
result. In case of Figure 4(a) using the sol-gel method of
potential virtually removes all other ingredients, and only
amorphous biosilica is formed outside of the temperature
range of 500–900°C, according to the XRD pattern [7, 97]. In
addition to this, in Figure 4(c) the presence of silica, which is
present as crystalline ash is shown by the signifcant peak
detection at 20.9 and 26.6 in section (a). Te extracted silica
is primarily amorphous, as evidenced by the broad X-ray
difraction pattern in section (b), which is typical of
amorphous materials. In general, it has been observed that
the difraction broad peak at theta� 22° suggests amorphous
silica together with some crystalline silica in section (c)
[111].

4.3. X-Ray Fluorescence Method. X-ray fuorescence (XRF)
method is a nondestructive elemental analysis method that
can be used for any material. Tis method is most applicable
for pharmaceutical, environmental, forensic, industrial, and

diferent scientifc researches areas. XRF is used to determine
the elemental concentration of contaminants or constituents
based on peak’s energy comparison using the element’s
binding energy. According to scientifc research studies, X
[140] have reported that the chemical composition of rice
husk ash has been determined using XRF technique with
sample in oxides forms of silica content of 95.6wt%, 96.1wt
%, and 95.89wt% at calcination temperatures of 400, 450,
and 500°C, respectively. Based on XRF, it was observed that
the commercial biosilica is found to be 98% pure. However,
from the tef straw ash, the biosilica wasmet a good purity up
to 92%, while the tef straw ash burnt at 900°C. For tef straw
ash obtained at 500 and 700°C, concentration of biosilica was
reported to be 85 and 91%, respectively [7].

4.4. Termo Gravimetric Analysis. Termo gravimetric
analysis (TGA) is a method with modifcation in mass of
samples to be examined through a rise in temperature at
quantifed with heating rate and vapor environment [141]. In
the processing of TGA investigation, the loaded sample with
the microbalance arm used for suspension of the small
crucible of platinum. Te oven temperature can be easily
measured and examined. Investigation is supported by rising
the temperature of sample, progressively in a fow N2, Ar,
He, and the sample weight can be schemed in contrast to
temperature. Heating rate, the quantity of sample, fow of the
carrier gas is some of the most afecting parameters. In-
vestigation of materials of volatile, moisture content, and
thermal stability are some of the major analyzations based
on TGA. TGA techniques can also studied for the de-
termination oxidation, chlorination, hydrogenation, and
desorption/adsorption supported with reaction kinetics for

Table 5: BET.

No Biomass sources Temperature (°C) Surface area
(m2/g)

Total pore
volume (cm3/g)

Average pore
size References

1 Tef straw ash
500 @2 hr 52 — —

[97]700 @2 hr 61 — —
900 @2 hr 81 —

3 Tef straw silica gel 750 @2 hr 305 — — [98]
4 Rice husk ash 850 @3 hr 72.26 — —

[129]2 Rice straw ash 850 @3 hr 94.53 — —
6 Corncob ash 850 @3 hr 203.03 — —
7 Rice husk ash 700 @5 hr 236.20 0.54 9 [130]
3 Rice husk silica 600 @2 hr 218 0.32 5.56 [131]
4 Sugarcane bagasse ash 550 @1 hr 1.50 0.0049 10.790 [11]5 Sugarcane bagasse silica 265 0.425 6.250
6 Coconut husk ash

600 @2 hr
56 0.14 —

[128]7 Corncob ash 70 0.14 —
8 Corn husk ash 91 0.21 —
9 Rice husk ash 800–850 296.98 0.57 7.68 [132]
10 Rice straw ash 413 0.2 1.9 [133]
11 Bamboo leave ash 600@4.5 hr 667.95 58.4 99.97 [134]
12 Rice husk ash 700@4 hr 653 0.64647 1.98 [135]
13 Rice husk silica gel 650@ 6 hr 258 12.1 [76]
14 Sugarcane leaves ash 500@ 4.5 hr 323 0.41 5.0 [8]15 Maize leaves ash 182 0.34 7.0
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gaseous reactions. Besides, the TGA techniques study can be
applied for pyrolysis kinetics, for example, carbonization
and sintering. Te TGA analysis have been presented on the
mass loss in temperature range of 230–520°C. During this
range, the loss is much higher than the temperature range of
520–1000°C. Te tef straw ash production was higher from
500 to 700°C than with temperature range of 700–900°C [7].

4.5. Diferential Termal Analysis. Diferential thermal
analysis works with the same rate of temperature diference
between the reference and sample. In DTA analysis, identical
thermal condition is used for heating the reference and
sample in the same oven. Where on the period of heating,
the reference and the sample temperature diference is
checked. When the samples are undertaken changes in state,
latent heat of the transition will be absorbed the sample
temperature is difer from the reference materials. Ten, the
temperature is recorded for both of reference and sample
materials. Along with temperature,the occurrence of change
can be detected [142]. Bageru and Srivastava [7] have studied
on the biosilica structures obtained from tef straw ash at
700°C. Tey have demonstrated that the size distribution is
not uniform compared with 900°C of tef straw ash.

Te derivative profle of DTGA indicates that the
temperature rises gives a change of mass loss. Figure 2
presents of the thermograph fnds three characteristics
conditions in the process of decomposition.Tere are ranges
of mass loss from 25 to 140°C. Te initial weight loss upto of
5.87% was occured due to the loss of water. Between 150 and
350°C, the DTGA results have shown the highest peak. In
this peak, the area of active pyrolysis was indicated. Gaseous
volatiles can be released when hemicellulose and celluloses
decomposed into smaller molecules. During this process
carbon monoxide and carbon dioxide is released by the
reaction carried out for removal of carbon and oxygen
eliminated from the polymer materials. Totally, in this
process, around 48.05% of the samples mass was eliminated.
Between 350 and 500°C, the pyrolysis is called passive. In this
stage, 20.14% of mass was out due to the composition
process of lignin, so-called passive pyrolysis zone. Studies
reported that the 20.14% of mass was released due to lignin
combustion at this process. When temperature becomes
550°C the mass becomes stable the content of ash or the
inorganic residue [143]. During this stage, the combustion
practice happened in three phases: 68–281, 307–381, and
408–454°C. When the frst two phases were described by
speedy devolatilization, the sample weight lost was from
25.43 to 45.15% this loss was a high considerable amount. In
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Figure 4: Schematic illustration of the XRD of (a) silica gel, (b) silica from tef straw, and (c) corn con ash, silica gel, and nanosilica gel
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the DTG curves, the two distinct peak of mass loss indicated,
whereas the third phase showed a slow process of degra-
dation [128].

4.6. Methods of Fourier Transforms Infrared Spectroscopy.
Methods of Fourier Transforms Infrared Spectroscopy (FT-
IR) is a known as vibrational spectroscopy grounded on the
occurrence molecular vibrations that can absorbs infrared
radiation. Tis method provides information about the
molecular structure of materials or compounds of functional
groups [144]. Te oxides and dioxides of the functional
groups of biosilica are observed to be nearby 470, 800, and
1100 cm−1. At the temperature of 900> 700> 500°C, as
shown in Figure 5(a), the tef straw ash’s areas and peak
height display increase in corresponding order. In similar
way the biosilica concentration order is improved with
increasing temperature. Peaks of C=O found on 1400 and
1600 cm−1, C-O on 2350 cm−1, C-H on 2860, and 2930 cm−1

were detected as unburned with peak strength order these is
due to the impurity of carbon. It is apparent that while
increasing the temperature impurity of the carbon was also
increased. Te spectra with peak of all samples visibly show
similar positions. In the same way which includes around
1100 cm−1 have a strong band, around 800 cm−1 have a sharp
band of medium and on around 470 cm−1 have a strong band
Si-O-Si asymmetric vibration have a strong absorption peaks
at 1100 cm−1 and the higher ionic character of the Si-O
group have a shear bands [7]. Te symmetric stretching of
vibrations of SiO4 tetrahedral is due to the band at 800 cm−1

and the Si-O bending band vibrations occurred due to at
470 cm−1 [146]. Te asymmetric stretching is found on the
broad band between 3000 and 3700°C and whereas the
silanol of O-H groups absorptions of the vibrations of
bending in most of the time caused by physical absorption of
water [147]. According to Figure 5(b), the vibration network
of O-Si-O is connected to the band 463–475 cm−1, while the
symmetric stretching vibration network of O-Si-O was
assigned to the band 791–807 cm−1. Broadband at
1633–1645 cm−1 is due to O-H bond bending vibration from
Si-OH silanol groups, while 3338–34,750 cm−1 is due to O-H
bond stretching vibration from Si-OH silanol groups and are
due to adsorbed H2O molecules on the silica surface. Band
1071–1090 cm−1 was due to Si-O-Si irregular stretching
vibration [145].

4.7. Methods of Raman Spectroscopy. Te vibration and
rotation modes of molecules were studied by Raman
spectroscopy. Based on the Raman spectroscopy of each
compound have exceptional spectrum for the case of the
cross-reference. On the sample of the analysis a laser light is
focused which is due to the vibration of molecule. Because of
light scattering that results in shifting either down or up for
the energy of photon laser will be in the form of excitation
[148]. Tis method can be used for analyzing crystals and
molecules of the internal structure [138]. Tis all based on
phenomenon of scattering of electromagnetic radiation is
carried out by molecules. Elastic or inelastic scattering is
performed by molecules [138, 148].

4.8. Methods of Transmission Electron Microscopy.
Transmission electron microscopy is a system detecting
membrane surface. Te magnifcation of TEM is around of
50 million which is suitable for nanometer scale measure-
ments and more magnifcation compared with SEM [137].
Based on TEM information can the analysis can be made on
surface area and texture-based topography, shape, and size
of the particles based on morphology, arrangements of
atoms of crystallographic, and elements and their relative
amounts base on composition.

Rajaeiyan and Bagheri-Mohagheghi [149] have studied
on nanoparticles of the image using TEM was carried out.
Te particles were synthesized by sol-gel and coprecipitation
techniques strengthening at 1250°C. Te alumina particles
produced by coprecipitation system had the size of
10–50 nm of diverse shape which have been looked hex-
agonal of irregular or spherical. But, form the sol-gel
method, having the size scattering of 10–20 nm showed
more spherical which is for the case of nanoparticles of
alumina.

4.9. Scanning Electron Microscopy. For analysis of mem-
brane the morphology and topography data of the prepared
membranes SEM is one of the essential methods. Addi-
tionally, for the case of porous material to determine the
pore size method of SEM is most preferable one. In case of
a compressed membrane to measure thickness of the se-
lective layer SEM can be the appreciable method. In SEM,
samples should be in form of solid and moisture free.
Samples moisture can be evaporated because it works under
vacuum and also the sample is electrically conductive if not
coating by metallic component is preferable [137]. For
dealing the electron microscopic structure SEM is the most
used method. Surface area of the specimen can be scanned
for focusing the formed image based on SEM technique. In
this technique, the electron beam is also called as incident
beam where 10 nm is detected. Furthermore, 1 μm and also
in SEM instantaneously image is not formed where illu-
minating the whole part with a similar fashion with TEM.
When the sample must be made thin in TEM for electron
transition otherwise it will be scattered or absorbed. In
nutshell, the SEM technique can overcome for this limitation
[137, 138]. During the studies by Rajaeiyan and Bagher-
i–Mohagheghi [149], the particles image formed based on
SEM from the analysis of the methods of sol-gel and
coprecipitation was analyzed. In coprecipitation method
strong agglomeration and varied size of the particle is
formed where as in case of sol-gel method the particles
showed a uniform particle distribution as well as elongated
shape. Terefore, in sol-gel method the structure of gelati-
nous state is formed from the precursor which allowed
alumina crystalline of free from agglomeration.

Te SEM pictures in Figure 6 clearly reveal a diference,
which can be seen in the textures of the biosilica samples
prepared from tef straw. For example, in Figure 6(a) at
500°C particles’ darker colour and larger size indicate the
presence of carbon impurities that were left behind in the
sample after incomplete combustion at 500°C compared
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with biosilica prepared in Figure 6(b) at 700°C [97]. Te
micrograph of the rice husk ash instance demonstrates that
individual silica grains were not visible. Instead, the silica
formed uneven and cohesive surfaces by clustering into
spherical clusters [15].

5. Applications of Silica Gel

Silica gel is one of the most signifcant inorganic materials
that have been broadly known for stable and desirable
properties with respect to temperature and mechanical in-
fuences [12]. Silica gel has been exploited potentially for raw
materials to produce silicon carbide and soluble silicates.
Both of these materials are used in diferent applications
such as ceramics, electronics components, refractory in-
dustries, manufacture of glass, rubber tire flling material,
chromatographic stationary phase, adhesive, components in
the ceramic, detergent, and pharmaceuticals. As we know,

the price of mineral silica is quite expensive. Hence, the use
of biosilica has become better alternative for silicon chip
manufacturing [13]. Hence, it needs an efective production
of high value-added biosilica from a low-cost material that
can be an alternate way compared with the conventional
production method. Some of the major applications of silica
gel were presented as follows.

5.1. Applications of Nanosilica. Recently, a signifcant
amount of silica has been extensively used in diferent in-
dustries. In specifc, nanostructured silica has a potential
characteristic that is required for recent applications [150]
for biosensors, bioimaging, drug delivery systems [3],
drinking water, and wastewater treatment [46], CO2 capture
applications [151, 152], superhydrophobic coatings [153],
toothpastes as a cleansing agent, reinforcing agent, anti-
caking agent in salts, cosmetics applications [11], uses as

(a) (b) (c)

Figure 6: SEM examination of samples of biosilica made from tef straw (a) and (b) synthetically [97] and (c) silica gel from rice husk [15].
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Figure 5: FTIR spectra of samples of biosilica produced synthetically from tef straw (a) [97] and palm kernel shell (b) [145].
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a catalytic support in acetic acid steam reforming [19], in
agricultural and environmental remediation potential ap-
plicability [38], and so on. In other, silica gel is commonly
applied to absorb excess moisture present in the environ-
ment. It is put forefront of refrigerant drying, process in-
dustries, insulating glass industry, desiccant powder, and
packaging desiccants [106]. Silica gel desiccant in sachets is
considered to have a scavenger property for water [105].

Utilizing silica nanoparticles as reinforcement or fller in
sophisticated composite materials is one of their most well-
known uses. Te capacity to achieve homogeneous fller
dispersion, which afects how well silica-polymer nano-
composites perform overall, is one of its key features [121].
An essential step in preparing silica-polymer nano-
composites is the chemical modifcation of silica surfaces
with organofunctional groups. It has been noted that surface
changes promote the dispersion of silica nanoparticles inside
the polymer matrix while also improving the afnity be-
tween the organic and inorganic phases [154]. In the con-
crete industry, silica nanoparticles have the potential to solve
numerous technical problems relating to concrete materials
and signifcantly improve the mechanical characteristics of
concrete [155]. Tis nanomaterial also has efective since it
has a signifcant pozzolanic activity [156]. Concrete and
mortar materials can be benefted from the microstructure-
improving efects due to the colloidal silica nanoparticle
attachment [157].

5.2. Chemical Applications of Silica Gel. Typically, trialkox-
ysilanes with organo-substituted co-condensation or post-
synthesis grafting are used to functionalize silica particles
[158]. For instance, one of the most often used metals
functionalized onto mesoporous silica nanoparticles for
catalytic applications is aluminum. It was utilized to deliver
drugs [159]. Titanium oxide and iron oxide are incorporated
in produced silica nanoparticles. Te synthesized substance
was utilized in catalytic processes [160]. Silver nanoparticles
based on silica have recently been created and will be utilized
to treat Mycobacterium tuberculosis [161]. Similar to this,
copper, silver, and copper hydroxy salt were employed to
create the corresponding metallic silica nanoparticles, which
displayed positive and encouraging outcomes when used as
antibacterial agents [162].

5.3. BiomedicalApplication of Silica. A widely acknowledged
characteristic currently being researched is the use of tai-
lored nanostructures for the targeted administration of
medications to patients [38, 163]. Tese nanostructures can
serve as transporters and direct substances to particular
organs or human tissues. Due to their large surface area and
porous structure, mesoporous silica nanoparticles have
gained considerable respect in this regard. Recently, these
particles have been utilized as nanocarriers for the delivery
of medications [164]. Additionally, the hydrophobicity of
the medicines decreases absorption during oral adminis-
tration. Tis is enhanced by utilizing silica nanoparticles as
carriers for such hydrophobic medications, which have

demonstrated encouraging outcomes when administered
orally [163].

5.4. AgriculturalApplications. A bioactive component called
silica has been linked to fungicidal efects. Diferent in-
vestigations revealed that silica could increase the resistance
against fungal diseases. It has been proven that the envi-
ronmental stress and tolerance can increase; in nut shell, the
productivity of crop signifcantly improves [165]. It has been
demonstrated to boost the resistance of cucumbers to
powdery mildew [166], in cucumbers and grapes [167, 168].
In the recent past, in vitro studies have also been performed
to investigate the antifungal efect of silica, and in vitro
inhibition of mycelial growth of several phytopathogenic
fungi grown on potassium silicate amended media has been
reported [165].

5.5. Applications for Food Preservation. Many fruits can be
coated with hybrid flms made of silica to extend their shelf
life and keep fresher for longer [169]. It has been demon-
strated that some fruits can prolong their shelf life dra-
matically. Fruit has a tendency to make you lose weight,
better enzymatic activity, more reducing sugars, and a longer
shelf life [170]. Te addition of nanofllers such as silicate,
clay, and titanium dioxide to biopolymers may enhance their
mechanical and barrier qualities as well as provide additional
uses as an antibacterial agent, biosensor, and oxygen scav-
enger in food packaging [171]. Te bio-nanocomposite can
be utilized as an active food packaging that can interact with
the food in a number of ways, such as by releasing benefcial
components such as antibacterial agents and antioxidant
agents or by eliminating unfavorable factors such as oxygen
or water vapor. Additionally, the bio-nanocomposite can be
employed as smart food packaging that detects the features
of the packaged food, such as microbial contamination or
expiration date, and uses a mechanism to record and convey
information about the product’s quality or safety [170].

5.6. Industrial Applications. Silica nanoparticles are ideal for
a variety of industrial applications due to their mesoporous
structure and high surface area. Due to the exceptional
qualities these particles exhibit, more and more people are
turning to these applications. As an illustration, mesoporous
silica-based nanofbers have demonstrated remarkable po-
tential for immobilization and are thus an appropriate
material for encapsulation [172]. Moreover, by encapsu-
lating capsaicin using the same fber matrix, the enzyme’s
stimulation activity was increased. Tis demonstrates the
viability of employing mesopore silica nanoparticle fbers
used for enzymatic encapsulation [173].

5.7. Environmental Applications. Due to their toxicity, in-
ability to degrade, and long-lasting nature, heavy metals
such as arsenic, copper, cadmium, chromium, nickel, zinc,
lead, and mercury are important contaminants of fresh
water reservoirs. Tese heavy metal ions are naturally
present in the environment, but due to an increase in

16 Advances in Materials Science and Engineering



industrial waste, their concentration is rising right now
[174]. Te harmful ions get into the food chain and ulti-
mately get into people [175]. For instance, consuming too
much zinc may result in health issues such as stomach pains,
vomiting, and skin irritations, Ni concentrations above
a certain level cause lung and kidney cancer [176]. Natural
zeolites, naturally occurring silicate minerals, have been
utilized extensively in place of manufactured resins to
remove heavy metals from aqueous solutions due to their
inexpensive cost and high availability [177]. Moreover,
compared to controls, silica nanoparticles exposed to pol-
luted plants absorbed more air lead [178].

5.8. Applications in Water Purifcation. Using silica nano-
particles, heavy metals can be removed from aqueous so-
lutions. Te same has already been demonstrated in
a number of studies, supporting its use in the treatment of
industrial efuent [179]. Additionally, silica nanoparticles
have been demonstrated to reduce or completely eliminate
the biological oxygen demand (Sahebi et al.). Compared to
more traditional approaches that do not use silica nano-
particles, biological oxygen demand (BOD) activity is more
efective [180]. To test their antibacterial efectiveness,
synthetically made silver nanoparticles were mixed with
silica nanoparticles. Furthermore, the temperature and or-
ganic matter content of nanoparticles had a signifcant
impact on their antiviral activity. According to the study,
silica linked nanoparticles may be used as antivirals to
destroy viruses in wastewater [181].

5.9. For the Application of Semiconductor. Te main com-
ponent of the solar cell’s semiconductor layer may be silica.
Te semiconductor is a substance with conductivity that is
between that of an insulator and that of a conductor. Te
bandgap energy is the primary factor that determines how
a semiconductor interacts with other materials. Te dif-
ference between the valence band and the conduction band
section, which defnes the amount of transition energy re-
quired to convert the electron band from the valence band to
the conduction band, is determined by the energy bandgap
[182]. Bandgap energy for semiconductors ranges from 0 to
4 eV, whereas it is beyond 4 eV for isolators and below 0.5 eV
for conductors [183]. Due to the leaps made by excited
electrons, semiconductors are created as materials that
support electric currents. Te photovoltaic principle states
that silicon crystalline base material is used to create solar
cells because of its abundance, lack of toxicity, and high
conversion efciency [184].

6. Conclusions and Future Prospects

In this review paper, synthesis, characterization mecha-
nisms, and application areas of biosilica were reviewed.
Agricultural waste resources such as palm tree, wheat straw,
maize leaves, tef straw, sugarcane bagasse, rice husk, rice
straw, sugarcane leaf, oat husk, bamboo leaf, and corn cob
can be used as a source of silica was presented. From these
biomass sources, using diferent approaches such as sol-gel,

hydrothermal, chemical vapor deposition, impregnation,
electrodeposition, coprecipitation, and leaching method
synthesizing of silica gel have been described briefy. Ten,
using diferent characterization mechanisms such as BET,
XRD, TEM, and SEM were presented. Also, the multipur-
pose applications used in the form of catalyst, synthesis of
shear thickening fuid, chemically inert material, strong
adsorption capacity, ceramics, concrete materials, glass,
cement, medicine, supercapacitors, batteries, cosmetics,
detergents, adhesive agents, pharmaceutical, fne-chemicals,
clean fuels, catalyst support, microflters, thermal super-
insulation, controlled release of drugs, and good option to
deliver drugs of antibiotics were presented here. Tis review
indicates that the results from agricultural wastes source of
silica is an alternative one. Terefore, this form of silica basis
will contribute benefts used for a low-cost input material,
pure silica product, and environmentally-friendly.

Besides these, the subsequent features have a necessity to
be addressed in upcoming mechanisms: (1) advance studies
on agricultural leftover resulting biosilica in order to grow
better-quality fresh adsorbent on behalf of removing organic
and inorganic wastes from drinking and wastewater. (2)
Development of a high-yield and cost-efective biosilica
which replace an energy-intensive commercial sale product.
(3) Biosilica products have their own merits such as the raw
materials that are easily available, cost-efective, pure yield,
and environmentally-friendly. (4) Te merits and demerits
of each preparation method of biosilica are still not clear.
Consequently, scientists are quite challenged with in-
complete consideration in this zone of biosilica preparation.
On behalf of the advance argument on this fact of view, the
reader can denote the reference presented now. (5) In
emerging requirements for silica, there is an essential behalf
of critical care over the outline of favourable directive that
encourages the vast usage of used yields after leftover.
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Generally, solar dryer cabinets are made up of sheet metals that are heavy, costly, tend to rust over time, and possess the high heat rate to
the outer atmosphere. In order to overcome these drawbacks, this research urges to develop a natural fber reinforced polymer-based
cabinet dryer, specially designed and fabricated for the purpose of solar drying. Nylon is used as thematrixmaterial and Prosopis julifora
in particulate form is used as the natural fber reinforcement. Te dryer cabinet was designed at industrial scale to dry 5kg of ginger at
a single setting. Tis work also studies the efciency of the polymer composite cabinet integrated with a fat plate solar collector system
that is coated with copper and black chrome attached to corrugated fns in between the absorber plate and storage medium. Te FRP
chamber was compartmented in its interior with aluminium perforated sheets and experimentation was performed to determine the
efciency of the composite cabinet based on reduction of heat loss from the system. Te performance of the coating, storage medium
materials, and overall storage efciency were also studied. Te FRP cabinet resulted in a moisture level less than 8.5% within 4–7days.
Exergy studies showed 75% efciency and energy studies gave 25.5 kJ/kg peak readings of drying efciency for a period ranging between
11 and 12hours. Tis was a 75% increment in energy efciency. Termal degradation of the FRP material was found to be stable up to
300°C. Te overall weight of the constructed polymer cabinet was 25% lesser than the conventional systems.

1. Introduction

Ginger is a popular spice and cash crop all over the world.
India, China, Japan, Nigeria, and Indonesia are among the
countries that grow it. India is the world’s greatest producer
and consumer of ginger, accounting for 32.75 percent of
global output [1]. Te consumption pattern shows that
green ginger is used 50% of the time, dry ginger is used 30%
of the time, and seedmaterials are used just 20% of the time.
Dried ginger has a large market and is exported due to its
medicinal characteristics, which are used to cure stomach
aches, nausea, indigestion, asthma, and other ailments [2].
To avoid waste due to microbial and fungal attacks, the

economically valuable spice must be dried efectively to
achieve a very low moisture content. Drying has tradi-
tionally been crucial for preserving agricultural products
and extending the shelf life of food [3]. Drying diferent
food products can be carried out in a variety of ways. Te
traditional open-air drying method has a number of
drawbacks. For limiting product deterioration and re-
ducing drying time, numerous energy-based dryers are
available. Due to the increasing cost of energy, traditional
dryers and drying procedures are not cost efective [4, 5].
Drying has become an energy-intensive and unafordable
practice for farmers due to diminishing fossil fuel supplies
and rising costs [6].
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FRPs when compared with metals, avoid heat transfer to
a greater extent. Polymer composites are sustainable and can
be recycled during the end of their service life [7]. Tey also
tremendously help in weight reduction when compared with
the existing metal-based structures for solar dryers. Teir
ability to avoid rusting unlike metals and their inability of
undergoing chemical reaction with the product that is to be
dried or the fragments and evaporated vapours that are
developed by the drying process makes them a signifcant
material to be considered for the proposed application. Te
natural fber reinforced plastics provide the cheapest method
for fabricating FRPs [8]. Teir strength to weight ratio has
fascinated researchers to utilize them in versatile applica-
tions. Various natural fbers have also been studied for their
heat transfer analysis [9]. Prosopis julifora (PJ) is one of the
very successful natural wood fbers that has proven high
thermal stability and good mechanical character. Previous
studies depict that PJ wood has very low moisture absor-
bance tendency, high thermal stability, and is also a very
cheap source of reinforcement [10, 11]. Among the various
sizes of natural fbers long, short, and powdered, the small-
sized fbers have proven to show better thermal stability
which is a key factor to the application that the composite in
this research work is being developed for. Hence this re-
search considers PJ as the reinforcement material in the
particulate form. Table 1 portrays the chemical confguration
of Prosopis julifora natural wood fbers.

Various polymers in literature surveys have been de-
veloped by combining natural fbers for thermal-based
applications to resist heat transfer. Nylon is selected in
this research due to its complex polymeric structure giving it
its rugged construction. It is one of the promising polymers
that can withstand high temperatures and provides excellent
abrasion and good work life [12]. Tese properties of nylon
and PJ ensure a promising output. Tis project work is one
of the frst attempts made to fabricate a FRP-based com-
posite cabinet dryer for the purpose of drying agricultural
food products. Tis research examines the reduction of heat
loss in the cabinet dryer chamber, the economic feasibility of
the developed FRP cabinet, and experimental analysis to
evaluate the performance for drying ginger targeting suit-
ability for medium scale farmers and MSMEs. Mechanical
properties of biodegradable flm based polymers with nat-
ural fber reinforcements have also proven to have shown
outstanding performance along with thermal stability and
thermal degradation characteristics [13–15].

Natural fber reinforced composite materials are pro-
cessed in many diferent methods based on the end appli-
cation they are developed for [16]. Among the various
methods of processing of polymers such as hand-layup,
injection moulding, compression moulding, and in situ,
large-sized slabs are found to be best produced using the
compression moulding technique especially when natural
fber reinforcements are taken into consideration [17].
McHenry and Stachurski [18] have previously worked with
nylon-reinforced eucalyptus wood fbers to fabricate
a composite material specifcally designed for a fuidized bed
for mixing and moisture control applications. Re-
inforcement quantities of the wood fbers at 2.5, 5, and 7.5 wt

%were considered amongst which the 2.5 wt%wood powder
reinforced nylon composite had resulted with the highest
mechanical characteristics. Morphological characterization
had shown excellent adhesion of the wood fbers to the nylon
polymer. Termal degradation of the wood was initially at
120°C which had a drastic improvement of upto 230°C after
it was melt mixed into a composite with nylon. A hot press
was used to fabricate the composite slabs which resulted in
excellent bonding of thematrix and reinforcement materials.
Aydemir et al. [19] worked with Nylon 6 reinforced pine
wood fbers and maple wood fbers individually to form
composites for the automobile industry relating to hood
fabrication applications. A 60# mesh size was used to obtain
even sized wood particles which were reinforced into nylon
at weight ratios of 5, 10, 20, and 30%. Heat-treated wood
fbers and untreated wood particles were analysed during the
study. Composite compounding followed by the injection
moulding technique was followed for the fabrication of the
composite specimens. TGA carried out on the composites
showed a minimum thermal stability of 200°C for the un-
treated fbers and higher values for the heat-treated fber-
reinforced composites. Although rheological studies showed
that the viscosity of the 20 wt% reinforced composites were
very high, the mechanical properties were found to be best
for the 20 wt% wood fber-reinforced nylon composites for
both the cases of pine wood and maple wood fbers.

Te cabinet dryer is the most practically used space in
a solar dryer system for drying farm products. Higher heat
retention and low heat transfer from the outer atmosphere
and vice versa should be maintained for greater efciency of
the dryer. Tese factors leads us to the practical thinking of
FRP-based composites as an alternative for conventional
metal-based walls of the dryer cabinet due to their extensive
property of heat transfer resistance between mediums [6, 7].
In this research work, drying of ginger was undertaken to
study and investigate the performance of the integrated
composite cabinet with a solar fat plate collector.

2. Methodology

2.1. Experimental Design. Te solar collector was fabricated
to the following dimensions: 750mm length, 450mm
width, and 180mm·height; the dimension of the absorber
plate was 700 × 400 sq·mm and 0.8mm thick [14]. Te
schematic representation of the solar fat plate collector
with a black chrome coated absorber plate is shown in
Figure 1. A diverging portion is given at the collector’s
entry to allow consistent air transmission over the absorber
plate, and a convergent pipe with a size of 125mm length
and 45mm width was used to connect the collector and the
drying chamber composite cabinet. Te diagrammatical
model of the complete setup connecting the dryer solar
plate and the composite cabinet tower is represented in
Figure 2.

A primary solar collector (0.75× 0.45) m is positioned on
top of the dryer, which is protected by a transparent glass
cover. Forced convection provides fresh air, which is heated
as it passes through the solar collector on its way to the
drying chamber. It permits solar rays into the drying
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chamber, which speeds up the drying process due to the
greenhouse efect. Te dimensions of the composite drying
chamber are 750mm height and 450mmwidth. Five trays at
a distance of 100mm each were designed and placed at equal
intervals inside the composite chamber to facilitate loading
of the food products. To allow for improved air circulation,
the drying tray comprises of aluminium perforated sheets
with a surface area of 380× 380 sq·mm. On the sample
holding mesh trays, ginger slices (5 kg each batch) with
a moisture content of 621.5 percent d.b. were equally dis-
tributed. With an electronic balance scale, the weight of the
material was carefully measured at predetermined time
intervals to analyse the drop in mass due to dehydration. A
PT-100 sensor thermocouple with an accuracy of 0.5°C was

used to measure the temperature of the air at the inlet and
outlet of the solar collector at regular time intervals. Te
composite dryer cabinet made of fber-reinforced plastic
(FRP) had a wall thickness of 10mm. All direct experimental
data that were noted manually and using sensors were
tabulated and then provided as input to the Origin 8 version
software to obtain precision graphical representations of the
results.

2.2. Fabrication of the FRP Cabinet Material. Nylon 66 was
obtained from the Central Institute of Plactic Engineering
Technology at Hyderabad in India. Te nylon was in tiny
granular form in its virgin state. It had a specifc gravity of

Glass Cover Absorber Plate Copper Fins Sensible Storage
Medium

Insulation

80

55

50

700

750

230

Figure 1: Design of the solar collector plate.

Table 1: Chemical confguration of Prosopis julifora natural wood fbers.

Plant/wood fbres Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%) Wax (wt%)
Prosopis julifora 61.65 16.14 17.11 0.61
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Figure 2: Schematic diagram of the complete experimental setup with the integrated composite dryer unit.
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1.14 grams/cc and a melting point of 223°C as denoted by the
supplier. PJ wood was initially obtained from Namakkal
district in Tamil Nadu, India, and the wood was dried in
a furnace at 80°C for 48 hours to get rid of moisture in the
fbrils. Ten, the wood was sized down using machinery as
performed in previous experimental works by the authors
[10, 15] and fnally sieved using a 400# mesh size to obtain
the equally sized fne powder. Te powdered PJ was initially
dry mixed with nylon granules in calculated weight fraction
ratios of 80 : 20. Te literature records that 20 wt% re-
inforcement of natural fber particles into polymers deliver
composites with the best mechanical character [8, 11]. Ten,
the dry mixed materials were blended using a twin screw
extruder at 240°C and a rotary screw speed of 100 rpm. Tis
process ensured that the nylon and the PJ fber were blended
with each other completely and were obtained in the form of
composite pellets. Tese composite pellets were then placed
in the compression moulding machine and fabricated into
large slabs of dimensions 750× 450mm and uniform
thickness of 10mm.Te compression moulding process was
performed at a pressure of 6 bar and a temperature of 240°C
for a period of 12 hours. Te fnal product was then con-
structed into the outer layer walls of the drying cabinet using
mechanical fxtures. Test specimens of the fabricated
composite material were cut from the large slabs and were
tested for thermal stability using thermogravimetric analysis
(TGA) [15] and the water absorption rate to ASTM
D570 [20].

2.3. Experimental Calculations

2.3.1. Determination of the Moisture Content of Ginger.
Te formulae used to calculate the wetness of ginger using
the solar dryer system are tabulated in Table 2 and repre-
sented through equations (1–6). Physical errors such as fxed
errors, manufacture errors, and random errors were con-
sidered while other parametric errors such as relative hu-
midity, moisture loss, weight loss, solar intensity, and air
velocity errors were also considered during the
experimental phase.

2.3.2. Economic Analysis. Any system’s economic viability is
determined by doing an economic study of the system. It is
critical to determine whether a new technology is eco-
nomically viable before it can be successful and commer-
cialized. In this study, a variety of economic variables were
utilised to assess the economics of a hybrid sun-drying
system. Te total capital cost (C0) of the designed system
is calculated using equation (7) [27]. Te parameters and
their respective formulae that were considered for the
economic analysis of the drying system are tabulated in
Table 3 and are represented thorough equations (8)–(10).

CO� cost of materials used for fabrication of system-
+ labour cost (7)

In Table 3, C0 is the fabricated dryer’s capital cost in
rupees, t is the dryer’s life span (year), P is the daily benefts
gained from the dryer in rupees, n is the number of days of

operation per year (day), R is the repair and maintenance
cost in rupees, and D is the discount rate (%).

3. Results and Discussion

Te curve of dryer efciency during drying is shown in
Figure 3. Te range of dryer efciency during drying ginger
was in the range of 4.16–46.72%, respectively. Te average
dryer efciency of dried ginger was 28.96%, respectively. It
can be seen that using higher drying temperature would
increase the dryer efciency. Tis happens because higher
drying temperature used will generate more heat, which will
increase the moisture uptake by drying air and speeds up the
drying process. Tis will increase the dryer efciency [28].
Tis research showed results that coincide with few previous
studies. A solar LPG hybrid dryer applied for drying shrimps
where the dryer efciency was varied from 24.21 to 37.09%,
with the average value of 29.93% [29]. A second study used
cassava as the product to be dried. Te dryer efciency was
found to be 30% with an increase from 16%. Drying tem-
perature was increased from 40°C to 60°C [28, 29]. Another
study reported an average dryer efciency value of 27.1%
during seaweed drying using a solar tray dryer [30].

3.1. Quality of Dried Ginger. Four quality parameters of
dried ginger were tested in this experiment based on the
following criterion: aroma test, fat content, ash content, and
presence of moulds and insects during storage. During the
quality test, there were no changes in aroma of the dried
ginger. Also, no mould formation or insects was seen to
develop and the nil traces of fungal formation were endured
during storage of dried ginger. Both the fat and ash content
of dried ginger have satisfed the range of their respective
standard value. Te fat content decreases with higher
temperature (4.46% to 2.73%, for 40 to 60 degree, re-
spectively). Tis happens because higher temperature will
tend to deactivate the enzymes, thus halting the production
of volatile fatty compounds and reducing the fat content
[31]. However, drying helps to conserve the bioactive
compounds and unsaturated fatty acids which are more
adequate for consumption [32]. Te drying behaviour of
ginger was achieved maximum between 12 pm and 2 pm
where the hot air was set at 60°C. Te highest temperature
recorded was 61°C.Temoisture content of ginger decreased
drastically with increased drying time and reached a con-
stant value after due course of time.

3.2. Energy and Exergy Analysis. As incurred from the frst
law of thermodynamics, energy gain and energy utilised
were estimated for the solar collector system, while exergy
data were interpreted relating the second law of thermo-
dynamics to govern the type of exergy losses, magnitude and
the location during the drying process. Exergy loss was seen
to be dominant at the fnal trays due to the low utilization of
the available energy. Despite the energy utilization ratio and
exergy efciency of drying ginger varied from 15.3 to 25.4 kJ/
kg and 57.5 to 78.95%, and the ginger was sufciently dried
between the temperature ranges of 40°C–60°C and
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36°C–63°C at a relative humidity of 1.243m/s and an air fow
time of 6 hours [33]. Te reduced sun radiation during the
evening hours was not taken into consideration since the
literature states that the efciency of the dryer cabinet since
preheating using coarse aggregates help in reducing the heat
loss. Hence, the exergy performance quantifes the energy
loss in the solar-based system that is still based on the second
law of thermodynamics. Te energy and exergy perfor-
mances are graphically depicted in Figures 4 and 5,
respectively.

3.3. Economic Analysis of the Developed System. Te created
dryer’s economic analysis and related factors are based on
India’s economic circumstances. For ginger drying, a cost-
beneft analysis was conducted using the annualised cost
technique. 5 kilograms of ginger took 6 hours to dry in
a solar dryer. On a clear sunny day, 5 hours of drying time is
available on average. For a year, 200 days were counted as
clear sunny days.Te solar dryer’s capital cost is estimated to
be Rs. 30,000. Te solar dryer’s annual repair and mainte-
nance costs are calculated at 5% of the annual capital cost.
Drying cost for 5 kg of ginger with a solar dryer was esti-
mated to be Rs. 61 per day. In season, raw ginger costs Rs. 20
per kilogram. Te amount of electricity required to dry 5 kg
of ginger is 1.5 units. Dried ginger is worth Rs. 160 on the
market, and the daily beneft from drying is Rs.77. Te
annual cost of a specially developed drying system for ginger
is Rs. 21,700. Te beneft-to-cost ratio of the solar dryer that
was designed was found to be 2.41.Te cost-beneft ratio was
computed. Te developed FRP cabinet dryer had a payback
period of only 6months. When compared with the con-
ventional solar-drying hybrid system, the payback period is
short. As a result, FRP solar drying systems are cost efective.
Te usage of a solar dryer cut the drying time in half. It can
be seen from Figure 6 that the ambient temperature varied
from 26 to 28.96°C while the solar intensity varied between
721.54 and 1027.72W/m2, with the average of 780.13W/m2.

Ginger drying was tested for thermal performance and
drying qualities. Te moisture content of ginger decreased
from 83.3% to 10.41%, respectively, all on wet basis as shown
Figure 7. Te similar equilibrium moisture content results

were reported by several research work on potatoes [34],
tomatoes [35], bananas [36], and cucumbers [37]. Te net
beneft, beneft-to-cost ratio, and payback duration were
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calculated using economic analysis and it proved the devices’
economic viability.

3.4. Termal Properties of the FRP. A minor amount con-
sisting of a 50milligram sample was taken from the de-
veloped composite material to carry out the thermal studies.
Te specimen was placed in the crucible of a thermogravi-
metric analyzer apparatus of Model: S11TG/DTA 6300 for
analysing the thermal stability, thermal degradation initia-
tion and progression, and the complete degradation with
postresidue. All the properties of the specimens were ana-
lysed while maintaining the inner equipment environment
with nitrogen gas. Te variation of temperature was set at an
increment rate of 5°C per minute.Te testing was performed
between the temperature range initiating from 20°C upto
a maximum limit of 500°C [38]. Termal stability of the
composite was checked in comparison with plain nylon
polymers as well as plain PJF wood powder. Te thermal
degradation of nylon was highest and addition of PJ wood

powder as reinforcement acting like a thermal barrier similar
to a ceramic wool reinforcement in an exhaust system [39].
Signifcant amount of thermal stability increment was no-
ticed which was calculated to be sufcient enough for the
described application. Te maximum temperature of ther-
mal stability of the composite material was 200°C beyond
which marginal degradation showed reduction in a mass of
the composite upto 80%. Further increment in the tem-
perature showed abrupt degradation turning the mass of the
composite from 80% to 10% at 400°C. Beyond this point
minimal residue of the composite was found. Te TGA
curves are depicted in Figure 8.

Termal properties of the FRP as tabulated in Table 4
were analysed. Termal properties were found to be suitable
at the maximum internal temperature held within the solar
cabinet during the experimental phase when compared to
other conventionally used materials. Hence while using the
FRP walled cabinet dryer, it is not necessary to provide an
additional layer of glass wool, which is a common practice
followed while using sheet metal based dryer cabinets. Water
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absorption carried out to ASTM D570 for a period of
24 hours showed a negligible absorption rate of 0.06%. Tis
was due to the natural tendency of the fber to absorb
moisture.

4. Conclusion

(i) Te thermal efciency of the FRP cabinet dryer was
found to be 12% more efcient than the conven-
tional metal sheet based cabinet models and had an
overall weight reduction of the equipment by 25%.
Te polymer cabinet dryer is one of the most hy-
gienic and eco-friendly process.

(ii) Metal-based dryers can harm the food source due to
toxicity that appears by reaction of chemicals be-
tween the metal and the ginger juice; it makes the
food material less appetizing. Tis is prevented
when the polymer cabinet is used as an alternative.
It is also an economical and sustainable method of
drying.

(iii) It can be concluded that the solar drying method
introduced in this study is suitable for ginger as well
as other food materials and much faster compared
to other conventional methods, while still able to
maintain the quality of product.Te developed FRP
cabinet dryer is more suitable to dry the agricultural
products and it is environment friendly in terms of
avoiding harmful gaseous reactions that may be
emitted by the food products or the conventional
sheet metal glass wool method. It is also found to be
more economical and lighter in weight when
compared with conventional solar dryer cabinets.

(iv) It was found that fnal moisture content of ginger
dried between 40 and 60°C gives the best result.
However, the maximum drying was achieved be-
tween 11 and 12hours, which is much faster than
other ginger-drying studies using other types of
dryers. It is assumed that ginger drying takes place
primarily during the falling rate period, as evidenced
by the decreasing value of the drying rate over time.

(v) It was seen that the solar drying system made up of
nylon and PJ combined composite reduces heat loss
and does not afect the aroma of ginger. Te exergy
efciency of the dryer varied from 19.1% to 78.8%.
Te overall energy efciency of the dryer was 73.6%
through which observations showed that
1000 grams of ginger had been efciently reduced
by mass weight to 369.77 grams after the drying
period. Tis is considerably as efective as the heavy
and costly metal-based dryers.

(vi) Energy values showed a peak at 26°C at a 12 hour
time duration and exergy peaked at 80% for the
respective time duration. Economic analysis

revealed a beneft-to-cost ratio of 2.41. Tis proved
increased energy savings for a calculated period of
6months.

(vii) Termal stability of the nylon-PJ composite ma-
terial was stable upto 310°C beyond which degra-
dation stated and the complete degradation took
place at 400°C leaving behind a 5% residue at 500°C.
Tis proves that the material is optimally suitable
for the application that it was developed for.
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Metal matrix composites (MMCs) and their hybrid combinations are widely incorporated in research due to their enhanced
mechanical properties and wear resistance. In this work, an investigation is made to fabricate AA2024 matrix fyash and graphite-
reinforced hybrid composite for industrial applications and determine its suitability by performing testing and characterization.
Tensile properties and compressive strength, wear resistance, fracture toughness, impact energy, and the hardness of the
composites are evaluated. A tensile strength maximum of 300MPa was achieved. Furthermore, the thermal analysis of a disc brake
of this hybrid composite is performed using SOLIDWORKS software to identify the temperature distribution up to 469°K. Te
addition of fyash reinforcement shows the changes in properties with weight reduction. Although the content of graphite particles
shows a deterioration in mechanical properties, it acts as a lubricant and reduces wear by friction and friction between the
components. Te coefcient of friction (COF) for the specimen is in the range of 0.1 to 0.3. Te distribution of graphite and fyash
is analyzed using the scanning electron microscope. It was found that the properties of the prepared composite are lesser than the
base alloy AA2024, but the fabricated composite’s density (2.07 g/cc) is lesser than the base alloy AA2024 (2.78 g/cc).

1. Introduction

Te possibilities of obtaining a desirable blend of strength,
rigidity, toughness, or specifc weight using traditional
materials are limited. Composite materials have gained
signifcant attraction in recent times for overcoming these
inadequacies and meeting the excessive requirements of
today’s technology. MMCs have considerably enhanced
properties over conventional alloys, such as high specifc

strength, specifc modulus, dampening capacity, and abra-
sion resistance [1]. Some of MMCs’ physical properties, such
as their lack of signifcant moisture absorption, reduced
thermal conductivities, and resistance to most radiations, are
also advantageous. Composites with low-density and low-
cost reinforcing are becoming increasingly popular [2, 3].
Composites reinforced with fyash are anticipated to break
through the cost barrier for broad use in automobile and
light-duty applications [4]. As a result, it is anticipated that
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integrating fyash particles into aluminium alloys leads to an
efective application for the low-cost waste by-product and
also the capacity to preserve energy-intensive consuming
aluminium components [5]. Particulate reinforced alumi-
num matrix composites are gaining popularity due to their
low cost and benefts such as isotropic characteristics and the
ability to undergo secondary processing, allowing for the
creation of secondary components [6]. Cast aluminum
matrix particle reinforced composites ofer higher specifc
strength, specifc modulus, and wear resistance than un-
reinforced alloys [7]. Te shortcoming of aluminium alloys
is the minimal resistance to abrasive wear under low-
lubrication conditions and their signifcant retention of
the lubricating layer over the sliding surface, making tri-
bological applications difcult. Aluminium graphite particle
composites are self-lubricating composites that receive at-
tention from researchers because of their remarkable anti-
seizure efect, high thermal stability, excellent damping
characteristics, and reduced friction coefcient [8]. Tis self-
lubrication is caused by the shearing of graphite particles
under the composite’s sliding surface, which reduces shear
stress, alleviates permanent deformation in the subsurface
area, reduces the friction coefcient, and acts as a lubricant
[9]. As a result, the development and retention of this tribo-
layer on the sliding surface infuence the materials' tri-
bological behavior through material properties such as
chemical composition, mode of fracture, and material
thickness [10]. It is determined by the type of sliding surface,
the atmosphere, and the amount of graphite content in the
composite. It has been observed that increasing the graphite
component in Al/graphite composites reduces the wear rate.
However, there are claims that the wear rate increases with
the graphite content owing to a reduction in the fracture
toughness and hardness of composites [11]. Hence, extensive
experimental research is required to analyze the efect of the
inclusion of micron-size fyash and graphite with the matrix
AA2024 wrought alloy.

Te novelty of the paper is the hybrid combination of
fyash with graphite reinforcement, and the aim of the
present work is to fabricate the AA2024 aluminum matrix
hybrid composite using the stir casting setup and to char-
acterize the fabricated specimens, including the thermal
analysis using SOLIDWORKS software.

2. Materials and Method

Aluminum AA2024 alloy is the matrix for the hybrid alu-
minum matrix composite in the current study. It is utilized
in applications, which demand a high strength-to-weight
ratio, in addition, to excellent fatigue resistance such as
wings and fuselages in aircraft structures. Te chemical
composition of the alloy as per optical emission spectros-
copy is presented in Table 1. Flyash is one of the wastes
produced by coal burning. Te principal elements of fyash
are oxides such as SiO2, Al2O3, and Fe2O3, which are present
in the industrial by-product collected from the fue gas of
coal-burning electric power plants. It is widely used by the
construction industry for cost reduction in the
manufacturing of concrete structures, bricks as well as road

construction. Te composition of diferent fy ashes is
presented in Table 2. Graphite nature is soft and it has
a lubrication property [11].

Te stir casting method was utilized for the preparation
of AA2024 metal matrix composite as both class-F fyash
(100 grams� 10%), and graphite (50 grams� 5%) were the
reinforcements. Figure 1(a) shows the stir-casting process.
Te fabrication of a composite involves the addition of
dispersed phases into a molten matrix and subsequent so-
lidifcation. Initially, the mold for the casting and the re-
inforcement particles at the required weight was preheated
to 200°C in an oven. Te aluminum AA2024 (1000 grams)
was melted in the clay crucible in the furnace and followed
by the addition of reinforcement into the molten matrix,
which is at 680°C–700°C slowly with a rate of 1 gram per
20 sec. Te temperature was ensured with a thermocouple
and digital meter. During the stirring with a stirrer, the
chemical reaction took place between the matrix alloy and
reinforcement to develop homogeneous hybrid composites.
Te stir casting setup is utilized to achieve excellent me-
chanical properties owing to the increased interfacial
bonding among the matrix and fyash through the vortex
developed. Once the proper mixture is obtained, then the
temperature is measured and the prepared composite was
poured at the temperature of 780°C into the preheated mold
(Figure 1(b)). Tree molds are prepared for casting rods of
a diameter of 20mm, length of 300mm, and length of
350mm, as shown in Figure 1(c). Te required specimens
were cut from the cast for the characterization of micro-
structures, tensile, compression, and hardness testing. Wear
rate analysis was also performed on the prepared specimens.
Te cast rods are frst cut into various lengths according to
the specifcations. Now, the cut pieces are machined in the
lathe. Te specimen for the tensile test involves turning,
facing, and chamfering. Te specimens for the compression
test and wear tests involve turning and facing. It is found that
the density of the hybrid composite is lesser than that of the
base alloy AA2024. Tus, the weight is automatically re-
duced. Teoretical and experimental density values of the
hybrid composite fabricated are 1.97 g/cm3, and 2.077 g/cm3,
respectively. Tese values are lesser than the density of
AA2024 value of 2.78 g/cm3.

3. Testing, Results, and Discussion

3.1. Tensile Test. In the tensile test, the specimens are sub-
jected to uniaxial tension until failure. Figures 2(a)–2(d)
show the tensile testing (ASTM E8 standard) of the prepared
composite.Te tensile sample for testing was prepared as per
the standard given in Figure 2(a). Te prepared tensile
specimen and the specimen position in the testing machine
are given in Figures 2(b) and 2(c), respectively. Te tensile
fractured specimens are shown in Figure 2(d). Te neck
formation was not seen on the specimens after tensile
testing. Te recorded stress and strain curve during tensile
testing is given in Figure 3(a). Te tensile testing result was
almost the same for all three samples according to the stress
vs strain curve. It showed the ultimate stress was around
300MPa and the strain of around the 3.6–3.8 range. Te
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ultimate tensile and yield strength were observed and given
in the bar chart shown in Figure 3(b). Te values are noted
for three specimens, and the average value is considered the
fnal value. Te average tensile and yield strengths were
297MPa and 154MPa, respectively. Te composite strength
is lesser than that of the AA2024 alloy. Te reason is though
the graphite and fyash reduce the weight of the composites,
it decreases the composite strength. Te strain hardening
rate (h) was calculated based on the values of yield strength
(YS), and tensile strength (TS) of the prepared casting. It
decides the material ductility and is also an important
property for engineering applications [12]. It can vary
depending on the strain rate. Te estimated YS/TS ratio and
TS and YS diference are plotted in Figures 3(c) and 3(d),
respectively. Te decrease in this YS/TS ratio means an
increase in tensile ductility. Te value here is in the range of
0.5. Although all the samples have almost equal values,
sample 1 shows the maximum ductility with a 0.513 ratio
value.Tese values might be considered for the evaluation of
the strain-hardening exponent of the composite. Similarly,
the diference in tensile and yield strength has an impact on
the plastic deformation of the castings. From the data, the
values are in the range of 141 to 143MPa. Here, sample 1
showed a maximum value of 143.8MPa. According to Von
Mises’s statement, shear yield strength (τ) can be estimated
by VonMises’s yield criterion (equation (1)) [13]. Maximum
shear yield strength is 79MPa for sample 2 and a minimum
of 75.8MPa.

τ � 0.5σys, (1)

where “τ” is the shear yield stress in MPa, σys-yield strength
in MPa.

3.2. Compression Test. Te compression test is conducted in
the UTM (Universal Testing Machine). Here, the specimen
is subjected to a uni-axial compression until failure. Com-
pressive strength is the ability of a material to bear a com-
pressive load tending to reduce its height. As per Figure 4(a),
the compressive test specimen (100mm× ϕ20mm) was
prepared as per ASTM E9 standard and the specimen is
shown in Figure 4(b). Te Specimen after the compressive
test is shown in Figure 4(c), and the crack was found in the
center of the specimens. Te compressive test results are

given in Figure 5(a). Figures 5(b) and 5(c) show the load vs
displacement curve and stress vs strain curve for all three
specimens, respectively. Te ultimate compressive load and
ultimate compressive strength are taken from the graphs
generated for the specimens. Te values are noted, and the
average of the three values is considered the fnal value. Te
average ultimate load was 72.5 kN, and the average ultimate
compressive strength was 267.3MPa. It is found that the
compressive strength gets reduced with that of the base alloy
AA2024. During compressive testing, the maximum load
was obtained as 80 kN, and the maximum compressive
strength was recorded as 300MPa. From the graph, the load
obtained was in the range between 48 and 80 kN, whereas the
stress value during compressive testing was in the range of
180MPa–30MPa, as per plots Figures 5(b) and 5(c). Te
crack was found in the compressed samples. Te convex
portion propagates cracks and was highly afected by the
compressive load during the compression test.

3.3. Toughness Test. Te toughness of the composite is de-
termined by the Charpy impact test to analyze the amount of
energy absorbed by the prepared casting during fracture.
Tis study helps to study the ductile to brittle transition on
the material. Here, the impact test was done on the prepared
casting specimen (10mm× 10mm× 55mm) shown in
Figure 6(a). A V-notch was cut to a depth of 2mm at the
center. Te Charpy impact test was taken for three speci-
mens, and the impact energy was noted, as shown in
Figure 6(b). Te average value was around 1.52 kg·m. Te
toughness value gets reduced when compared to that of base
alloy AA2024.Te specimen subjected to impact is shown in
Figure 6(c). Te Rolfe Novak Barsom upper shelf correlation
[14–16] is given in equation (2) [17]. Using this equation, the
fracture toughness was calculated with impact energy. Te
recorded fracture toughness values are given as a bar chart in
Figure 6(d). Te values were in the range of 24.8 to
25.4MPa·m1/2. Te average fracture toughness was about
24.99MPa·m1/2.

K

Ys

 

2

� 5
I

Ys

  − 0.05 , (2)

where “K” is fracture toughness (MPa·m1/2) [18], “YS” is
yield strength (MPa), and “I” is impact energy (kg·m)

3.4. Hardness Test. A hardness test is performed to de-
termine the ability of the composite material to withstand
indentation [19].Te Rockwell hardness test (B scale) is used
in our current study to determine the hardness, which is
based on the depth of penetration of an indenter. Te in-
dentation on the specimen is shown in Figure 7(b). Te
hardness value is taken at three diferent spots. Te average
of the three values is taken as the fnal value and shown in

Table 2: Composition of various fy ashes.

Component Bituminous Sub-bituminous Lignite
SiO2 (%) 20–60 40–60 15–45
Al2O3 (%) 5–35 20–30 20–25
Fe2O3 (%) 10–40 4–10 4–15
CaO (%) 1–12 5–30 15–40
LOI (%) 0–15 0–3 0–5

Table 1: Chemical composition of AA2024 matrix.

Element Al Cu Fe Mg Mn Si Ti Ni Zn Cr Pb Sn
% 91.95 4.63 0.35 1.4 0.6 0.41 0.05 0.01 0.2 0.38 0.04 0.03
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Figure 7(c) for samples 1, 2, and 3. It was found that the
hardness of the hybrid composite was lesser than that of the
base alloy AA2024. An average of 63HRB hardness was
recorded.

3.5. Wear Test. Te tribological experiments were conducted
at a temperature of 30°C using the pin-on-disc apparatus seen
in Figure 8(a). Te tests were carried out at a 500 rpm sliding
speed, a 20N applied force, and a distance of 1000m. For the
wear test, pins having a diameter of 10mm and a height of
30mm were employed, as indicated in Figure 8(a). Te
specimen for wear testing is given in Figure 8(b). Te surface
of the pin was polished, as shown in Figure 8(c), and was
rotated against a disc. Te specimen after the wear testing is
shown in Figure 8(d). Te wear rate was determined by
observing the loss of weight during the testing. A digital
weighing scale with an accuracy of 0.1mg was used to de-
termine the weight of each specimen.Weight loss is defned as
the diference in weight of the test specimen before and after
testing. A graphite lubricating coating covers the whole worn
surface, eliminating direct interaction between the pin and
disc and lowering the friction coefcient signifcantly. Te
friction coefcient and wear rate for three distinct specimens
were determined, and the fnal result was calculated using the
average of the three data. It is found that wear properties have
shown improvement due to the addition of graphite.Tewear
rate and friction coefcient values are presented in Table 3.

Te coefcient of friction (COF) was calculated using (3) [20],
where the applied load/normal force (La) in “N” was 20N and
the frictional force (Ff) in “N.”

COF �
Ff

La

. (3)

By physically examining the test specimens before and
after wear testing, the changes in the cross-sectional area of
the specimens were easily comprehended. Very few weight
losses (in grams) were observed among all three specimens.
Te composite (sample 1) showed higher COF. A higher
COF means that more/higher Ff was present. Here, the COF
was less than 0.5, and its range was 0.1 to 0.3. If the COF
value is greater than 1, it means that the normal force is
weaker than the friction. Here, the addition of graphite
reduced the COF value. From the results, low COF showed
a high wear rate.

Figure 9 provides the relationship of frictional force over
sliding distance during the wear analysis of all three samples.
For sample 1, the frictional force reached 6.5N; whereas it
reached for samples 2 and 3 to 5.7N and 3.2N, respectively.
COF and wear rate are the functions of sliding distance [21].
Te wear rate and the weight loss values are low for high
frictional force. Tere are not many variations in the fric-
tional forces in the due course of the period while increasing
the sliding distance from 300mm onwards. Te value might
be changing according to the changes in the applied load.

Electrical motor

Stirrer screw

Reinforcement
Furnace
Crucible

Rotor
Liquid metal

(a)

Moulds
Liquid composite

Crucible

(b)

350 mm
300 mm 300 mm

All Diameter ϕ 20 mm

(c)

Figure 1: (a) Schematic of stir casting; (b) composite pouring; (c) prepared composite castings.
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3.6. Microstructure. Te scanning electron microscope
(SEM) that was used for this study is shown in Figure 10(a).
By utilizing a concentrated electron beam across the surface
of the material, the image is shown in Figure 10(b) was taken
at 25 μm size on the surface of the fnished specimen to
analyze its surface properties and access the dispersion of
fyash and graphite. From the microstructure analysis, the
distribution of fyash on the surface of the composite is
observed. It also shows the formation of pores and graphite
accumulation on the surface. Te accumulation of graphite

on the surface forms a lubricating layer so that it reduces the
wear rate by reducing the contact area and reducing the
strength and hardness also.

3.7. Termal Analysis. Te prepared hybrid composite can
be used in the application of disc brakes in automotive
applications. Termal analysis (Figures 11(a)–11(d)) was
carried out for a disc brake using SOLIDWORKS software.
Termal analysis was done for fnding out the temperature

R6

10 6

30 32 30

ALL DIMENSIONS ARE IN 'mm'

(a)

Sample 1

Sample 2

Sample 3

(b)

Tensile
specimen

Upper Jaw

Lower Jaw

(c)

Break

Sample 1

Sample 2

Sample 3

(d)

Figure 2: (a) Tensile sample dimension; (b) prepared cast samples for tensile testing; (c) tensile testing in the UTMmachine; (d) specimen
after tensile test.
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Figure 5: (a) Compressive test results; (b) relationship of load and displacement for the composites; (c) stress vs. strain curve for the
compressive test.

55 mm

Sample 1

Sample 2

Sample 3

Before compression

(a)

1.5

1.6

1.45

1.35

1.4

1.45

1.5

1.55

1.6

1.65

Im
pa

ct
 en

er
gy

 (K
g.

m
) 

Sample 1 Sample 2 Sample 3 

impact energy

(b)

Sample 1 

Sample 2 

Sample 3 

Afer compression

(c)

Sample 1 Sample 2 Sample 3 

24.85

25.69 25.42

20

22

24

26

Fr
ac

tu
re

 T
ou

gh
ne

ss
 (M

Pa
.m

1/
2 )

Fracture Toughness

(d)
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distribution in the disc brake plate during the braking action.
Te steps such as model creation, the meshing of the model,
and boundary conditions were involved in the analysis.
Initially, a model of a disc brake plate was created using solid
works software then the properties of the model are fed into
the software using custom properties. Te model creation of
the disc brake plate involved extrusion, revolved cut,

chamfering, etc. Te model created using the standard di-
mensions of the disc brake plate in motorbikes is shown in
Figure 11(a). Te created model was in turn meshed and the
mesh information was given in the fgure. Te maximum
aspect ratio is around 4. It was done to divide the object into
a fne number of elements so that the properties required can
be analyzed in each element. Meshing is the primary for

Table 3: Wear test readings.

Specimen Initial weight
(gm)

Final weight
(gm)

Weight loss
(gm)

Coefcient of
friction

Wear rate
(mm3/Nm)

Sample 1 6.3250 6.3130 0.0120 0.325 0.00028888
Sample 2 6.4877 6.4754 0.0123 0.285 0.0002961
Sample3 6.3487 6.3360 0.0127 0.185 0.0003057
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Figure 9: Frictional force vs. sliding distance curve recorded for the specimens.
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Figure 10: (a) Scanning electron microscope (SEM); (b) SEM image of composite.
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Figure 11: Continued.
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fnite element analysis. Nevertheless, the base portion of the
plate (i.e.,) hub portion was fxed as to boundary conditions
while the analysis. Te specifed area was the area of the
brake pad that was to be in contact with the plate. Tis

particular area is sensitive and bears the pressure of braking,
so a pressure of 1MPa was applied in that area, and the
results were analyzed. A maximum temperature of
469Kelvin was recorded.

(c)

(d)

Figure 11: (a) Disc brake plate model; (b) meshing of disc brake plate model; (c) thermal analysis (top view); (d) thermal analysis (bottom
view).
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4. Conclusions

Te AA2024-fy ash-graphite hybrid composite was suc-
cessfully manufactured utilizing the stir casting technique,
and the cast specimens were evaluated for analyzing their
mechanical and tribological characteristics. Te following
observations are made based on the experimental fndings:

(a) Addition of 10 wt. % fyash reduces the density of the
composite, thereby reducing the overall weight.

(b) Excessive graphite content increases the porosity and
cracks leading to a reduction in the mechanical
performance of the hybrid composite.

(c) Incorporated graphite particles act as a lubricant
during the abrasion process, reducing wear. Te
wear rate increases with applied stress, and at 5%
graphite weight, the wear rate and coefcient of
friction are reduced.

(d) Te AA2024-fyash-graphite hybrid composite can
be used in low-strength, less-weight, and high-wear
applications such as low-weight gears in marine
applications and low-duty motor and bike disc
brakes. It could also be used for making low-strength
fasteners in aerospace applications.
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ZrB2 particle-reinforced AA7475 is a potential material for high-performance aeronautical engine blades because of its ex-
ceptional characteristics. Te machinability of ZrB2/AA7475 metal matrix composites (MMC) is still a challenge because of the
infuence of ZrB2 particles.Te impact of ZrB2 particulates on themachined parameters of ZrB2/aluminummatrix composites was
explored experimentally in order to meet the needs of industry. Additionally, the best machining circumstances for this type of
material matrix composites were studied in this research. A surface roughness (Ra) and metal removal rate (MRR) multiobjective
optimization model was built, and a set of ideal parameter combinations was produced, with the surface roughness of ZrB2/
AA7475 material matrix composites being lower than that of the nonreinforced alloys at the same cutting speed.

1. Introduction

Aeronautics and other industries have greatly benefted from
particle-reinforced metal matrix composites (PRMMC), a
new family of materials with improved features such as a
greater ratio of mass to strength, a greater elastic modulus,
and better resistance to wear and tear [1–3]. Tere are two
ways to make PRMMCs, ex situ and in situ. Ex situ processes
use a subsequent technique, such as stir casting, to incor-
porate reinforcements into the matrix after they have been
synthesized separately [4, 5]. Ex situ composites frequently
exhibit particle segregation and poor interface adhesion [6].
However, in situ composites are made by directly synthe-
sizing reinforcement phases inside the matrix, which

improves adhesion at surfaces and hence increases me-
chanical characteristics [7, 8]. At the same time, the majority
of studies concentrate on the in-situ particle-reinforced
MMCs’ material preparation method [9]. Engineers need to
know how to machine these high-performance materials in
order to use them in their designs. Strengthening particles in
matrix are known to be extremely abrasive. Because of this, it
is difcult to machine MMCs, and the most common dif-
fculties are tool wear and low surface quality. Also, the
physical qualities [10]. In commercial practice, silicon car-
bide-particle-strengthened MMCs are frequently utilized
since the preparation method for ex situ material matrix
composites is signifcantly less difcult [11, 12]. SiC particle-
strengthened material matrix composites have been the
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subject of much investigation on wear resistance, surface
integrity, and the creation of chips [13].

Machining in situ MMCs, however, has received little
attention. MMC grinding behaviour was investigated by
[14, 15]. Surface quality was improved when removing
PTMCs from titanium-6aluminium-4V by using a small
depth of cut and a higher workpiece speed.Te experimental
results demonstrate that the brazed CBN wheel has a higher
beneft in terms of higher polishing of PTMCs than the
electroformed CBN wheel. MMCs with Al-6061-ZrB2 were
machined by [16, 17]. Cutting parameters were examined in
relation to tool wear, force of cutting, and surface roughness.
In terms of polishing PTMCs, it was observed that the brazed
CBN wheel had an advantage over the electroformed CBN
wheel [18, 19] for its machinability. Te efect of factors on
performancemetrics and the built-up edge and chip creation
are studied during turning operations. Using Al2O3 and
Al2O3-SiC as a baseline [20, 21], evaluated the machinability
of their innovative in situ ceramic strengthened aluminium
MMC. An analysis by [22] examined the mechanical be-
havior of ZrB2/Al7475MMC. Chip formation, tool wear, and
surface quality are all discussed. Findings from a study
showed that PCD tools were less prone to tool wear than
PCBN and layered carbide tools. Te most typical reasons
for tool failure include wear from abrasion, adhesion,
chipping, and peeling. Unlayered carbide tools have a tool
life ranging from three to twenty minutes, withmilling speed
having the greatest impact [23, 24].

Cutting circumstances for MMCs are the most impor-
tant part of a machining operation. When LM23 Al/SiC
particle composites were turned by [25, 26], it was dis-
covered that the surface fnish was impacted by machining
parameters. Te best conditions for increasing metal re-
moval rate while reducing surface roughness were found
utilizing RSM. A want function technique was utilized by
[27] to optimize machining parameters in order to decrease
surface roughness. V, f, and ap all afect fank wear and Ra in
spinning aluminum/silicon carbide particle MMC with an
unlayered WC addition in a dry environment [28]. A
Taguchi approach was utilized to discover the optimum
mixture of fank wear and Ra characteristics [29]. Soft
computing has also been used by certain researchers to help
them better optimize cutting parameters. Te surface
roughness of aluminum-silicon carbide (20p) was investi-
gated by [30, 31] utilizing PCD additions under various
cutting circumstances. ANOVA and ANN approaches were
used to analyze the experimental data. Al/SiC MMCs were
turned utilizing a PCD insert in an experiment conducted by
[32] a link was found among speed of cutting, feed and cut
depth as well as workpiece’s surface fnish and particular
power [33]. GRA was utilized to determine the best ma-
chining constraints. For aluminum/SiCp MMCs being
turned in a dry environment with an unlayeredWC addition
to cutting speed, feed rate, and cut depth have an efect on
fank wear and surface roughness. Te ideal combination of
wear of fank and surface roughness properties was dis-
covered utilizing the Taguchi technique. On the basis of
these fndings [34, 35], we studied the outcome of cutting
speed, feed rate, depth of cut, and cutting force on Al6061-

TiC surface roughness utilizing a Taguchi L27 orthogonal
array and ANOVA. Numerous studies on the mechanical
parameters and cutting characteristics of material matrix
composites supplemented with ex situ particles have been
conducted. Ex situ MMCs have diferent mechanical
properties than in situ MMCs because of their distinct
microstructures [36–38]. Due to these diferences in ma-
chinability, only a small amount of research has been done
on the machining parameters and cutting parameters for in
situ material matrix composites. Additionally, for industrial
purposes, machining efciency is a signifcant metric. A
ZrB2-reinforced MMCs sample is machined with various
cutting parameters to research the impact of reinforcement
particles on machining force and surface roughness. We also
developed, based on our experimental fndings, an approach
to fnding the best machining parameter combinations that
takes both MMR and surface roughness into consideration.
To summarize the paper’s organization, consider the fol-
lowing: Section 2 goes into great depth on the machining test
circumstances. Section 3 presents and discusses the exper-
imental outcomes. GA is used in Section 4 to establish and
develop the multi-objective optimization model. Here are
the fnal thoughts and plans for further research in Section 5.

2. Experimentation

2.1. Materials. Alloys of 7475 aluminium and ZrB2 (ZrB2
particles range in size from 50 nm to 200 nm) were employed
in this experiment, and the mixed salts method was used to
make the ZrB2 particles. Table 1 shows the theoretical
chemical composition (weight percentage) of a matrix alloy.
It is tabulated in Table 2 that ZrB2/AA7475 MMCs in situ
have the following mechanical and physical properties. Tey
were fashioned from square blocks of ZrB2/AA7475 MMCs
using the turning method, respectively.

2.2. Turning Criteria Used. A dry bar-turning approach was
used on a computer numerical control turning center for the
experiments. PCD tools were used in this experiment be-
cause the ZrB2 particles were so aggressive in their ability to
scratch and abrade surfaces. Table 3 contains the relevant
turning conditions.

2.3. Evaluation. Figure 1 depicts the cut-of force metering
apparatus. All forces are radial forces: Fc (cutting) and Ft
(pushing). A surface roughness tester (T620A) was utilized
to evaluate the roughness of the surface with a calculation
and cut-of length of 0.8mm. Te average values of the
measurements made at each position were calculated after
they were repeated twice.

3. Analysis of Experimental Result

3.1. Machining Forces. For a variety of cutting speeds, feed
rates, and cutting forces, the results are shown in Figures 2
and 3. In comparison to ZrB2/Al MMCs, the nonreinforced
7475 aluminium alloy has a lower cutting force. Te cutting
and thrust forces for 7475 aluminium alloy and MMCs are
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illustrated in Figures 2(a) and 2(b). Cutting speed has an
important impact on both cutting and pushing forces. While
MMCs are travelling at speeds of less than 60m/min, the
forces diminish rapidly as speed rises.

Te force rises signifcantly as speed is increased further.
Te following is a summary of how this works:

(1) When cutting speed increases, the tool-to-workpiece
friction ratio decreases.

(2) As cutting speed increases, the cutting temperature
rises, softening the metal matrix. Because of the two
factors outlined above, as the speed of cutting grows
from 10m/min to 60m/min, the force becomes less
signifcant.

Cutting and pushing forces are depicted in Figure 3
using various feeds. MMCs have a greater tensile strength
than the aluminium alloy 7475. As feed increases, so do the

pressures for both resources practically linearly. As feed rate
rises, the MRR rises, which necessitates a greater amount of
energy for chip creation. Te cutting force is increased as a
result. In contrast, MMCs have a far greater growth rate than
the 7475 aluminium alloy. Te forces exerted by the two
materials are nearly equal at low feed rates. Because of the
presence of reinforced particles in ZrB2/Al 7475 MMCs, the
shear stress rises with increasing feed rate. As inputs rise, the
diferential between MMCs and nonreinforced alloys widen.
A nonreinforced alloy’s thrust force is virtually unafected by
the feed.

To further our understanding of how reinforcements
afect force generation, we analyzed the force signals from
the dynamometer. Figure 4 depicts the highest forces
generated while spinning MMCs and AA7475 at 90m/min,
60mm/min feed, and a 2mm depth of cut at these various
speeds. When MMCs are turned, the force of cutting is
greater than radiated force. In contrast, when spinning
AA7475, the highest force of cutting is less than the ra-
diated force. Tis may have been caused by turning
AA7475. AA7475 is less rigid than ZrB2/AA7475 MMCs,
which makes the workpiece more prone to vibration during
the machining procedure. As an outcome, the cutting force
will be greater than the maximum radial force. Te V is
greater than average radiated force while turning 7475
alloy. Cutting force during the turning of MMCs difers
signifcantly from thrust force compared to AA7475,
suggesting that ZrB2/AA7475 MMCs are more heteroge-
neous due to the reinforcements. When turning both
materials, the radiated force variation is greater than the
force of the cutting and thrust force variations. Tis could
be because of vibrations that occur throughout the turning
operation.

3.2. Surface Roughness (Ra). Figure 5 illustrates how cutting
speed infuences surface roughness. ZrB2/Aluminum ma-
terial matrix composites have a lower roughness than
nonreinforced 7475 aluminium alloy at all cutting speeds.
Because of the reinforcing particles, ZrB2/Al7475 MMCs are
less ductile and more prone to fracture when turned. On the
other hand, as seen in Figure 5, raising the cutting speed
leads to lessened surface roughness. When cutting at a faster
speed, there may be a decrease in material fow on the side.
Figure 6 illustrates the surface roughness is infuenced by
feed rate. Maintaining a constant feed rate results in a linear
increase in surface roughness. While the roughness of MMC
is lower when fed at low speeds, the opposite is true when fed
at high speeds.

Table 1: Chemical arrangement of AA 7475 alloy.

Basics Copper Chromium Magnesium Zinc Manganese Silicon Aluminium
wt% 1.9 0.22 2.3 5.7 0.06 1.50 Remaining

Table 2: ZrB2/AA 7475 MMCs mechanical and physical characteristics.

Properties Elastic modulus (GPa) Yield strength (MPa) Density (g/cc) Elongation Hardness (HB) Poisson ratio
Range 71.7 462 2.81 12% 140 0.33

Table 3: Turning criteria.

Turning criteria Description
Cutting speed (V) (m/min) 30, 60, 90, 120
Feed rate (f) (m/min) 30, 60, 90, 120
Depth of cut (ap) (mm) 0.5, 1, 1.5, 2
Cutting edge angle (°) −5
Cutting condition Dry
Cutting tool Polycrystalline diamond
Nose radius (mm) 0.6
Clearance angle (°) 5

Data
acquisition
software

Tool

KISTLER
9257B

Amplifier
5080A

WorkpieceFr

Fe

Ft

Figure 1: Illustration of cutting force arrangement.
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Feed marks on nonreinforced 7475 aluminium alloy are
inconsistent because the material softens during cutting.
When it comes to MMC, the feed markings are plainly
visible, and the f marks become more severe as V increases.
Reinforcement particles may be too little to have an efect on
this. Because the ZrB2 particle is so small, it has a small efect
on the machining process.

4. Surface Roughness and Metal Removal Rate
ImprovedbyOptimizingTurningParameters

Surface roughness is a more critical factor in determining the
quality of a workpiece’s surface, since abnormalities in the
surface can serve as the nucleation point for fractures or
corrosion. Tis section examined experimentally the
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Figure 2: Comparison of (a) cutting force and (b) thrust force with speed (at f� 60mm/min and ap � 2mm).
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Figure 3: Comparison of forces with feed rate (at V� 90m/min and ap � 2mm).
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connection between V and Ra. Te surface roughness model
was built with RSM 32 to allow for quantitative comparisons
between cutting settings and surface roughness. Real-world
data can be depicted as a two- or three-dimensional hy-
persurface, utilizing RSM as a major tool for discovering and
visualizing the relationship between variables. Surface
roughness and MRR were also taken into consideration
when optimizing the cutting parameters.

4.1. Development of the Surface Roughness Model. Tere are
fewer design points in a Box–Behnken design than in central
composite designs, making it more efcient at estimating

frst- or second-order coefcients. Tere are usually three
layers of each element in a Box–Behnken design. Te speed
of the cutting range starts at 110 to 300m/min, feed rates
range from 30 to 120mm/min, and the depth of cut ranges
from 0.5 to 1.5mm, making this machine versatile enough to
handle a varied range of resources and applications. Table 4
shows the link among surface roughness and machine
properties as follows:

According to earlier studies, a second-sort quadratics
model can be used to approximate the true functional
connection between Ra and cutting properties, which can be
represented as
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Figure 4: Comparison of force signals. (a) MMCs. (b) 7475 (V� 90m/min, f� 60mm/min, ap � 2mm).
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Ra � β + 
k

i�1
βixi + 

k

i�1
βiix

2
i +  

i< j

βijxixj + ε, (1)

where Ra is surface roughness of workpiece, β is regression
coefcients, xi is values of ith cutting parameter, and ε is
observation’s mistake due to the experiment.

ANOVA was used to examine the efect of input vari-
ables on surface roughness in order to confrm the fndings

of past experiments. Models were compared using the linear,
2FI, and quadratic models to determine which one was the
most accurate. Table 5 demonstrates that the quadratic
model is a great ft, and hence the surface response function
should be a quadratic model. Second order is the response
surface model (RSM) data. Te regression equation for Ra is
shown as

Ra � −2.33 − 0.0044V + 0.091f + 1.26ap − 0.00038Vf + 0.0026Vap + 0.00062fap + 0.000048V
2

+ 0.00016f
2

− 1.11a
2
p. (2)

Te original data used to create the regression model
were utilized to verify the model’s accuracy. In addition,
three roughness values of the surface were utilized to
verify the accuracy of RSM. Table 6 displays the results of
the testing. Tere was good distribution in the space of
cutting parameter selection for the checking data. As a
result, the RS model’s accuracy may be tested using these
data. Table 6 shows that the maximum inaccuracy is less
than 10%. As a result, the regression model has been
proven to be accurate.

4.2. OptimumResults andDiscussion. Both objectives of this
research are at odds with one another. For example, the
MRR increases as the feed rate rises, yet surface roughness
also rises as the feed rate rises. Te other goal (raising the

MRR) would never be achieved if all eforts were directed
just at smoothing the surface texture. With so many com-
peting goals, it is essential to fnd a middle ground. Problems
with several objectives are frequently tackled using the sum
of weighted elements approach. Tere is typically just one
answer per run, and the weights are normalized so that the
sum of the weights equals 1. Initializing, evaluating,
crossover and mutation, selection, and other GA processes
are just a few of the many facets that go into the algorithm’s
construction. In order to optimize the multiobjective op-
timization model, commercial software was used. A relative
experiment was conducted in order to confrm the best
outcomes. It was necessary to use both optimal cutting
parameters and conventional cutting parameters to achieve
the appropriate surface roughness while cutting ZrB2/
AA7475. Table 7 shows the outcomes. Surface roughness has

Table 4: Experimentation outcome on Ra.

S. no.
Cutting factor

Surface roughness (μm)
V (m/min) F (mm/min) a p (mm)

1 30 120 0.5 3.12
2 60 90 0.5 4.64
3 90 120 1.5 2.21
4 120 120 1 1.72
5 120 90 1 1.63
6 90 30 1 0.31
7 60 90 1 1.84
8 30 60 1.5 0.86
9 60 120 1 8.24
10 90 30 1 0.62
11 120 60 1 1.74
12 120 90 1 0.63
13 90 120 0.5 0.63
14 30 30 0.5 0.53
15 60 60 1 1.75
16 120 90 1.5 3.53
17 90 120 1 1.72

Table 5: Te model’s statistical summary.

Basis S.D. R 2 Adj. R2 Pred. R2 Press
2FI 0.136496 0.9617 0.9526 0.9474 1.18614
Linear 0.160973 0.9458 0.9492 0.9304 1.59635
Quadratic 0.097193 0.9945 0.9872 0.9863 0.45731
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been demonstrated to improve with increasing cutting
speed. When cutting at a faster speed, there may be a de-
crease in material fow on the side. As the feed rate rises, the
roughness of the fnished product also rises.

5. Conclusions and Scope of Future Work

Te machining parameters of 6% ZrB2/AA7475 material
matrix composites must be studied for engineering appli-
cations because it is a new material. Te nonreinforced 7475
aluminium alloy was utilized as a comparison to fnd the
efect of in situ produced ZrB2elements on the machining
parameters of material matrix composites. Surface rough-
ness and machining force were examined in relation to ZrB2
particles. A surface roughness response surface model was
created. Te following are the study’s most important
fndings:

(1) ZrB2/AA7475 MMCs have a somewhat higher
machining force than 7475 aluminium alloy with-
out reinforcement. As the speed increased, so did
the cutting and pushing forces for both substances.
Te machining force rose gradually after a specifc
speed of 60m/min. Te machining force rose in
direct proportion to the feed rate. Te forces gen-
erated by the two materials are almost equal when
the feed rates are relatively low. Although the
nonreinforced alloy has a higher initial machining
force than ZrB2/aluminum matrix materials, this
increase is slower.

(2) Both materials saw signifcant reductions in surface
roughness as the cutting speed was increased. Fewer
cuts are made after a specifc speed is reached. When
fed at a low rate, ZrB2/AA7475 MMCs have a
rougher surface than 7475 aluminium alloy, but as
the feed rate is increased, ZrB2/AA7475 MMCs’
surface roughness increases faster. On the other
hand, the feed marks on ZrB2/Al7475 MMCs are
clearly visible. For this novel material, there is still
much work to be done before a complete under-
standing of machinability can be acquired. In the
near future, we plan to investigate the mechanisms
that cause material loss and chip creation.
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Te application of bipartite and regular graphs plays a vital role in the area of engineering, mathematical sciences, design of
experiments, and medical felds. Tis study proposes an optimization method for constriction of randomized block design and
Latin square design using bipartite and regular graphs with applications of warping copper plates in specimens and comparing
them to burners and engines on diferent days.Te constructionmethods and analysis are performed as follows: the frst method is
a construction of randomized block design using bipartite and complete bipartite graphs with applications for the amount of
warping copper plates and diferent laboratories are taken to test any signifcant diference that exists between the mean number of
responses for the labs and copper specimens.Te second method is the construction of a Latin square design using regular graphs
to test whether there is any signifcant diference between the burners, engines, and some days in statistical analysis of interaction
plots, contour plots, and 3D surface plots.

1. Introduction

In this modern scientifc electronic world, mathematical
sciences and engineering for a method of construction in
complete block designs are randomized block design (RBD)
and latin square design (LSD) which have been developed by
graph theory. To meet the current trend of warping copper
plates and specimens, compared to burners, engines with the
statistical analysis problem have become a critical issue,
which occurs from the residual stress accumulated from
various methods of construction. In this situation inevitable
for a method of construction using graph theory incomplete
block designs. Te frst study in graph theory was written by
Euler in 1936 when he settled the famous unsolved problem
of his day, known as the Konigsberg bridge problem. Te

graphs over a framework answer issues with several prep-
arations, networking, optimization, matching, and opera-
tional problems. For illustration, Google maps use graphs for
structure alteration systems, where the connexion of two or
more roads is measured to be a vertex, and the road joining
two vertices is deemed to be an edge, thus their steering
system is based on the procedure to calculate the shortest
path between two vertices. In graph theory, as described by
Bondy and Murty [1], a component that allows exhibiting a
series of data on a chart is known as a bar graph. Any binary
vertices combined by more than one edge are known as a
multigraph. A graph without loops and with at most one
edge between two vertices is called a simple graph. Each
vertex is associated by an edge to each other vertex is called a
complete graph. Direction may be allocated to each edge to
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produce is known as a directed graph. A tree suggests
splitting out from a root and never implementing a cycle.
Te applications of trees in data storage, searching, complete
block designs, etc. A graph with no cycle is acyclic, a forest is
an acyclic graph. A tree is connected acyclic graph. A leaf or
pendant vertex is a vertex of degree. A spanning subgraph G

is a subgraph with vertex set V (G). A spanning tree is a
spanning subgraph that is a tree. For example, a tree is a
connected forest, and every component of a forest is a tree. A
graph with no cycles has no odd cycles; hence trees and
forests are bipartite. Te path is a tree, and a tree is a path if
and only if its maximum degree is 2. A star is a tree con-
sisting of one vertex adjacent to all the others. Te n-vertex
star is a biclique K1,n−1. A graph that is a tree that has exactly
one spanning tree; the full graph itself. In an experimental
design, by Das and Giri, [2], the designs containing the basic
principle of blocking are called block designs and may be
categorized into two types, complete and incomplete block
designs. In a complete block design, all the treatments are
allocated to every block. Tat is k � v and hence b � r

otherwise incomplete block designs. Te experimental
material is to be homogeneous, then the design is known as a
completely randomized design (CRD). In a CRD, there is no
local control measure adopted, and the total variation is
divided into two components, treatment and error. An
improvement of CRD is obtained by providing local control
measures through a blocking design called RBD. Blocking
basic principles can be extended more to advance RBD by
eliminating more sources of variation. LSD is an improved
design with binary sources of variation in two directions,
namely, blocks and treatments. Some methods for con-
struction and analysis developed by various researchers
concerning such designs are discussed; Bose [3], has dis-
cussed the construction of balanced incomplete block de-
signs with an example. Yamamoto et al.[4] has discussed the
claw decomposition of complete graphs and complete bi-
partite graphs. Zhang and Zhu [5] have discussed Hilton’s
theorem and proved that graph G is a 2-connected, k-reg-
ular, nonbipartite graph of order at most 3k− 3, and x, y is a
pair of distinct vertices. If G {x, y} is connected, then G
contains an (x, y)-Hamilton path. Zhang et al. [6] have
developed the efect of underflled epoxy on warpage in fip-
chip assemblies. Jacobs et al. [7] constructed protein fexi-
bility predictions using graph theory. Gavrilyuk and
Makhnev [8] have discussed the amply regular graphs and
block designs. Tseng et al. [9] have discussed the analysis of
the formability of aluminum and copper-clad metals with
diferent thicknesses by the fnite element method and ex-
periment. Rizzo and Mansano [10] have developed the
electrooptically sensitive diamond-like carbon thin flms
deposited by reactive magnetron sputtering for electronic
device applications. Miyajima et al. [11] have presented the
electrophoretic deposition onto an insulator for thin flm
preparation for electronic device fabrication. Yang et al. [12]
have developed the chip warpage model for reliable pre-
diction of delamination failures. Pachamuthu M and Jai-
sankar R [13] have discussed the construction methodology
of lattice designs usingMOLS using Galois feld. Gupta et al.
[14] have proved the reduction of out-of-plane warpage in

surface micromachined beams using corrugation. Federer
and Wright [15] have constructed the lattice square designs.
Hwang and Tzou [16] have studied an analytical approach to
asymmetrical cold- and hot-rolling of clad sheets using the
slab method. Lee et al. [17], analyzed the diferential speed
rolling to reduce warping in the bimetallic slab. Zhu et al.
[18] have discussed the experimental identifcation of
warpage origination during the wafer-level packaging pro-
cess. Kim et al. [19] have discussed the warpage analysis of
electroplated Cu flms on fbers-reinforced polymer pack-
aging substrates.Te analysis method is performed using the
following sequence: fabricate specimens for scanning 3D
contours, transform 3D data into curvatures, compute the
built-in stress of the flm using a stress-curvature analytic
model, and verify it through comparisons of the fnite el-
ement method (FEM) simulations with the measured data
also calculate residual stress, and predict curvatures using
FEM simulation throughout the refow process temperature
ranging between 25 and 180°C are proven to be accurate by
the comparison of the FEM simulations and experimental
measurements. Lee [20] have developed the decomposition
of the complete bipartite multigraph into cycles and stars.
Mandal and Dash [21] have discussed the balanced in-
complete Latin square designs with proposed three methods
of construction of balanced incomplete latin square designs.
Particular classes of Latin squares, namely, Knut Vik de-
signs, semi-Knut Vik designs, and crisscross Latin squares
play a key role in the construction. Sumaiya et al. [22] have
constructed a generation of complete bipartite graphs using
normalized Hadamard matrices. Ramya and Pachamuthu
[23] have constructed the balanced incomplete block designs
through factorization and coloring graphs using mutually
orthogonal Latin square designs with numerical examples.
Ilayaraja and Muthusamy [24] have discussed the essential
and adequate conditions for the existence of a decompo-
sition of complete bipartite graphs into cycles and stars with
four edges of the problems. Sivamaran et al. [25] have
studied the efect of chemical vapor deposition parameters
on the diameter of multiwalled carbon nanotubes. Siva-
maran et al. [26] have discussed optimizing chemical vapor
deposition parameters to attain minimum diameter carbon
nanotubes by response surface methodology. Nemitallah
et al. [27] have reviewed frontiers in combustion techniques
and burner designs for emissions control and CO2 capture.
Sivamaran et al. [28] have identifed of appropriate catalyst
system for the growth of multiwalled carbon nanotubes via a
catalytic chemical vapor deposition process in a single-step
batch technique. Reddy and Hemavathi [29] have described
several characterizations of k-distance bipartite graphs with
an example. Saurabh and Singh [30] have discussed a note
on the construction of Latin square-type designs. Ozkan [31]
has performed a comparative study on the investigation of
the electromagnetic shielding performance of copper plate
and copper composite fabrics. Electromagnetic shielding
performances of copper plate and metal composite in wo-
ven/knitted fabrics were compared. For this purpose, the
electromagnetic shielding efectiveness of single and double-
layer copper plates and metal composite fabrics were
measured in vertical and horizontal directions. As a result,
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the copper plate showed better performance than composite
fabric samples for bothmeasurement directions. In general, the
EMSE of the composite fabrics was lower than 10dB for
horizontal directions. Only the copper plates provided elec-
tromagnetic shielding at a signifcant level (up to 60dB) against
horizontally polarized waves. EMSE behavior of copper plate
was similar for both directions due to the isotropic structure
and this performance was maintained at a higher frequency
level. On the other hand, gaps in the structure of composite
fabrics caused a decrease in EMSE performance against in-
creasing frequency. Raza and Asif Masood [32] have discussed
the efciency of Lattice design in relation to randomized
complete block design in agricultural feld experiments.
Richthammer [33] has derived the bunkbed conjecture for
complete bipartite graphs and related classes of graphs. Braun
and Tyagi [34] have proved the minimax optimal clustering of
bipartite graphs with a generalized power method. Sivamaran
et al. [35] have developedmultiresponse optimization on tribo-
mechanical properties of CNTs/nSiC reinforced hybrid Al
MMC through response surface method approach and also
studied the optimum parameters were found load at 2.00 kg,
speed 200 rpm, 7.50% of SiC reinforcement results in wear rate
of 20.50μm/g with the hardness of 161.43 HV. Moreover, the
L32 orthogonal array and hierarchical clustering were estab-
lished to understand and validate the relationship between the
process parameters and responses of this investigation. In this
study, an optimization method for the construction of com-
plete block designs is RBD and LSD. Te method of con-
struction for RBD and LSD with numerical examples is to test
whether there is any signifcant diference between labs and
warping copper plates with specimens, compare three burners,
engines and three days is discussed, construing the graphs of
results is an interaction plot for response lines around parallel,
the R2 value is nearest to 1, the noise signal is greater than 4, the
variables are associated with changes in the response variable,
and the contour plot the association between the variables
excellence. Also, the graph of three-dimensional (3D) surface
plot is related to the response variable, so our hypothesis of the
study is valid and signifcant.

2. Preliminaries

2.1. A Bipartite Graph. A graph G � (V, E) is said to be a
bipartite graph if vertices set V can be separated into two
subsetsV1 andV2, such that each edge ofG connects a vertex
of V1 to V2. Tese graphs are meant by Km, n, wherem and n
are the numbers of vertices in V1 and V2, respectively.

2.2. A Complete Bipartite Graph. A graph G � (V, E) is a
complete bipartite graph if vertices set V can be separated
into two subsets V1 and V2, so each vertex of V1 is connected
to each vertex of V2. Te number of edges in a complete
bipartite graph is m × n as each of them vertices is connected
to each of the n vertices.

2.3. Randomized Block Design (RBD). Te RBD of each
treatment is repeated the same number of times. Suppose
that there are v treatments, and each v is to be repeated r

times and the total number of the experimental units is vr;
then, these are arranged into b groups, each of size k, and
these groups are made homogeneous using the error control
measure, and then the v treatments are allotted at random to
the k plots in each block. Tis type of homogeneous
grouping of the experimental units and the random allo-
cation are the features of RBD.

2.4. Latin SquareDesign (LSD). A Latin square is designed to
arrange (n × n) diferent treatments so that each treatment
occurs exactly once in each row and each column.

2.5. Regular Graph. Te degree of a vertex v in graph G
written as dg (v) is the number of edges incident to v, except

Labs L1

R2R1 R3 R4Treatments

260 350 229 375

Figure 1: First bipartite graph.

Labs

Treatments

260 350 229 375

R2R1 R3 R4

L1 L2

410 535 400 590

Figure 2: Second bipartite graph.

Labs

Treatments

260 350 229 375

L1 L2

410 535 400 590

A B C D

L3 L4 L5

330 235 330 430 590

350285 545

275 430

210 320

Figure 3: Tird bipartite graph.

Table 1: Labs and warping copper plates and specimens.

Labs
Warping copper plates and specimens

(treatments)
A B C D

L1 260 350 229 375
L2 410 535 400 590
L3 285 350 210 320
L4 275 330 235 330
L5 430 545 430 590
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that each loop at v is counted twice. Te maximum degree is
△(G), the minimum degree is δ(G), and G is regular if
△(G) � δ(G).

3. Main Results

3.1. AnOptimisation of Techniques forWarping Copper Plates
and Specimens Method of Construction for RBD Using Bi-
partite and Complete Bipartite Graphs

Step 1: Let us consider any RBD order layout (b × v)

and take rows considered blocks (b) and columns
considered treatments (v). Complete the vertices of the
graph set V and separate the vertices set into two
subsets V1 and V2.
Step 2: connect every vertex in V1toV2 by using the
edges for both the bipartite and complete bipartite
graphs
Step 3: if the number of v is equal to the number of
blocks (b � v), then the complete bipartite graph is
used instead of a portion of the bipartite graph
Step 4: all edges in a complete bipartite graph is (b × v)

Step 5: thus, the same procedure is used to draw a graph
for all the diferent orders (b × v) of RBD

3.2. Applications

3.2.1. Example 1. An experiment to determine the amount
of warping (mm) of copper plates was conducted in fve
diferent laboratories (L1, L2, L3, L4, and L5) using four
copper specimens (treatments) with diferent percentage of
copper compositions (A, B, C, and D).

Step 1: Construction of the above experiment is to form
an RBD layout of fve laboratories and four copper
specimens . Consider the frst lab (L1) to be given four
treatments (A�R1, B�R2, C�R3, and D�R4); the amount
of warping (mm) of copper plates value is R1�260,

Interaction Plot for Response
Data Means
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1
2

Figure 4: Interaction plot for response.

Table 2: Model summary.

S R2 (%) Adj. R2 (%) Predicted R2 (%)
27.0372 96.66 94.71 90.72

Table 3: Coefcients of response.

Term Coef SE. Coef T-value P value VIF
Constant 373.95 6.05 61.85 0.01

Labs
1 −70.5 12.1 −5.83 0.01 1.60
2 109.8 12.1 9.08 0.01 1.60
3 −82.7 12.1 −6.84 0.01 1.60
4 −81.4 12.1 −6.74 0.01 1.60

Treatments
1 −42.0 10.5 −4.01 0.02 1.50
2 48.0 10.5 4.59 0.01 1.50
3 −73.1 10.5 −6.99 0.01 1.50
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R2 � 350, R3 � 229, and R4 � 375, and resulting Figure 1
is known as frst bipartite graph as follows:
Step 2: Consider the second lab (L2) given for four
treatments (A, B, C, and D) the amount for warping
(mm) of copper plates in 410, 535, 400, and 590 re-
spectively. Using complete bipartite graphs and con-
struction of separate the vertices set V into four subsets
A � V1 � R1, B � V2 � R2,C � V3 � R3 andD � V4 �

R4, the labs and specimens (treatments) are given the
second bipartite graph in Figure 2 as follows;
Step 3: Similarly, using the above steps of the same
procedure for constructing the third, fourth, and ffth
labs (L3, L5, and L5) in four treatments. Observe the

data of the third lab value is 285, 350, 210, and 320; the
fourth lab value is 275, 330, 235, and 330; the ffth lab
value is 430, 545, 430, and 590. Using complete bipartite
graphs and constructing to separate the vertices set V

into four subsets A � V1 � R1, B � V2 � R2, C � V3 �

R3 andD � V4 � R4, the labs and specimens (treat-
ments) given the third bipartite graph in Figure 3 are as
follows;

Since there are fve labs and four specimens, the amount
of warping (mm) of copper plates is shown in Table 1.

Discuss if any signifcant diference exists between the
mean number of responses for the fve labs and four copper
specimens.
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Figure 5: Residuals versus response.

Re
sid

ua
l

40

30

20

10

0

-10

-20

-30

-40

Residuals Versus Treatments
(response is Response)

1.0 1.5 2.0 2.5 3.0 3.5 4.0
Treatments

Figure 6: Residuals versus treatments.
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Solution: constructing the graphs. Te below interaction
plot Figure 4 for response lines around parallel. So, our
hypothesis of the study is valid and continues with the
analysis.

Null hypothesis (H0): there is no signifcant diference
between labs and copper specimens.

In Table 2, the R2 value is nearest to 1 (0.9666) and the
model is ftted to our problem. Te R2 probability value is 0
to 1. Te diference is very close R2 to the adjusted R2 of
0.9072 and the noise signal is greater than 4 (27). A predicted
R2 value is 90.72% which is substantially less than the R2

value of 96.66% which may indicate the overall model is
ftted in the abovementioned example.

Te coefcient response in Table 3 for two factors labs
and copper specimens is signifcant at a 5% level of sig-
nifcance and concludes that the variables are associated with
changes in the response variable.

3.2.2. General Linear Model: Response versus Labs and
Treatments. In Figures 5 and 6 the normality and equal
variance (treatments, residual response) assumptions are
responsible. Tere is no concern, however, about the
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Figure 7: Contour plot of response vs. treatments vs. labs.
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Figure 9: 3D scatterplot of response vs treatments vs labs.

Table 4: ANOVA for response.

SV df Adj. SS Adj. MS F-
value

P

value Remarks

Labs 4 184271 46067.7 63.02 0.01 Signifcant
Copper
specimens 3 69576 23192.0 31.73 0.01 Signifcant

Error 12 8772 731.0 — — —
Total 19 262619 — — — —

First Engine (E1)
D1

B1-16

Figure 10: First regular graph.

First Engine (E1)
D1

D2

B1-16

B2-16

Figure 11: Second regular graph.
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appropriateness of the no interaction assumption. Te data
appear to be randomly distributed at the center line zero.
Now, we perform an analysis for a randomized block design.

3.2.3. Contour Plot of Response vs. Treatments vs. Labs.
Te contour plot (Figure 7) indicates two predictor var-
iables and shows the association between the variables labs

(L2) and treatment (D) used for the amount of warping
(mm) of copper plates. Te dark areas of the plot specify
excellence. Figure 8 indicates three dimensional (3D) and
Figure 9 is a surface plot of illustration into two predictor
variables and related the response variable is normal as
follows.

3.2.4. Te 3D Surface Plot of Response vs. Treatments vs. Labs.
Te conclusion of the plots in Figures 8 and 9 shows that
the relationship between the two variables labs and
treatments for the amount of warping (mm) of copper
plates occurs at nearly the second lab� 590 and
treatments �D. All the sum of squares are presented in
Table 4 and an inference is drawn.

First Engine (E1)
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D2 D3
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Figure 12: Tird regular graph.
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Figure 13: Fourth regular graph.

Table 5: Burners, engines, and days.

- Engine 1 Engine 2 Engine 3
Day 1 Burner 1-016 Burner 2-017 Burner 3-020
Day 2 Burner 2-016 Burner 3-021 Burner 1-015
Day 3 Burner 3-015 Burner 1-012 Burner 2-013

Data Means

Interaction Plot for Response

321321
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Figure 14: Interaction plot for response.

Table 6: Model summary.

S R2 (%) Adj. R2 (%) Predicted R2 (%)
0.881917 97.74 90.97 54.27

Table 7: Coefcients of response.

Term Coef Coef T-value P value VIF
Constant 16.111 0.294 54.80 0.001 1.33

Days
1 1.556 0.416 3.74 0.065 1.33
2 1.222 0.416 2.94 0.099 1.33

Engines
1 −0.444 0.416 −1.07 0.397 1.33
2 0.556 0.416 1.34 0.313 1.33

Burners
1 −1.778 0.416 −4.28 0.051 1.33
2 −0.778 0.416 −1.87 0.202 1.33
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Figure 15: Probability plot of day.
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Figure 16: Probability plot of engine.
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Probability Plot of Burner
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Figure 17: Residuals versus burner.
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(1) Inference. Since P is 0.0, the model F-value (63.02)
suggests that the model is signifcant. Tere is only a 0.01%
chance that an F-value this large could occur due to noise.

3.3. An OptimisationMethod of Construction for Burners and
Engines using LSD with Regular Graph

Step 1: Take any LSD of order (n × n), the rows and
treatments are considered as two sets of vertices, and
then diferentiate both by using vertex coloring.
Step 2: Te regular graph has the same degree of
vertices. Each vertex is connected to other vertices with
the same number of edges.
Step 3: If the treatment numbers are equal to the blocks
(b � v), then the complete bipartite graph is used in-
stead of a portion of the bipartite graph, and the edge
numbers in the regular graph are (n × n).
Step 4: Tus, the same procedure is used to draw the
graph for all the diferent orders n of LSD.

3.4. Applications

3.4.1. Example 2. A trial to compare three burners B1, B2,
and B3, three engines E1, E2, and E3,, and three days D1, D2,
and D3 is given as follows:

Step 1: let us consider the frst day (D1), frst burner
(B1), and frst engine (E1) and are taken two sets of
vertices and diferentiate both of them by using vertex
coloring of the regular graph to construct these three
directions of factors for the results is 16 hours are
shown in Figure 10 as follows;
Step 2: Consider the second day (D2), second burner
(B2), and second engine (E2) and are taken as two sets
of vertices and diferentiate both of them by using

vertex coloring of the regular graph to the construction
of these three directions of factors for the results is
16 hours are shown in Figure 11 as follows;
Step 3: Te third day (D3), third burner (B3), and third
engine (E3) are taken as two sets of vertices and dif-
ferentiated of them by using vertex coloring of the
regular graph to the construction of these three di-
rections of factors for the results is 15 hours are shown
in Figure 12 as follows;
Step 4: Similarly, the same procedure to constriction of
the regular graph using the remaining day, burner, and
two engines the resulting diagram is known as the
regular graph has the same degree of all vertices that is
every vertex connected to any other vertices with the
same number of edges are shown in Figure 13 as
follows;

Step 5: Te days are equal to the engines (b � v) and
number of burners; then, the complete bipartite graph
is used instead of the bipartite graph, and the number of
edges in the regular graph is (3 × 3). A LSD was formed
as the tests were made on three engines (E1, E2, and E3)
and were spared over three days (D1, D2, and D3).
Since there are three burners, three engines, and three
days values are shown below in Table 5.

To check whether the null hypothesis is that there is any
signifcant diference between the burners, engines, and
number of days.

(1) Solution: constructing the graphs. Te plot in Fig-
ure 14 is referred to as the interaction of the lines that are not
parallel and the interaction result specifes that the association
between burners and engines depends on the value of days.

Null hypothesis (H0): there is no signifcant diference
between burners, days, and engines.

Table 6 represents that the model is ftted because the R2

value is nearest to 1 (0.9774). Te probability R2 value is 0 to
1. Te diference is very close R2 to the adjusted R2 of 0.9072
and the noise signal is greater than 4 (88). A predicted R2

value is 54.27% which is substantially less than the R2 value
of 97.74% which may indicate that the overall model is ftted
in the abovementioned example.

Te coefcient response in Table 7 for three factors day
and burner is signifcant, but the engine is not signifcant at a
5% level of signifcance and concludes that the variables are
associated with changes in the response variable.

3.4.2. Probability Plot of Day. In the probability plot of the
day (Figure 15), the null hypothesis states that the data
follow a normal distribution. Te ftted distribution line is
the straight middle line on the plot. Te outer solid lines on
the plot are confdence intervals for the individual per-
centiles, not for the distribution as a whole, and should not
be used to assess distribution ft.

3.4.3. Probability Plot of Engine. In the probability plot of
the engine (Figure 16), the null hypothesis states that the
data follow a normal distribution.Te ftted distribution line

Table 8: ANOVA for the response.

sv df Adj. SS Adj. MS F-
value P value Remarks

Days 2 34.889 17.4444 22.43 0.043 Signifcant
Engines 2 1.556 0.7778 1.00 0.500 Not signifcant
Burners 2 30.889 15.4444 19.86 0.048 Signifcant
Error 2 1.556 0.7778 — — —
Total 8 68.889 — — — —
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3D Scatterplot of Day vs Engine vs Burner

Figure 20: 3-D day vs engine vs. burner.
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is the straight middle line on the plot.Te outer solid lines on
the plot are confdence intervals for the individual per-
centiles, not for the distribution as a whole, and should not
be used to assess distribution ft.

3.4.4. Probability Plot of Burner. In the probability plot of
the burner (Figure 17), the null hypothesis states that the
data follow a normal distribution.Te ftted distribution line
is the straight middle line on the plot.Te outer solid lines on
the plot are confdence intervals for the individual per-
centiles, not for the distribution as a whole, and should not
be used to assess distribution ft.

Te contour plot (Figure 18) indicates two predictor
variables and shows the association between the variables
which are days, burners, and engines that are used for the
treatments. Te dark areas of the plot specify excellence.

3.4.5. Te 3D Scatterplot Plot of Response vs. Day vs. Engine
Surface Plot of Day vs. Engine vs. Burner. Te graph of three
dimensional (3D) graph (Figure 19) and surface plot (Fig-
ure 20) of illustration into two predictor variables and re-
lated the response variable is represented above the
maximum quality scores and occur at about the second
engine of the third day of the second burner treatment is 12.

All the sum of squares is presented in the ANOVA
Table 8 and inference is given below.

(1) Inference. Since the p values are 0.043, 0.5, and 0.048,
there is a diference between the burners and the days, but
the diference between engines is not signifcant.

4. Conclusion

(i) Tis study proposed an optimization method of
construction for warping copper plates and en-
gines using complete block designs with bipartite
and complete bipartite graphs.

(ii) Te frst method of construction for RBD with the
numerical example is to test whether there is any
signifcant diference between labs and warping
copper plates with specimens discussed, constru-
ing the graphs of results is an interaction plot for
response lines around parallel, so our hypothesis of
the study is valid and signifcant.

(iii) Terefore, inference of P is 0.001 and the model F-
value (63.02) suggests that the model is signifcant
and only a 0.001% chance that an F-value this large
could occur due to noise.

(iv) Also, the calculated R2 value is nearest to 1
(0.9666) and the model is ftted to our problem,
and the R2 probability value is 0 to 1 and the
diference is very close, i.e, R2 to adjusted R2

(0.9072) and the noise signal is greater than four
(27) and also the predicted R2 value is 90.72%
which is substantially less than R2 value of
96.66% which may indicate overall warping
copper plates and engines are ftted.

(v) Finally, it was concluded that the relationship
between the variables of labs and treatments for the
amount of warping (mm) of copper plates occurs
at nearly the second lab� 590 and warping copper
plates and specimens D is efcient with the 3D
surface.

(vi) Te second optimization method of construction
for burners and engines using LSD with a regular
graph is to test whether there is any signifcant
diference between burners, days, and engines.

(vii) Te interaction graphs of the lines are not parallel,
and the inference is that the P values are 0.043, 0.5,
and 0.048 (less than 0.05, reject the hypothesis).
Hence, the conclusion is that the burners and the
days are diferent. Te diference between engines
is insignifcant, but the model fts because the R2
value is nearest to 1 (0.9774, and the probability R2
value is 0 to 1).

(viii) Te diference is very close R2 to the adjusted R2

(0.9072) and the noise signal is greater than 4 (88)
and also the predicted R2 value is 54.27% which is
substantially less than the R2 value of 97.74%which
may indicate that the overall model is ftted.

(ix) Te 3D scatterplot and the 3D surface plot show
the three predictor variables (days, burners, and
engines). In our study, the maximum quality score
at about the second engine on the third day of the
second burner treatment is 12.

(x) Tis methodology can also be applied in the case of
factorial experiments, confounding, fractional
replicated designs, balanced incomplete block
designs, lattice designs, and so on.

Data Availability

Te data that support the fndings of this study are available
from the corresponding author on request.
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In this research, friction stir processing (FSP) is utilized to develop the graphene-boron nitride-reinforced hybrid magnesium
surface composite with varying volume percentages of reinforcements. A Taguchi-coupled Entropy-COPRAS approach is adopted
to understand the in�uence of control factors of wire electrical discharge machining on the developed magnesium surface
composite. An optimal combination of machining factors to attain maximum material removal rate (MRR) along with minimal
kerf width and surface roughness is to be �nalized. �e Taguchi method is utilized for planning the experiments with three levels
and four factors, namely, reinforcement volume %, pulse o� time, wire feed rate, and pulse on time. ANOVA results show that
pulse on time and reinforcement volume % act as the most signi�cant factors for output responses. Using the Entropy-COPRAS
approach, an optimal combination for output response was found for a maximum MRR of 16.20mm3/min; minimal surface
roughness of 3.86 μm; and 0.29 μm of kerf width.

1. Introduction

Growing demand for lightweight structural materials in the
aerospace and transport industries has resulted in a major
interest in magnesium and its alloys. Compared with alu-
minium and steel, magnesium is one of the engineering
materials that weighs the least, which helps with boosted fuel
economy and a reduction in pollutants [1, 2]. Likewise, it
exhibits a better strength-to-weight ratio, toughness, high
damping capacity, and easier machinability. However, these
materials have some major limitations, such as low creep,
sti�ness, low resistance to wear, and increased reactivity
towards chemicals that frequently limit their industrial
applications. It also has poor ductility, characterized by a
brittle-like performance at ambient temperature owing to its
HCP crystal structure and a limited slip system [3–5].
Composite development is considered one of the key ways to

enhance the desired strength of Mg matrix material by the
addition of selected reinforcements.�e inclusion of carbide
and carbon-based reinforcement such as SiC, TiC, CNT,
graphene, etc. in the magnesium matrix enhances the me-
chanical characteristics and functional properties [6, 7]. In
several industrial applications, material life is mainly de-
pendent on surface mechanical qualities, and hence the
development of surface composites has been adopted by
several researchers.

Friction stir processing is a surface modi�cation tech-
nique used to develop surface composites at a temperature
below the substrate’s melting point, and there is little lit-
erature available based on Mg FSP [8]. Qiao et al. adopted
FSP with di�erent passes to develop a ZrO2-reinforced
magnesium surface composite [9]. Investigation over me-
chanical behaviour depicts improved tensile strength
(∼15.9%) while compared with base material. Likewise,
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increases in FSP pass decrease its grain size. An SiC-rein-
forced Mg surface composite was developed by Lu et al.
through the FSP approach, and optimization was done for
the FSP parameters to attain better mechanical properties
[10]. Results revealed that FSP of three passes showcases
better tensile and hardness properties. A graphene-rein-
forced Mg surface composite was developed by Zang et al.
and its effects on mechanical properties were analyzed [11].
Observed results show that higher rotation speed and three
passes increase the tensile and microhardness of the Mg
matrix and also found that the addition of graphene up to
6.43 volume % showcased improved strength compared to
the base material. Because composite materials are harder,
tougher, and more resistant to wear and fatigue, they are
more difficult to machine. +ough these composites have
better properties, the existence of reinforcement particles in
the matrix phase harms the cutting tool life during tradi-
tional machining, which results in a deprived surface quality
of machined engineering parts. Additionally, the inclusion
of reinforcement reduces the tool life of traditional tungsten
carbide and high-speed steel tools due to abrasion. As a
result of their high hardness, composite materials are
challenging to process using traditional techniques, partic-
ularly where complex geometry and dimensional accuracy
are needed.

+ese composites are easily processed using nontradi-
tional techniques like abrasive water jet machining. However,
they can only be cut in one direction with these techniques.
Consequently, WEDM has become a good method for
shaping complicated materials made of composites. Herein,
material removal takes place by erosion formed by sparks in-
between the work samples and wire. Conversely, the for-
mation of an immediate rise in temperature due to sparks and
variation in melting point among the matrix and reinforce-
ment will affect the surface of machined components. An-
other fact is that the presence of reinforcement phase in
composite forms limits electrical conductivity, which results
in damage due to anisotropic thermal distribution. Fur-
thermore, wire breaking owing to the limited build-up cur-
rent and variation in hardness of the composite is also a
limiting factor to reducing the production rate in WEDM.
Hence, there is a need for an hour to optimize the control
factors to improve the quality of machined surfaces by
maintaining higher material removal. It was found that only
minimal studies discussed the WEDM of Mg surface com-
posites. Kavimani et al. examined the consequences of
WEDM parameters on graphene magnesium composite, and
the results revealed that a surge in pulse on time increases
MRR [12]. Further, observation revealed that pulse off time
and pulse on time have more domination in influencing
control parameters over output response. Vijayabhaskar and
Rajmohan et al. developed a nano SiC-reinforced Mg com-
posite and discussed the consequences of WEDM control
factors on the developed composite [13]. Reinforcement
percentage, pulse off time, voltage, pulse on time, and wire
feed rate are chosen as input parameters. +e results reveal
that an increase in reinforcement percentage decreases the
surface finish. Progress in newer soft computing techniques
results in the development of different optimization

approaches to attain solutions for complex objectives and
uncertain situations. For predicting and attaining optimal
machining parameters, researchers adopted various mathe-
matical and statistical techniques such as Taguchi, ANN, GA,
PSO, etc. [14, 15]. Additionally, a multiresponse optimization
strategy was utilized to address the competing natural re-
sponses brought on by material removal rate, surface
roughness, kerf taper, etc., which prevented the individually
optimized settings from accomplishing their goals [16, 17].
From an industrial viewpoint, the ideal combination is
necessary to ensure that the defined reactions are obtained in
the best possible balance.

+is fact made the researchers adopt hybrid optimiza-
tion techniques, and a little literature on these techniques is
discussed in detail. An analytical hierarchy process coupled
genetic algorithm approach was adopted by Kumar et al. to
optimize WEDM parameters. Input parameters such as wire
tension, spark gap-set voltage, pulse on time, pulse peak
current, pulse off time, wire feed rate, and other input pa-
rameters are selected and optimized for MRR and roughness
[18]. At the optimal combination, 13.79% and 19.16% im-
provements have been attained while compared with dis-
crete optimal solutions. A PCA-coupled ANN approach was
adopted by Phate et al. to understand the WEDM behaviour
of the developed composite. +e results reveal that inte-
grated form optimization techniques deliver an effective
optimal solution. Based on available literature, it can be
noted that wire feed rate, pulse off time, and pulse on time
are the major influencing parameters in WEDM [19]. Ma-
chinability analysis of graphene-based surface composites
has rarely been reported. Multiobjective optimization
techniques deliver better results when compared with tra-
ditional techniques. Utilization of Entropy-coupled COR-
PUS for WEDM analysis is not yet reported. On the basis of
the obtained evidence, an attempt has been made to un-
derstand the machinability characteristics of graphene-
reinforced surface composite. +e Entropy-coupled COR-
PUS methodology is adopted to understand and optimize
the machining parameters to improve the quality of the
machined surface and production rate in a single unique
solution.

2. Materials and Methods

AZ31Mg alloy substrate with dimensions of
150×100× 8mm is selected as the base material. Graphene
and boron nitride particles are selected as reinforcements to
improve the basic and functional properties of the AZ31Mg
alloy. Herein, graphene and boron nitride particles are
mixed in equal proportion by the assistance of an ultrasonic
assisted stirring process. Herein, the calculated amount of
graphene and BN particles are ultrasonicated separately with
organic solvent for 1 h, and then the samples are further
sonicated for 3 h. After that, the samples are stirred using a
magnetic stir coupled with a hot plate for 3 h at 1000 rpm.
+en the attained mixtures are vacuum dried for 24 h and
the resultant samples are used as reinforcement. +e profile
of the FSP tool used and the step-by-step procedure for FSP
are illustrated in Figures 1(a) and 1(b). As a first step in FSP,
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a groove has been made at the center of the Mg plate parallel
to its longest side, as shown in Figure 1(b) using the WEDM
process. +e groove depth is fixed at 5mm and its width is
varied based on volume % of reinforcement (1, 3, and 5). A
double-tempered H13 steel tool with a 5mm pin length (L),
a 20mm diameter shoulder (D), and a 6mm diameter pin
(d) was utilized for FSP. Friction stir processing was con-
ducted in a modified vertical milling machine with an op-
timized rotation speed and traverse feed of 1200 rpm and
20mm/min (Figure 1(c)). Initially, the reinforcement
mixture is filled in the groove gap and the pin-less tool is
allowed to pass for compacting, followed by the passing of
the pin-headed tool [20].+e developed surface composite is
shown in Figure 1(d).

3. Experimental Design

+e Taguchi approach was adopted for the experimental
plan with three levels and four factors with the L27 or-
thogonal array. Based on available literature, pulse off time,
pulse on time, and wire feed rate are found to be the most
important control factors in WEDM and hence they are
chosen as input parameters (Table 1). Similarly, the pro-
duction rate of a material and the surface quality of me-
chanical components are mainly based on MRR, surface
roughness, and kerf width, respectively, and so these pa-
rameters are chosen as output responses (Table 2). Herein,
procedures for MRR, surface roughness, and kerf width
measurement are already shown in our previous reports
[20, 21]. While larger is better condition, it is designated for
MRR and smaller is better condition, it is designated for kerf
width (KW) and surface roughness during SN ratio analysis,

since higher surface roughness (Ra) decreases the surface
quality.

4. Results and Discussion

To determine the correlation among the set of variable
pairings, a scatter-plot matrix is utilized (Figure 2). It is
possible to arrange these pairwise correlations into a matrix.
In general, the diagonal arrangement of the current matrix
pair shows a stronger correlation between the matrix pairs
and a lack of outliers in the obtained output data. Further
relations between the various control factors and their re-
spective output responses can also be understood with the
help of a matrix plot. It can also be used to observe the
clustering of data by control factors in the dataset for a
specific response variable. Herein, the correlation set of
variables can be identified based on the mirror images. For
example, the eighth row fifth column and the ninth row sixth
column of the scatter plot resemble the mirror image of the
fifth row eighth column and the sixth row ninth column of
the scatter plot, which denotes the correlation among data
sets. Likewise, the influence of each control factor over other
output responses can also be examined using a scatter plot.
For example, the fifth column in the first row implies the

Tool sha�

Shoulder

Stirring Pin

Final Processing with Pin

Processing without pin inorder
to close the groove

Compacted reinforcementsWEDM GrooveAZ31 alloy plate
(150×100×8 mm)(a) (b)

(c) (d)

D

L
d

Figure 1: (a) Dimension of tool profile. (b) Schematic sketch of FSP. (c) Modified milling machine for the FSP approach. (d) Developed
surface composite.

Table 1: Machining parameters and respective levels.

Parameters Notation Unit Level 1 Level 2 Level 3
Reinforcement % A Wt. % 1 3 5
Pulse off time B Μs 4 8 12
Pulse on time C Μs 10 15 20
Wire feed rate D m/min 4 6 8
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Table 2: Experimental trails along with output response.

Reinforcement (%) Pulse off time (μs) Pulse on time (μs) Wire feed rate (m/min) MRR (mm3/min) Ra (μm) KW (μm)
1 4 10 4 12.0765 3.6730 0.2877
1 4 15 6 14.8180 3.7540 0.2905
1 4 20 8 16.2010 3.8610 0.2967
1 8 10 6 12.3505 3.6830 0.2972
1 8 15 8 14.6605 3.7270 0.3027
1 8 20 4 13.4580 3.7630 0.3010
1 12 10 8 11.8400 3.6540 0.3049
1 12 15 4 11.5170 3.6980 0.3053
1 12 20 6 13.3415 3.7670 0.3093
3 4 10 4 10.0170 3.7280 0.2870
3 4 15 6 13.7505 3.8130 0.2948
3 4 20 8 14.8505 3.8960 0.2963
3 8 10 6 10.9015 3.6820 0.2967
3 8 15 8 12.8680 3.7680 0.3014
3 8 20 4 12.2725 3.7750 0.3004
3 12 10 8 11.3505 3.7280 0.3023
3 12 15 4 11.1015 3.7220 0.3032
3 12 20 6 13.1340 3.7960 0.3079
5 4 10 4 9.2265 3.7260 0.2873
5 4 15 6 12.6765 3.8290 0.2897
5 4 20 8 13.9850 3.8820 0.2916
5 8 10 6 9.9400 3.7430 0.2930
5 8 15 8 13.2080 3.8110 0.2947
5 8 20 4 11.3830 3.8230 0.2969
5 12 10 8 10.0180 3.7480 0.2972
5 12 15 4 9.6890 3.7590 0.3002
5 12 20 6 10.9415 3.8250 0.3010
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Figure 2: Matrix scatter plot of the L27 OA dataset.
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relation between surface roughness and reinforcement
percentage. In this, the x-axis denotes the surface roughness,
and the y-axis denotes the reinforcement percentage. +e
movement of variables from left to right indicates that
surface roughness increases with respect to reinforcement
increment.

An algorithmic analysis known as a “hierarchical cluster”
groups the related data into clusters. Each cluster, in this
case, differs from the others, and the values are very close to
one another. Figure 3 shows that the output parameter
values are clustered into four groups using the expressive
colours of blue and brown (dark and lighter). According to
the input parameter, these are ranked from −1 to 1. +e
output parameter values are presented in lighter and darker
shades of blue and brown in a top-to-bottom arrangement.

4.1. Effect of Control Factors on Surface Roughness. In Fig-
ure 4 depicts the influence of control factors on surface
quality. It can be noted that increases in reinforcement
decrease the surface roughness as the presence of rein-
forcement particles promotes the hardness values of the
developed composite that results in breakage of wires during
the WEDM process, thus decreasing the surface finish. +e
thermal mismatch between the matrix and reinforcement
also plays a vital role in surface roughness. During pulse on
time, the creation of sparks results in the melting of base
material due to its low melting point. Compared with re-
inforcement (Graphene: BN), further gets flushed out by the
dielectric medium at pulse off time. +ese reinforcement
particles do not melt and stick to the matrix, increasing its
surface roughness [12].

Another reason is the presence of BN, which is a well-
known wide band gap semiconductor that decreases the
chance for the production of sparks and results in improper
cuts during machining. It can also be shown that increases in
pulse off time increase the surface quality of developed
samples.+is upsurge in pulse off time results in the absence of
spark generation and splashing of dielectric fluid. +is fact
removes the burs and debris formed over the machined
surface. +us, surface quality increases. Likewise, an increase
in the pulse on time upsurges surface roughness that might be
owing to the effect of spark generation that creates harder heat
affected zones near the machined surface, thus increasing the
surface roughness [22]. A rise in wire feed rate decreases the
surface quality since the surge in wire feed rate results in newer
wire recovery at a faster phase during the machining process.
+is fact increases the quality and efficiency of generated
sparks that form deeper craters over the machined surface,
thus reducing the surface finish. Among the available control
factors, pulse on time acts as the key parameter in governing
the surface quality of the developed composite, followed by
reinforcement percentage in second position (Table 3). Wire
feed rate has low significance on surface finish [23].

Further, the contribution percentage of individual pa-
rameters and their significance can be confirmed by the
ANOVA results shown in Table 4. In general, P values of
control factor less than 0.05 are deliberated as significant
parameters.

It can be observed from Table 4 that all the P values are
less than 0.05, which implies that selected parameters have
an influence over the surface quality of the developed
composite. +e individual contributions of machining pa-
rameters are shown in Table 4, that indicates that pulse on
time has the major contribution of 58.53% followed by
reinforcement volume percentage with a contribution per-
centage of 18.18%. Herein, wire feed rate delivers a lower
contribution of 9.3%. Furthermore, the attained results well
coincide with the output response table. +e obtained
ANOVA results showcase an R square value of 93.2% sig-
nificance. A mathematical model was developed based on
the attained values to predict the surface roughness
(equation (1)) of the developed sample with an R square
value of 93.41%.+e variation in experimental and predicate
values is implied in Figure 5.

SR � 3.53036 + 0.0157444 reinforcement%

−0.00645972 pulse off + 0.0113478

pulse on + 0.0113222wire feed.

(1)

+e optimal parameters can be attained from the re-
sponse table. It states that lower values of wire feed rate,
pulse on time, and reinforcement volume % with a higher
value of pulse off time are optimal solutions for higher
surface quality.

4.2. Influence of Control Factors on Kerf Width. Figure 6
infers the impact of control factors on kerf width in the
WEDM slot on the developed composite. It can be observed
that increases in reinforcement percentage decrease the kerf
width of the samples. +e addition of reinforcement im-
proves the hardness, which decreases the chances of wid-
ening of the sample during the machining process. Further,
graphene and BN have better thermal stability that decreases
the intensity and heat dissipation over the composite at
spark generation, thus decreasing the kerf width. Increment
in pulse on time increases the kerf width as more pulse on
time maximises the discharge current or energy over the
electrode that results in more dielectric supply which causes
material evaporation. Likewise, higher pulse on time im-
proves the transfer dissipation inside near the workpiece and
dielectric fluid, thus increasing the kerf width. +is fact
initiates confined heat over the material that erodes a large
portion of the material and causes widening of the kerf and
profounder craters. During machining, an increase in pulse
off time increases flushing time that results in debris and
burs over the machined surface that results in a higher kerf
width. Lower pulse off time causes inadequate flushing time,
which results in the creation of a recast layer over the surface
of the machined component that decreases the kerf width.
Herein, lower kerf width can be obtained during minimal
energy discharge that improvises exactness in dimension
[13]. Likewise, an increase in wire feed rate increases kerf
width; this might be due to an increase in the intensity of
generated sparks. Another reason is increment in wire feed
rate increases wire tension and vibration of the wire that
causes irregular cuttings on the machined surface [24].
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Figure 3: Hierarchical clustering of the correlation coefficient matrix of input variables.
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Figure 4: Effect of control factors on surface roughness.

Table 3: Response table for surface roughness.

Level Reinforcement % Pulse off time Pulse on time Wire feed rate
1 −11.44 −11.58 −11.38 −11.46
2 −11.52 −11.49 −11.51 −11.52
3 −11.58 −11.47 −11.64 −11.56
Delta 0.15 0.12 0.26 0.1
Rank 2 3 1 4

6 Advances in Materials Science and Engineering



+e response table revealed that pulse off time acts as
more dominating parameter in governing kerf width
(Table 5), followed by pulse on time. Herein, wire feed rate
depicts lower influence over kerf width. From the response
table, it can be noted that an increasing percentage of
reinforcement and minimal values of control factors is the
optimal parameter combination. 10 μs of pulse on time
with a pulse off time of 4 μs and a 4m/mm of wire feed rate
is the optimal solution for obtaining a lower kerf width.
From Table 6, it can be inferred that P value is lower than
that of 0.05 for every control parameter, which depict that
all the machining parameters has significant effect over the
output response. +e contributions of individual pa-
rameters are computed by dividing the sequential sum of
square values of each parameter by total sequential sum of
square values. +e attained values are illustrated in Ta-
ble 6. +e obtained results have a 95.3% significant
confidence level. As shown early in the response table,
pulse off time has a higher contribution percentage of
70.9% followed by pulse on time and reinforcement
volume % that contribute more or less equal percentages
of 13.6 & 13.3%, respectively. As inferred from ANOVA
results, wire feed rate acts as the lower significant

parameter with a 2.09% contribution. A mathematical
model has been developed to predict the kerf width as
illustrated in equation (2). +e variation in experimental
and predicated values is shown in Figure 7.

Kerf width � 0.278016 − 0.00121389 reinforcement%

+ 0.00152361 pulse off time

+ 0.000531111 pulse on time

+ 0.000522222wire feed rate.

(2)

4.3. Effect of Control Factors on MRR. Figure 8 shows the
consequence of control factors on the rate of material
removal. It can be observed from the figure that an in-
crease in volume % of reinforcement decreases MRR
values. +is might be due to the presence of graphene and
BN particles that decrease the intensity of spark genera-
tion, so the machining rate decreases. Further, these
particles have varying electrical conductivity when
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Figure 6: Effect of machining parameters on kerf width.

Table 5: Response table for kerf width.

Levels Reinforcement % Pulse off
time

Pulse on
time Wire feed rate

1 10.47 10.71 10.61 10.56
2 10.49 10.51 10.52 10.52
3 10.62 10.36 10.46 10.5
Delta 0.14 0.36 0.16 0.06
Rank 3 1 2 4
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Figure 5: Variation between experimental and predicated values of
surface roughness.

Table 4: ANOVA table for surface roughness.

Source DF Seq. SS Adj. SS MS F P Contribution (%)
Reinforcement vol.% 2 0.017996 0.017996 0.008998 33.1 0 17.32
Pulse off time 2 0.013792 0.013792 0.006896 25.37 0 13.28
Pulse on time 2 0.057949 0.057949 0.028974 106.59 0 55.78
Wire feed rate 2 0.009264 0.009264 0.004632 17.04 0 8.92
Error 18 0.004893 0.004893 0.000272
Total 26 0.103893

R-square–93.20%
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compared with the base matrix material, which thus de-
creases the generation of sparks.+e hybrid reinforcement
has higher thermal stability. +is fact decreases the
chances of melting of composite material, which increases
the machining time. Similarly, an increment in pulse off
time decreases MRR values. During pulse off time, the
machining process will be in idle condition and no spark
generation will happen, which decreases the production
rate. An increase in pulse on time increases the MRR value
since an increase in the pulse on time promotes the spark
cohort time that increases the MRR. It could be shown that
increases in wire feed rate increase MRR [12, 23]. During
machining conditions, increases in the wire feed rate
increase the chance of changeover on new wires that
increase the intensity of the spark generated near the work
piece, which results in higher MRR. +e response table
shows that pulse on time is the key dominant parameter
for governing the MRR, and pulse off time attains the last
position in influencing the MRR. From the response table,
the optimal solution for MRR can be attained. Herein,
higher values of pulse on time and wire feed followed by
lower addition of reinforcement and pulse off time is the
optimal condition for a better production rate (Table 7).

+e significance of machining parameters and their
respective contributions are inferred from ANOVA (Ta-
ble 8). Based on ANOVA results, P value< 0.05 indicated
that all the control parameters have an influence over the
output response. It can be illustrated from Table 8 that pulse
on time has more contribution (36.03%) in dominating the
output response followed by reinforcement volume % and
wire feed rate with more or less equal contribution over
materials removal rate. Herein, pulse off time showcases a
minimal contribution of 14.9% in governing the output
response. An empirical model has been established by the
linear regression method to foresee the MRR of a composite
as shown in equation (3). +e developed model has better
predictability with an R square value of 93.18%, as shown in
Figure 9.

Table 6: ANOVA table for kerf width.

Source DF Seq. SS Adj. SS MS F P Contribution (%)
Reinforcement 2 0.0001264 0.0001264 6.32E−05 24.81 0 12.72
Pulse off time 2 0.0006728 0.0006728 0.000336 132.06 0 67.69
Pulse on time 2 0.000129 0.000129 6.45E−05 25.32 0 12.98
Wire feed rate 2 0.0000198 0.0000198 9.9E−06 3.9 0.039 1.99
Error 18 0.0000459 0.0000459 0.0000025
Total 26 0.0009939

R2 = 95.39%

Experimental
predicted
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Figure 7: Variation between experimental and predicted values of
Kerf width.
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Figure 8: Influence of machining parameters on MRR.

Table 7: Response table for MRR.

Levels Reinforcement
(%)

Pulse off
time

Pulse on
time

Wire feed
rate

1 22.46 22.19 20.67 20.92
2 21.7 21.77 22 21.83
3 20.92 21.12 22.41 22.34
Delta 1.54 1.07 1.73 1.42
Rank 2 4 1 3
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MRR � 8.8289 − 0.533208∗ reinforcement%

− 0.203729∗ pulse off time

+ 0.242739∗ pulse on time

+ 0.506681∗wire feed rate.

(3)

4.4. Multiresponse Optimization of Control Factors.
Mutual optimal parameter combinations for two or more
output parameters can be obtained with the assistance of
multiobjective optimization. +e determination of an ac-
curate weight for the output response is the foremost dif-
ficulty in multiresponse optimization. Researchers
determined the weightage for the response based on their
familiarity with and trial and error method related to the
control factors’ significance [25]. Hence, there is a need to
develop a new approach for computing the weightage for the
output response. In this proposed research, the entropy
method was adopted for allotting individual weightage on
output response, which was earlier used for several multi-
criteria decision making problems. Most of the time, the
decision maker expresses their ideas by taking into account
choice variables in order to determine the weights for their

traits and to parallelize comparisons with actual-world
circumstances. Since entropy weight is a quantity that
represents a criterion’s relevance in terms of the relative
weights of criteria, the entropymethod does not require such
a choice. When more factors are taken into account, the
entropy idea might be used to reduce the human errors
involved in assigning weights. +e steps involved in the
entropy approach are illustrated as follows [26]:

Step 1: normalization of decision matrix EI:

Eij �
Kij


p
i�1Kij

, (4)

Eij �
1/Kij


p
i�11/Kij

. (5)

Herein, (4) is used formaximization function, and (5) is
used for normalizing the minimization function (refer
to Table 9)
Step 2: calculation of entropy index:

Ie � −


l
i�1Eijln(Eij)

ln(l)
 . (6)

Entropy index of the normalized values can be obtained
from equation (6). +e calculated values are illustrated
in Table 10.
Step 3: determination of weightage:

We �
1 − Ie


n
e�1(1 − Ie)

. (7)

+e values attained for individual parameters from (7)
can be used as weightage for the hybrid optimization ap-
proaches as shown in Table 10. In this research, entropy-
coupled Complex Proportional Assessment (COPRAS) was
adopted to attain an optimal solution for better MRR with
better surface quality.

4.5. Multiobjective Optimization by the Entropy-Coupled
Complex Proportional Assessment Approach. +e COPRAS
approach involves proportional and direct confidence in
the significance and effectiveness of substitutions available
in the existence of equally conflicting parameters [27].
COPRAS incorporates the success of alternatives in rela-
tion to several control factors and connects the weights by
ranking and suggesting the optimal parameters. +e

Table 8: ANOVA for MRR.

Source DF Seq. SS Adj. SS MS F P Contribution (%)
Reinforcement % 2 20.483 20.483 10.242 62.41 0 24.65
Pulse off time 2 11.998 11.998 5.999 36.56 0 14.44
Pulse on time 2 28.876 28.876 14.438 87.98 0 34.75
Wire feed rate 2 18.778 18.778 9.389 57.22 0 22.60
Error 18 2.954 2.954 0.164
Total 26 83.089

R 2 = 96.45%

Experimental
predicted
Linear Fit
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Figure 9: Experimental versus predicted values of MRR.
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following steps are involved in the COPRAS approach as
follows [28]:

Step 1: +e initial step involves formation of decision
matrix followed by normalization of output parameter.

NOij �
Qij

����


m
i�1


Qij

2
.

(8)

Step 2: +is involves multiplication of calculated indi-
vidual weight to create a normalized decision matrix.
Herein, weightage calculated from the entropy approach
will be multiplied with a normalized matrix (equation
(9)) to form a weighted matrix as shown in Table 9.

NWij � We X NOij. (9)

Step 3: calculation of Pi
In this, Pi is maximization function calculated by

Pi � 
n

j�1
Qij. (10)

Here, n is number of maximizing response.
Step 4: calculation of Ri.
In this Ri, denote the minimization function calculated
by

Ri � 
n

j�m+1
Qij. (11)

+e calculated values are summarized, and the calcu-
lated values are illustrated in Table 11.
Step 5: Observing the diminutive value of R.

Rmin � minRi. (12)

Step 6: Determination of weight for attained individual
response Qi
+e Qi values are calculated by using equation (13), and
the maximum value in Qi is termed as Qmax.

Qi � Pi +
Rmin 

m
J�1Ri

Ri
m
j�1Rmin/Ri

. (13)

Table 9: Entropy modelling for output variables.

Maximize function Minimization
function Normalization Entropy index (EI)

MRR Ra KW MRR Ra KW EIMRR EIRa EiKW
12.0765 3.673 0.2877 0.0364 0.0027 0.0383 −0.1206 −0.0159 −0.1250
14.818 3.754 0.2905 0.0447 0.0026 0.0379 −0.1389 −0.0156 −0.1241
16.201 3.861 0.2967 0.0489 0.0025 0.0371 −0.1475 −0.0152 −0.1223
12.3505 3.683 0.2972 0.0372 0.0027 0.0371 −0.1226 −0.0158 −0.1222
14.6605 3.727 0.3027 0.0442 0.0026 0.0364 −0.1379 −0.0157 −0.1206
13.458 3.763 0.3010 0.0406 0.0026 0.0366 −0.1301 −0.0155 −0.1211
11.84 3.654 0.3049 0.0357 0.0027 0.0361 −0.1190 −0.0159 −0.1200
11.517 3.698 0.3053 0.0347 0.0027 0.0361 −0.1167 −0.0158 −0.1199
13.3415 3.767 0.3093 0.0402 0.0026 0.0356 −0.1293 −0.0155 −0.1188
10.017 3.728 0.2870 0.0302 0.0026 0.0384 −0.1057 −0.0157 −0.1252
13.7505 3.813 0.2948 0.0415 0.0026 0.0374 −0.1320 −0.0154 −0.1229
14.8505 3.896 0.2963 0.0448 0.0025 0.0372 −0.1391 −0.0151 −0.1224
10.9015 3.682 0.2967 0.0329 0.0027 0.0371 −0.1123 −0.0158 −0.1223
12.868 3.768 0.3014 0.0388 0.0026 0.0366 −0.1261 −0.0155 −0.1210
12.2725 3.775 0.3004 0.0370 0.0026 0.0367 −0.1220 −0.0155 −0.1213
11.3505 3.728 0.3023 0.0342 0.0026 0.0365 −0.1155 −0.0157 −0.1207
11.1015 3.722 0.3032 0.0335 0.0026 0.0363 −0.1137 −0.0157 −0.1205
13.134 3.796 0.3079 0.0396 0.0026 0.0358 −0.1279 −0.0154 −0.1192
9.2265 3.726 0.2873 0.0278 0.0026 0.0384 −0.0997 −0.0157 −0.1251
12.6765 3.829 0.2897 0.0382 0.0026 0.0380 −0.1248 −0.0153 −0.1244
13.985 3.882 0.2916 0.0422 0.0025 0.0378 −0.1335 −0.0152 −0.1238
9.94 3.743 0.293 0.0300 0.0026 0.0376 −0.1051 −0.0156 −0.1234
13.208 3.811 0.2947 0.0398 0.0026 0.0374 −0.1284 −0.0154 −0.1229
11.383 3.823 0.2969 0.0343 0.0026 0.0371 −0.1158 −0.0153 −0.1223
10.018 3.748 0.2972 0.0302 0.0026 0.0371 −0.1057 −0.0156 −0.1222
9.689 3.759 0.3002 0.0292 0.0026 0.0367 −0.1032 −0.0156 −0.1213
10.9415 3.825 0.301 0.0330 0.0026 0.0366 −0.1126 −0.0153 −0.1211

Table 10: Calculated weighted entropy values.

Degree of divergence Entropy weights
MRR Ra Kw MRR Ra Kw
0.0031 0.8726 0.0001 0.00352832 0.99639944 0.00007224
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Table 11: Computed attributes values.

Weighted normalized matrix Pi Ri
MRR Ra KW MRR Ri
0.00012851 0.03600936 0.00000259 0.00012851 0.03601194
0.00015768 0.03680347 0.00000261 0.00015768 0.03680608
0.00017240 0.03785247 0.00000267 0.00017240 0.03785514
0.00013142 0.03610740 0.00000267 0.00013142 0.03611007
0.00015600 0.03653876 0.00000272 0.00015600 0.03654148
0.00014321 0.03689170 0.00000271 0.00014321 0.03689441
0.00012599 0.03582309 0.00000274 0.00012599 0.03582583
0.00012255 0.03625445 0.00000274 0.00012255 0.03625720
0.00014197 0.03693092 0.00000278 0.00014197 0.03693370
0.00010659 0.03654857 0.00000258 0.00010659 0.03655115
0.00014632 0.03738189 0.00000265 0.00014632 0.03738454
0.00015802 0.03819561 0.00000266 0.00015802 0.03819827
0.00011600 0.03609759 0.00000267 0.00011600 0.03610026
0.00013693 0.03694072 0.00000271 0.00013693 0.03694343
0.00013059 0.03700935 0.00000270 0.00013059 0.03701205
0.00012078 0.03654857 0.00000272 0.00012078 0.03655128
0.00011813 0.03648974 0.00000273 0.00011813 0.03649247
0.00013976 0.03721523 0.00000277 0.00013976 0.03721799
0.00009818 0.03652896 0.00000258 0.00009818 0.03653154
0.00013489 0.03753875 0.00000260 0.00013489 0.03754136
0.00014882 0.03805835 0.00000262 0.00014882 0.03806097
0.00010577 0.03669562 0.00000263 0.00010577 0.03669826
0.00014055 0.03736228 0.00000265 0.00014055 0.03736493
0.00012113 0.03747993 0.00000267 0.00012113 0.03748260
0.00010660 0.03674464 0.00000267 0.00010660 0.03674731
0.00010310 0.03685249 0.00000270 0.00010310 0.03685518
0.00011643 0.03749954 0.00000271 0.00011643 0.03750224

Table 12: Optimal criteria and ranking.

Rimin/Ri Qi Ni (%) Ranking
0.994832 0.001497 92.92797 23
0.973367 0.001557 96.61189 7
0.946393 0.001611 100 1
0.992128 0.001504 93.3404 19
0.980415 0.001545 95.8837 12
0.971037 0.001546 95.92208 11
1 0.001488 92.33272 26
0.988102 0.001501 93.13701 21
0.970004 0.001546 95.93782 10
0.980156 0.001496 92.8398 24
0.958306 0.001567 97.27148 4
0.937891 0.00161 99.91754 2
0.992398 0.001488 92.3603 25
0.969748 0.001541 95.64807 14
0.96795 0.001537 95.41665 15
0.980152 0.00151 93.7208 16
0.981732 0.001505 93.41761 17
0.962594 0.001554 96.47144 8
0.980682 0.001487 92.27149 27
0.954303 0.001562 96.93211 5
0.941275 0.001595 99.02206 3
0.976227 0.001501 93.13598 22
0.958809 0.001561 96.86694 6
0.955799 0.001546 95.93924 9
0.974924 0.001503 93.30322 20
0.97207 0.001504 93.3404 18
0.955298 0.001542 95.694 13
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Step 7: Determination of the utility degree Ni %.

Ni � 100 X Q( )i/Qmax). (14)

Based on the utility degree, the maximum value is ranked
as the optimal parameter and the calculated values are
shown in Table 12.

Based on the entropy-coupled corpus method, optimal
control factors to attain better MRR along with minimal Ra
and kerf width are attained. Herein, lower pulse off time and
volume percentage of reinforcement with higher values of
wire feed rate and pulse on time are the optimal machining
parameters for attaining a good quality machined surface
and production rate for the developed composite. +e op-
timal parameter attained based on the hybrid approach
(highlighted in bold font) yields the outcome values of
16.20mm3/min of MRR with 0.29 μm of kerf width and
minimal surface roughness of 3.86 μm.

5. Conclusion

A magnesium surface composite with varying volume
percentages of hybrid reinforcement was developed by the
friction stir processing route. +e WEDM process was used
to understand the machinability of magnesium surface
composites. +e Taguchi approach was utilized for planning
the experiment. +e obtained results are as follows:

(i) Pulse on time and reinforcement volume per-
centage act as the dominating factors to influence
MRR, kerf width, and surface roughness.

(ii) Lower values of pulse on time and reinforcement
volume %; higher values of wire feed rate and pulse
off time are the optimal machining control factors
for attaining better surface integrity

(iii) Wire feed rate has the least significance over
output responses.

(iv) Entropy-coupled COPRAS was adopted to attain
an optimal solution, viz. a wire feed rate of 8m/
min, 1 volume % of reinforcement, 20 μs of pulse
on time, and 4 μs of pulse off time.

(v) mathematical model has been developed based on
the correlation between the output and input
parameters with better predictability.

(vi) In the future, artificial neural networks can be used
to develop models for composite machining and to
predict the output response without wasting the
work sample with various experimental trials.

(viii) +e developed composite can be used in potential
industrial applications where lightweight struc-
tures with high hardness and wear-resisting sur-
faces are needed.

Data Availability

+e raw/processed data required to reproduce these findings
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ongoing study.
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e current paper aims to study wear behaviour of AA7075 reinforced with di�erent weight percentage of nano-TiC and graphite
particles under dry sliding condition. TiC particles are taken in di�erent weight percentages (5%, 10%, and 15%), and graphite was
chosen as (3%, 4%, and 5%) along with three di�erent levels of sliding speed, applied load, and sliding velocity.e fabrication was
conducted using stir casting equipment, and the experiments were done using Taguchi’s L27 orthogonal array. e Taguchi and
ANOVA results applied load and percentage of TiC are the most in�uencing parameters which in�uences wear loss and
friction coe�cient

1. Introduction

Metal matrixes in unstructured foams and MMCs have the
potential to be employed as steel and cast iron component
substitutes, especially when matrix materials are light. Al-
uminium is the commonmaterial used in the manufacturing
process. ese composites have grown in popularity due to
its overwhelmed corrosion resistance, enhanced strength,
and reduced density. Over base alloys, it has better resistivity
and rigidity [1–4]. In a wide range of applications, these
composites are replacing traditional aluminium alloys. Re-
cent advancements in aluminium-based composites have
made them increasingly useful and important in the auto-
mobile and space industries. One of the most signi�cant
developments in composite studies is the inclusion of
nanoreinforcement in aluminium alloys. One of the keys to
success in nanocomposites is good strength even at low
volume fraction [5, 6]. Composites are made utilising a
variety of traditional techniques, including solid state and
liquid state fabrication. Among the various fabrication
techniques, ultrasonic stir casting was among the most
advantageous methods for achieving good dimensional

precision and homogeneous dispersion of reinforcing par-
ticles to attain the �nal product [7]. Depending on the
application, di�erent types of reinforcing particles are
employed to make the composites. Ceramic particles have a
higher level of stability and rigidity, making them ideal for
use as reinforcement particles in speci�c applications. e
addition of hard cermet carbide particles to an aluminium
alloy increases mechanical and tribological qualities as well
as hardness at ambient and increased temperatures [8, 9].
ere are various alternative techniques to improving
composite characteristics. Lowering of matrix grain size and
reinforcing particle size is among them. Traditional metal
matrix composites are projected to have substantially su-
perior microstructure stability and mechanical properties
than nanocrystalline matrices enhanced by nanoreinforce-
ments [10]. Mohan et al. investigated aluminium LM4-based
composites reinforced with TaC ceramic powder, with re-
inforcements percentages ranging from 0.5 to 2wt%. e
materials were created using a powder metallurgy process.
e dry sliding wear behaviour of the proposed composites
was evaluated using a pin-on-disc apparatus, and the
Taguchi design of experiment was adopted. It was also
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discovered that the percentage of Ta/NbC (tantalum nio-
bium carbide) reinforcement has an effect on the dry sliding
wear rate. (e results reveal that the use of hard ceramic
composites in alloys has a significant impact on the dry slide
wear resistance qualities [4]. Ramanaiah et al. conducted an
experiment using Al7075 reinforced with TiC (2, 4, 6, 8, and
10) wt%, with a mean particle size of 2m, using the stir
casting method. It was also discovered that composites had a
lower wear rate than alloys. With 8wt% TiC, superior wear
qualities and COF have been observed [11]. Priyaranjan
Samal et al. conducted an experiment on AA5052 and TiC as
matrix and reinforcing elements. When compared to the
base material, the 9% TiC-reinforced MMCs showed a
significant improvement, with a 32 percent rise in hardness,
78% increase in the tensile value. (e COF values for the
composites declined linearly as the TiC content and applied
stress increased as a result of the formation of deep grooves
with no plastic deformation at the 9% TiC-reinforced
composites [12]. (e composite is made by utilising a two-
step stir casting method with volume fractions of silicon
carbide and titanium carbide ranging from 5% to 15%. Dry
sliding wear tests with a pin-on-disc wear tester were used to
investigate the wear and frictional qualities. At room tem-
perature without a lubricant, differing loads of 10N, 20N,
and 30N were applied with varying sliding velocities (1m/s,
2m/s, and 3m/s). TiC-reinforced composites had a
microhardness rating that was 18.8% greater than SiC-
reinforced composites. TiC had a wear rate of 2.1103mm3/
m, while SiC had a wear rate of 6.4103mm3/m, according to
the wear rate forecast.(e wear rate increases as the load and
sliding velocities increases [13, 14]. (e friction and wear
properties of the 15% SiC / 5% Gr/AI composites with
various-size graphite additions were examined using squeeze
casting technology. (e friction coefficient of composites
dropped after the addition of graphite, and wear resistance
rose by 170 to 340 times [15]. (e tribological behaviour of
AMMCs reinforced with SiC and MoS2 in a variety of
temperatures.(e hybrid MMCwere made using the compo
casting method, which involved reinforcing different sizes of
SiC (10, 20, 40m) with 5059 aluminium alloy at various
weight fractions (5, 10, and 15%), with the addition of MoS2
set at 2%. In addition to particle size and SiC weight per-
centage, process parameters such as load, sliding velocity,
sliding distance, and temperature were evaluated, and the
L27 orthogonal array was used to conduct the experiments.
(e best sliding condition was determined using the Taguchi
and the ANOVA approach. When fine particles are rein-
forced at their maximum percentages, the wear rate is shown
to be strong at 15% [16].

2. Experimental Details

2.1. Materials Used. (e matrix material selected is an
AA7075 with great ductility; tremendous strength, hardness,
and good fatigue endurance are only a few of its remarkable
mechanical properties. Due to microsegregation, it is more
susceptible to embrittlement than several alloys[17]. (e
chemical composition of AA7075 is shown in Table 1. Ti-
tanium carbide (TiC) is chosen as a primary reinforcement

due to its good wear and corrosion resistance. Graphite is
chosen as a secondary reinforcement because of its self-
lubrication properties. (e EDS image of AA7075 hybrid
composites is shown in Figure 1.

2.2. Experimental Set-Up. AA7075 alloy is fabricated using
the liquid casting method is used to create graphite and TIC
composite. An electrical furnace with a graphite crucible is
used to melting the base material AA7075. (e process is
kept at 850°C in temperature. (e melted aluminium is
mixed with the warmed graphite particles. (en, it is swirled
at 500 rpm with the aid of an impeller connected to a speed
control motor. Continue swirling until all of the particles are
distributed equally [18]. In order to solidify, the charge is
deposited into a temporary steel mould after being removed
from the graphite crucible. (e same procedure is repeated
for AA7075/5% Gr is mixed with 5% and 10% of TiC. (e
casted composites have undergone T6 heat treatment. In
order to improve the wettablity of matrix and reinforcement,
magnesium is added to about 2% during the casting process.
Test specimens are prepared as per the requirements of the
testing methods. (e process parameters and their levels are
shown in Table 2.

2.3. Dry SlidingWear. A pin-on-disc method was employed
at various parameters, including applying force, sliding
speed, and sliding distance, to assess the sliding wear be-
haviour of Al based hybrid composite. (e tests were carried
out in dry conditions in accordance with ASTM G9995
standards [19].(e test specimens, which hadmeasurements
of 10mm× 10mm× 30mm, were clamped against a spin-
ning sharpened disc made of EN32 steel and hardened to
RC60.

3. Result and Discussion

(e experimental results for the input parameters are
given in Table 3. Figure 2 shows the S/N ratio graph for
wear loss. From the figure, it can be found that the load is
the most influencing parameter for wear loss. When the
load is minimum, the wear loss also decreases, and the
wear loss is maintained between 15N and 30N. At 10N of
applied load, the wear loss is very low. (e weight
percentage of TiC is the second most influencing pa-
rameter for wear loss. At the maximum percentage of
TiC, the wear loss is deceased [20]. At 3%, the loss of
particles in the composites is very low. At 15% of nano
TiC and 3% of graphite, the hardness value of the de-
veloped composites is very high. In this case, the harder
particles have high strength to with stand the wear loss.
From this experiment, the optimum combination to
attain maximum wear loss is 3% of graphite and 15% of
TiC, 400 rpm of sliding distance, 10 N of applied load,

Table: 1: Composition for aluminium alloy 7075.

Si Fe Cu Mn Mg Zn Ti Cr Al
1.12 0.35 1.4 0.81 2.4 5.8 0.25 0.56 Bal
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and 0.5 m/sec of sliding velocity has minimum wear loss.
(e ANOVA table shows significant of wear loss in
Table 4.

Figure 3 shows the coefficient of friction for the de-
veloped composites. (e graph represents that the sliding
velocity is the most affecting parameter which influencing
the coefficient of friction. Increasing the sliding velocity
increases the friction value. Next, the percentage of titanium
carbide is the second influencing parameter for coefficient of
friction. At 15% of TiC, the hardness of the developed
composite is high, so that in that level, the friction is very
low. When the applied load decreases, the coefficient of
friction also decreases. At 10N of applied load, the COF
value is very low. At 400 rpm of sliding speed, the COF
values decreases. (is is due to the distance travelled be-
tween the pin and the disc ratio is very low so at that level the
friction between the pin and the disc decreases [21]. (e
results shows that the optimum parameters to attain max-
imum coefficient of friction is 3% of graphite and 15% of
TiC, 400 rpm of sliding distance, 10N of applied load, and
0.5m/sec of sliding velocity. Table 5 shows the ANOVA table
significance for coefficient of friction.

Regression equation can be given as

wearloss� −0.000637593 + 0.000652222Graphite%

− 0.000114333TiC% +5.38333e

−006SlidingSpeed + 7.26667e

−005Load + 0.00101222

(1)

Sliding velocity can be given as

COF � 0.167846 + 0.00842222Graphite%

− 0.00411444TiC% + 4.91111e

− 005Sliding Speed + 0.00263889 Load

+ 0.0429778 SlidingVelocity

(2)

Figure 4 shows the surface plot graph of titanium carbide
and graphite weight percentage on wear loss during dry
sliding wear behaviour. Increase in wt % of both rein-
forcement decreases the wear loss [22]. When the graphite
percentage is 3% and 15%, then it increases the hardness of
the composites. In that case, during dry sliding wear, the
wear loss is very less.

Figure 5 shows the surface plot graph of sliding speed
and load on wear loss. When the load and sliding speed
increases, the wear loss in the composites increases. When
the load is at 10N, the wear loss is minimum; meanwhile, the
wear loss increases at 15N and sliding speed 500 rpm. In this
work, the wear loss is suddenly low at 20N and the relation
between sliding speed along and load along with material
properties. (e reading in that level during the experi-
mentation the TiC 5% and Graphite is 5%, the hardness
value is lower, and the wear loss is lower in this connection
the wear loss was nearer to 15N.

(e relation between load and the sliding velocity is
shown in Figure 6. (e least domineering factor is for the
wear loss. When the sliding velocity and load is higher and
increases, the wear loss is higher in the developed com-
posites. At 1.5m/sec and when 20N is the applied load, the
wear loss is higher.

Figure 7 shows the surface plot for coefficient of friction
between the weight percentage of titanium carbide and
graphite. When the percentage of TiC increases, the COF
increases. When the graphite percentage increases, the
friction increases in a slow manner. (e minimum influence
on the graphite material is due to its self-lubrication
properties and the friction between the pin and the disc
decreases [23].

Figure 8 shows the interaction plot for coefficient of
friction between load and sliding speed. When the load is at
10N, the friction between the pin and the disc decreases; this
is due to that the impact between the pin and the disc is low
[24]. Meanwhile, when the load increases to 15N, the co-
efficient of friction increases. Meanwhile, when the load
increases to 20%, the coefficient of friction slightly increases
at that level. (is is because of the presence of the graphite
around 5% in this case, then the hardness of the composite
material decreases due to the self-lubricant properties of
graphite. Also, when the sliding distance of composites
increase at 500 RPM, then the friction value also increases.

Figure 9 shows the interaction plot for coefficient of
friction between load and sliding velocity. When the load
and sliding velocity increases, the coefficient of friction
increases. In this case, when load 10N and sliding velocity
increases, the friction values increases. Gradually, when the
friction increases at 1.5m/sec of sliding velocity and 20N,
the friction between the pin and disc is higher.

0 2 4 6 8 10 12 14 16 18
keVFull Scale 16571 cts Cursor: 0.000

C
C
O

AI
Mg

Ti

Figure 1: EDS image of AA7075 MMCs.

Table 2: Process parameters and their levels.

Variable Factor Notation Unit
Range

Low High
A Titanium carbide TiC Wt. % 5 15
B Graphite Gr Wt. % 3 5
B Sliding speed N Rpm 400 600
D Applied load L N 10 20
E Sliding velocity V m/s 0.5 1.5
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Table 4: ANOVA for wear loss.

Source DF Seq SS Adj SS Adj MS F P

Graphite % 2 0.0000083 0.0000083 0.0000041 16.19 0
TiC % 2 0.0000059 0.0000059 0.000003 11.62 0.001
Sliding speed 2 0.0000073 0.0000073 0.0000037 14.37 0
Load 2 0.0000055 0.0000055 0.0000027 10.75 0.001
Sliding velocity 2 0.0000048 0.0000048 0.0000024 9.44 0.002
Error 16 0.0000041 0.0000041 0.0000003
Total 26 0.0000359

Table 3: Results of experiments.

S. no Graphite % TiC % Sliding speed Load Sliding velocity Wear loss COF
1 3 5 400 10 0.5 0.0041 0.241
2 3 5 400 10 1 0.0051 0.253
3 3 5 400 10 1.5 0.005 0.29
4 3 10 500 15 0.5 0.0049 0.232
5 3 10 500 15 1 0.0049 0.25
6 3 10 500 15 1.5 0.0056 0.291
7 3 15 600 20 0.5 0.0044 0.226
8 3 15 600 20 1 0.0051 0.258
9 3 15 600 20 1.5 0.0066 0.286
10 4 5 500 20 0.5 0.0056 0.288
11 4 5 500 20 1 0.0056 0.309
12 4 5 500 20 1.5 0.006 0.317
13 4 10 600 10 0.5 0.0055 0.243
14 4 10 600 10 1 0.0048 0.269
15 4 10 600 10 1.5 0.0062 0.283
16 4 15 400 15 0.5 0.0048 0.215
17 4 15 400 15 1 0.0054 0.233
18 4 15 400 15 1.5 0.0048 0.261
19 5 5 600 15 0.5 0.0074 0.288
20 5 5 600 15 1 0.0082 0.281
21 5 5 600 15 1.5 0.0089 0.313
22 5 10 400 20 0.5 0.0054 0.274
23 5 10 400 20 1 0.0063 0.285
24 5 10 400 20 1.5 0.0066 0.305
25 5 15 500 10 0.5 0.0045 0.222
26 5 15 500 10 1 0.004 0.239
27 5 15 500 10 1.5 0.006 0.271
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Figure 2: S/N ratio for wear loss.
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4. Wornout Analysis

Figure 10 shows the wornout surface of the after wear
composites. Figure 10(a) shows the presence of 15% of TiC
and 3 % of graphite with the load of 10N. (e wornout

surfaces are very low, and this is due to the hardness of the
composite. In this case, at that level, the reinforcement
particles are strongly bonded with the matrix phase, then the
surface is very smooth. Also, it is clearly observed that the 3%

Table 5: ANOVA for COF.

Source DF Seq SS Adj SS Adj MS F P

Graphite % 2 0.0012998 0.0012998 0.0006499 9.68 0.002
TiC % 2 0.0077158 0.0077158 0.0038579 57.44 0
Sliding speed 2 0.0004563 0.0004563 0.0002282 3.4 0.059
Load 2 0.0034588 0.0034588 0.0017294 25.75 0
Sliding velocity 2 0.0084748 0.0084748 0.0042374 63.1 0
Error 16 0.0010745 0.0010745 0.0000672
Total 26 0.02248
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of graphite have experienced a minimal wear. (is is due to
the self-lubrication effect of graphite on the tribo surface
[25]. Figure 10(b) shows the presence of 10% TiCi and 4% of
Graphite with the load capacity of 15N. In this case, the
wornout surface has a mild groove on the surface of the
matrix. Due to the increase in load and 2% of graphic
particles, the hardness of the composites is low at that level.
Figure 10(c) shows the presence of 5% of TiC with 4% of
graphite and at 15N of the applied load, the wear debris is
very high. (is shows severe plastic flow of material at low

applied loads. At high applied load and high sliding velocity,
the flake-like debris is formed as an outcome of delami-
nation of the tribo surface [26]. Figure 10(d) shows the
presence of TiC at 5% and 5% of graphite and applied load at
20N. During the maximum load, the delamination of the
reinforcement from the matrix is very high due to the 5% of
TiC presence in the material. In the graphite 5% case, the
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hardness of the composite is very low and also it provides
self-lubricant properties which cause slowly decrease and
leads to the maximum delamination of the reinforcement.

5. Conclusion

(1) Al7075/TiC/Gr was fabricated using the liquid
metallurgy process, and Taguchi method was
adapted to find the optimum combination of input
parameters.

(2) Load and TiC % are the most influencing parameters
for wear loss, At 20N of applied load and 15% of TiC,
the wear loss decreases. (e optimum combination
for minimum wear loss is 3% of graphite and 15% of
TiC, 10N of applied load, 400 rpm of sliding dis-
tance, and 0.5m/s of sliding velocity offers minimum
wear loss.

(3) Coefficient of friction is minimum when TiC
percentage increases. Load is the maximum pa-
rameter, which increases the friction between the
pin and the disc. (e optimum combination for
lower coefficient of friction is 3% of graphite and

15% of TiC, 10 N of applied load, 400 rpm of
sliding distance, and 0.5 m/s of sliding velocity
offers minimum friction in developed Al7075/TiC/
Gr composites.

(4) (e wornout images shows the different conse-
quences of various influencing parameters which
affects the wear loss and coefficient of friction using
SEM images. (rough which, it is identified as 15%
of TiC and 3% of graphite, which shows minimum
delamination and small groove in after wear
composites.
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�e current research deals with Taguchi-coupled grey relational analysis (GRA) multiobjective optimization of wire electric
discharge machining (WEDM) for better surface roughness (Ra) and the material removal rate (MRR) over magnesium/halloysite
nano tube/zirconium (Mg/HNT/Zr) metal matrix composite (MMC). Hybrid composites are created through the powder
metallurgy route by varying the weight percentage of reinforcements HNT (5 and 10%) and Zr (0.5 and 1%) to the weight of the
base material magnesium. Machining is carried out by varying the factors such as reinforcement’s weight percentage, pulse OFF
time, pulse ON time, and wire feed (WF) based on Taguchi’s L27 orthogonal array. �e response surface roughness (Ra) and the
material removal rate (MRR) were studied through Taguchi-coupled GRA to evaluate the optimized machining parameters.
ANOVA results reveal the percentage contribution of certain factors over the machining of composites. �e developed regression
model proved that the predicted values were merely similar to the experimental values of MRR and Ra. �e best parametric
combinations obtained from optimization are inline as the minimum weight percentage of reinforcements, and higher Pon,
higher WF, and the lowered Po� are used to attain the best rate of MRR during machining and for minimized surface roughness.

1. Introduction

MMCs are excellent materials in which high-strength and
hard refractory ceramics are reinforced with the ductile
metal matrix. Aluminum, magnesium, copper, titanium,
and zinc are the commonly used lightweight matrix material
and carbides, nitrides, oxides, and borides are the com-
monly used reinforcements in the form of particulates,
whiskers, or �bers [1]. Strong attention to the evolution of
MMCs is due to the improved properties such as strength,

hardness, wear resistance, corrosion resistance, higher
thermal, and electrical conductivities combined with sig-
ni�cant weight-reducing over alloys. Due to these superior
properties of MMCS, they are widely used in automotive,
aerospace, construction, and marine industries [1].
Amongst the several matrix materials used in MMCs,
aluminum and magnesium matrices are used as the most
common materials due to their low density, less weight,
good corrosion resistance, high electrical and thermal
conductivity, and low cost [2].
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(e MMCs can be fabricated by the different techniques
such as the selection of suitable processing techniques on
matrixmaterial, quantity, and the nature of reinforcements and
application. Liquid state, vapor state, and solid-state processing
are the three major types of composite fabrication methods
widely used. (e solid-state handling approach incorporates
the creation of MMC in the strongest state itself without
softening the components, which results in the holding of the
lattice stage and the support stage by common dispersal taking
place among them in strong positions at discernible temper-
ature and are lower than the exceptional weight. (e funda-
mental preferred position of this procedure is that the
collection ofmetals that can be dealt with is progressively broad
and the assistant handling is negligible. Powder metallurgy and
diffusion bonding methods are the most commonly used
methods to make solid-state processing [3].

Powder metallurgy involves powders for manufacturing
metal in the metal matrix composite with the sequence of
blending, compaction, and sintering. (is technique in-
volves three main processes as shown in Figure 1.

(e reinforcement and matrix powders are combined to
develop a homogenous mixture with the help of a ball milling
ormechanical stirrer ormagnetic stirrer or ultrasonicator, etc.
(en, themixed powders are cold-pressed in a die tomake the
mixtures turn into a solid green composite, and this process is
called compaction.(e final step is the sintering process; here,
the green composite is kept in a furnace at below-melting
temperature to make a full solid composite. Sometimes the
compaction process is carried out at an increased tempera-
ture, which is called hot pressing. Powder metallurgy permits
minimizingmachining operation on account of forming parts
with minimum tolerance. Powder metallurgy allows the
development ofmaterials, which cannot bemade by using any
other technologies such as hard materials, refractory mate-
rials, porous metals, wear-resistant materials, blends of dis-
similar metals, permanent magnets, possessing various
melting points or are insoluble in the molten state, and
different combinations of metals with nonmetals [4].

Machining is one of the important aspects of
manufacturing processes by which excess materials are
constantly removed by trimming from a preformed object
that takes place in the form of solid chips or metal powders
to get the desired shape, finish, and tolerance. (e materials
cannot be commercialized into applications directly without
machining, as a minimum machining process is needed to
get the required shape [5]. Traditional and nontraditional
machining are the two different ways of machining. (e
major hindrance in the growth of MMCs was that of ma-
chining by using traditional techniques due to the property
of superior hardness and the presence of reinforcement. (e
use of customary machinery to machine hard composite
materials causes severe tool wear owed to the rough nature
of the reinforcement. At the same time, with their various
sophisticated technologies and features, nonconventional
machining methods, also known as noncontact metal re-
moval methods, have gained a reputation for successfully
machining MMCs in industries [6]. Nontraditional ma-
chining processes are used to machine MMCs including
electrical discharge machining (EDM), abrasive jet

machining (AJM), electrochemical machining (ECM), and
laser beam machining (LBM). (e wire electrical discharge
machining (WEDM), a commonly accepted nontraditional
machining technology for complicated precision compo-
nents, discovered an effective metal removal approach for
MMCs to enhance the cut quality at a specified cost. For a
composite material that is made of different materials with
different properties, theWEDMprocess is recommended for
a more precise and accurate resulting surface finish.

WEDM is an unconventional machining process that is
defined as a method in which materials are removed from
the workpiece in a maximum accurate and effective manner
[7]. WEDM is a high-precision cutting procedure that may
be used on practically on any electrically conductive ma-
terial. A thin, electrically charged wire usually made of a
brass material gripped between the lower and upper me-
chanical guides constructs one electrode, while the material
remaining cut forms another electrode. Electrical discharge
between material and wire creates sparks that instantly cuts
the excess material. (en, the debris are being flushed away
by sinking the wire and workpiece in deionized water.
Among the spoke explores broadly held in this field, just the
sinking EDM process was commonly revealed, and signif-
icant on WEDM [8].

2. Materials and Methods

2.1.Materials. HybridizedMg composites are often made by
using the powder metallurgy (PM) process, which involves
adding Zr and HNT particles to the basic material Mg in
varying weight percentages. Aluminum and silica-rich
double-layered aluminosilicate HNTwere taken as a primary
reinforcement for its ecofriendly, nontoxic, high strength,
corrosion resistance, and wear-withstanding properties
[9, 10]. HNT is a multiwalled kaolin clay with the structural
formula (H4AL2O9Si2.2H2O) that was purchased from
Sigma-Aldrich Company (USA).

Zr was selected as the reinforcing material for its wear
resistance and high corrosion resistance properties such as
high temperatures [11]. Zr compounds are used extensively
in biomedical uses, including hip replacements, knee, and
dental implants. It is also used in some prosthetic and
therapeutic devices. As a result, Zr was chosen as a rein-
forcing material for hybrid biocompatible magnesium
MMCs [1, 12].

BlendingMatrix material Reinforcement

Compaction

Sintering

Finished product

Figure 1: Powder metallurgy process.
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2.2. Composite Fabrication. Powder metallurgy, which
comprises the processes of sintering, compression, and
blending, is the most efficient method of producing MMCs.
Blending is one of the dynamic methods in PM, as the
metallic powder particles are combined with reinforcing
particles [13, 14]. (e weight level of essential HNT forti-
fication is fluctuated in the scope of 5 and 10, though the
weight percent of optional Zr support is changed in the
range of 0.5 and 1.0. In light of the writing review and starter
trial examination results, the measure of reinforcements is
fixed [15]. Nine distinctive magnesium MMCs were
arranged by differing HNTand Zr percentages as specified in
Table 1 alongside an unadulterated Mg sample.

(e mixed powders were crushed under pressure in a
die, then sintering was carried out in a hot furnace. Fur-
thermore, as compared to the ingot metallurgical method,
powder metallurgy has the ability to eliminate reinforcement
separation. Figure 2 shows the powder metallurgy process
for composite fabrication.

(e blending process was performed by mixing the base
material and reinforcement at a steady speed for 2 hours by
using a magnetic stirrer. Figure 3 illustrates the SEM image
of the base material and reinforcement’s well-blended
powder composition.

(e sample was compressed using a hydraulic press
machine with a 40mm diameter die, a 560Mpa load,
and a 10-minute dwell time. Finally, under an argon gas
atmosphere, the compressed green composite was
sintered at 550°C in a muffle furnace, and sintered samples
were then cooled down in the furnace [3]. Images of
sintered composite material samples are displayed in
Figure 2.

Density and hardness are the important physical
property of the material corresponding to lightweight ap-
plications. (e variation of density and microhardness for
the unreinforced and as well as HNTand Zr reinforced in the
various composition of composites is given in Table 1. Since
the density of HNT (2.53 g/cm3) and Zr (6.49) is higher than
the matrix material Mg (1.738 g/cm3), the addition of re-
inforcements leads to an increase in the density of the
material. An increment in hardness with the increase in
HNT and Zr weight rate might be ascribed to the higher
hardness of support. (us, both material phases with the
great bonding illustrations have higher hardness.

2.3.Machining Condition andMeasurement. Taguchi’s DOE
approach based on OA was used for designing the experi-
ment by varying considerations at different levels. Minitab
programming was utilized for this reason and the L27
symmetrical cluster was planned by using five factors that is
the weight proportion of HNTand Zr over the pureMg, pon,
poff, and WF having three stages revealed in Table 2 were
selected for this study in light of the writing review, spe-
cialists’ recommendations, and preliminary trials. (e re-
sponse parameters were the material removal rate (MRR)
and surface roughness (Ra). (e appropriated experimental
design obtained by using the L27 orthogonal array (OA)

chosen for the considered WEDM process parameters is
shown in Table 3 and 4.

Surface roughness (Ra) and the material removal rate
(MRR) are considered response parameters because the
surface roughness value plays an important role in any
newer material and likewise the MRR is also most im-
portant to commercialize the material economically. PCE-
RT 1200 (the UK make) surface roughness tester was used
to determine the roughness value over the surface of the
machined composites for each trial. (e parameter MRR
during the WEDM process was determined by the fol-
lowing equation which incorporates the measure of ma-
terial evacuated.

MRR �
Wa − Wb

t

g

min
, (1)

where Wa is the mass of workpiece material prior to ma-
chining,Wb is the mass of workpiece material in the wake of
machining, and t is the duration of machining.

(e machining process for the newly developed com-
posites was carried out by using the EXETEKEX40 WEDM
setup, as displayed in Figure 4.(e machine had a brass wire
of diameter 0.25mm and the wire material was fed into the
workpiece material so as to machine the surface with precise
dimensions and all other relative fundamental machine
specifications and other relevant general process parameters
are provided in Table 4.

To know the deviation between test esteems and ideal
cutting qualities, a quality misfortune capacity approach was
prescribed by Taguchi. In the Taguchi strategy, the reaction
factors were broken down as far as signal-to-noise (S/N)
proportions, which records the affectability of yield estimated
to the clamor factor or wild factor. (e best possible S/N
proportions figuring criteria must be picked from the three
criteria in particular ‘‘larger is better,’’ ‘‘nominal is better,’’ and
‘‘smaller is better.’’(e difference betweenmeasured data and
the ideal value is expected to be as small as possible. (e
generic form of the S/N ratio then becomes small for surface
roughness (Ra) so the equation can be described as follows:

n � − 10 log10
1
n



n

i�1
yi

2⎛⎝ ⎞⎠. (2)

(e difference between measured data and the ideal value
is expected to be as large as possible. (e generic form of S/N
ratio then becomes maximum for the material removal rate
(MRR) so the equation can be represented as follows:

n � − 10 log10
1
n



n

i�1

1
yi

2
⎛⎝ ⎞⎠. (3)

ANOVAwas performed to recognize the noteworthiness
of every parameter over the reaction factors. Furthermore,
the rate impact of each factor over the response variable was
additionally distinguished from the ANOVA study by uti-
lizing a consecutive aggregate of square values. And a p value
of under 0.05 had a significant effect. Taguchi S/N pro-
portions investigation was constrained to take care of just
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single-objective optimization issues. To advance the infor-
mation parameters for multiobjective such as the material
removal rate and surface roughness, a multiobjective
streamlining named grey relational investigation with

Taguchi configuration is a superior arrangement through
GRA [16]. First, multiresponse parameters could be changed
into a solitary target capacity, and afterwards, qualities of the
ensuing ideal arrangement of parameters can be resolved.

Table 1: Results of hardness and density tests.

S. No Composition Hardness value for (100 gm.) Density (g/cm3)
1 Pure Mg 28.4 1.636
2 Mg-HNT 5% 34.8 1.638
3 Mg-HNT 10% 36.7 1.675
4 Mg-Zr 0.5% 32.7 1.619
5 Mg-Zr 1% 33.4 1.645
6 Mg-HNT 5%-Zr 0.5% 35.3 1.658
7 Mg-HNT 5%-Zr 1% 36.4 1.630
8 Mg-HNT 10%-Zr 0.5% 36.7 1.696
9 Mg-HNT 10%-Zr 1% 38.1 1.659

CompactionBlending by
Magnetic stirrer Sintering Fumance

Sintered specimen

Figure 2: Composite development steps and prepared specimens.

HNT

Mg Zr

Figure 3: SEM micrograph of the well-mixed powder structure.

Table 2: Machining factors and levels (WEDM).

Factors Codes Level 1 Level 2 Level 3
HNT % A 0 6 11
Zr % B 0 0.6 1
Pulse on time (μs) C 10 11 12
Pulse off time (μs) D 15 16 17
Wire feed (m/min) E 4 5 6
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Table 4: Key features of selected WEDM machine.

S. No. Parameters of WEDM Range/values
1. Discharge current 10A
2. Gap voltage 20V
3. Pulse ON time 10–12 μs
4. Pulse OFF time 15–17 μs
5. Wire material Cu
6. Wire diameter 0.25mm
7. Wire feed (WF) 4–6m/min
8. Wire tension 8N
9. Workpiece height 30mm
10. Dielectric fluid Deionized water

Figure 4: Wire cut EDM machine setup.

Table 3: L27 experimental design with response variables.

Trial no. HNT wt.% Zr wt. % P on P off Wire feed MRR (g/min) Ra (μm) SNRA MRR SNRA Ra
1 0 0 10 15 4 1.734 2.168 4.7809819 − 6.7212
2 0 0 10 15 5 1.789 2.203 5.0522068 − 6.8603
3 0 0 10 15 6 1.814 2.264 5.1727457 − 7.0975
4 0 0.5 11 16 4 1.712 2.379 4.6700752 − 7.5279
5 0 0.5 11 16 5 1.735 2.412 4.7859896 − 7.6475
6 0 0.5 11 16 6 1.777 2.478 4.9937486 − 7.882
7 0 1 12 17 4 1.695 2.454 4.5833941 − 7.7975
8 0 1 12 17 5 1.715 2.496 4.6852825 − 7.9449
9 0 1 12 17 6 1.732 2.597 4.7709578 − 8.2894
10 5 0 11 17 4 1.603 2.452 4.0986704 − 7.7904
11 5 0 11 17 5 1.639 2.497 4.2915791 − 7.9484
12 5 0 11 17 6 1.698 2.532 4.5987537 − 8.0693
13 5 0.5 12 15 4 1.664 3.053 4.4230664 − 9.6945
14 5 0.5 12 15 5 1.69 3.126 4.5577341 − 9.8998
15 5 0.5 12 15 6 1.703 3.197 4.624293 − 10.095
16 5 1 10 16 4 1.498 2.788 3.5102363 − 8.9059
17 5 1 10 16 5 1.513 2.867 3.5967786 − 9.1486
18 5 1 10 16 6 1.542 2.947 3.7616875 − 9.3876
19 10 0 12 16 4 1.659 2.769 4.3969277 − 8.8465
20 10 0 12 16 5 1.684 2.815 4.5268417 − 8.9896
21 10 0 12 16 6 1.692 2.874 4.5680072 − 9.1697
22 10 0.5 10 17 4 1.412 2.489 2.9966939 − 7.9205
23 10 0.5 10 17 5 1.498 2.543 3.5102363 − 8.1069
24 10 0.5 10 17 6 1.545 2.612 3.7785697 − 8.3395
25 10 1 11 15 4 1.568 3.102 3.9069212 − 9.8328
26 10 1 11 15 5 1.594 3.178 4.0497663 − 10.043
27 10 1 11 15 6 1.623 3.256 4.2063704 − 10.254
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Furthermore, the Taguchi plan with grey relational analysis
is a strong technique to take care of the multiobjective issues.

(e primary stage is to standardize the deliberate yield
work independently and it is fundamentally the same as the
S/N proportions computation in the Taguchi strategy where
various models are pursued. (e ‘‘smaller is better’’ stan-
dardization condition was chosen for normalizing surface
roughness and the corresponding formula can be repre-
sented as follows:

Yij �
max zij  − (zij) 

max zij  − min zij 
. (4)

If there should arise an occurrence of MRR, the criteria
picked for normalizing is ‘‘larger is better’’ and the equation
is as follows:

Yij �
Zij − min zij 

max zij  − min zij 
, (5)

where Zij is the worth acquired from the trial information
and min (Zij) is the base of an incentive from the investi-
gation. Correspondingly, max (Zij) is the most extreme
worth obtained from the analysis for that specific reaction.

(e subsequent step is to figure out grey relational co-
efficient for the standardized information utilizing the fol-
lowing equation.

GRCij �
δmin + cδmax( 

δij + cδmax 
, (6)

where, i� 1, 2, 3, . . ., n and j� 1, 2, 3, . . ., m.
GRCij is grey relational coefficients for the ith explore/

preliminary and jth subordinate variable/reaction esteem. δ
outright is unique among yoj and yij, which is a distinction
from the objective worth and can be treated as a quality
misfortune. c is the distinctive coeffective which is ordinarily
fixed at 0.5.

(e last step is to create a grey relational assessment for
the test data. Besides, this is the most astonishing estimation
of GRG which suggests the best parameters. (e GRG is
settled by using the equation as shown

GRGij �
1
n



n

i�0
GRCij. (7)

3. Results and Discussion

(e response parameters such as MRR and Ra were analyzed
through Taguchi single-objective optimization and ANOVA.
(e responses were converted into a regression equation to
evaluate the optimized parameters from Taguchi analysis by
using a multiobjective optimization technique called grey
relational analysis (GRA). Table 4 demonstrates the attained
MRR and Ra values with their respective signal-to-noise
ratio.We then determined the S/N tomaximize theMRR and
minimize the Ra by larger the better and smaller the better

criteria. (e optimal level for MRR and Ra was found by the
mean S/N ratio.

3.1. Main Effect onMRR. Figure 5 depicts the effect of input
parameters such as reinforcement wt. %, pon, poff, and WF
in the response to MRR during WEDM of developed
composites in Taguchi’s analysis.

It is seen from Figure 5 that the expansion in weight level
of fortifications to the base material fundamentally dimin-
ishes theMRR and the elements, for example, pon andWF at
more elevated levels work on the MRR, while the expansion
in poff adds to the lessening in MRR. (e principle justi-
fication behind the reduction in MRR during machining is
because of an expansion in hardness of the composites on
the expansion of the support to a specific rate over the base
material and furthermore because of the low electrical
conductive nature of the essential support HNT.

(e results from the previous experiment on WEDM
regarding MRR decreased due to their hardness and elec-
trical conductivity of the material, but the factor wire feed
rate kept at a higher level the MRR increased, whereas the
presence of larger particles in composites tends to decrease
MRR by protecting the matrix material from melting
[17, 18]. It is quite obvious that the increase in the wire feed
rate from lower to higher level increases the spark energy
verification and the material removal significantly causes an
increase in MRR.

3.2. Main Effect on Ra. Figure 6 reveals that better surface
roughness characteristics are obtained from factors such as
the increase in poff and other factors. Pon, WF, and rein-
forcements are at lower levels.

(e main factor to increase the surface roughness value
is the addition of hard reinforcements over the base material,
which makes the machining a complicated process in which
the increase in poff reduces the spark supply over the wire
causing a decrease in Ra. Both the reinforcements HNTand
Zr in material base magnesium significantly cause a decrease
in MRR and an increase in Ra during the WEDM process.

3.3. ANOVA. Table 5 shows the ANOVA results for MRR, it
reveals that the weight percentage of HNT in magnesium
MMC’s majorly contributes to MRR in WEDM as 49% and
Zr weight percentage contributes 15.48% and other factors
Pon 17.576% and Poff 8.9% and WF 7.2% during the ma-
chining process. It can also be seen from Table 5 the % of
contribution in various factors for determining the Ra,
where the presence of reinforcements HNT and Zr con-
tributes 46% and 20.2%, respectively, in determining the Ra
of Magnesium MMCs. WF shows the least contribution as
2.5% and Pon contributes 13% to the Ra on machining of
Magnesium MMC’s and the main machining parameter P
off shows a major contribution as 17.3% over that of another
machining parameter in determining the Ra value.
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3.4. Mathematical Modeling. (e regression equation has
been formulated with the aid of the statistical software
Minitab 16 to evaluate the optimized parameters from
Taguchi’s method and ANOVA.(e regression equation for
MRR and Ra is given as follows:

MRR � 1.64 − 0.0159 × A − 0.0924 × B + 0.0494 × C

− 0.0357 × D + 0.0323 × E,
(8)

Ra � 3.00 + 0.0465 × A + 0.346 × B + 0.139 × C

− 0.160 × D + 0.0613 × E.
(9)
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Main Effects Plot for SN ratios
Material Removal Rate (MRR)

M
ea

n 
of

 S
N

 ra
tio

s

5 10 0.0 120 1.00.5 1110

4.0

4.8

4.6

4.4

4.2

4.0

4.8

4.6

4.4

4.2

P off Wire feed

HNT % Zr % P on

Signal-to-noise: Larger is better

Figure 5: Result of input process parameters on MRR.

Main Effects Plot for SN ratios
Surface Roughness (Ra)

M
ea

n 
of

 S
N

 ra
tio

s

654171615

1211100.5 1.00.01050

-9.0

-7.5

-9.0

-7.5

-8.0

-8.5

-8.0

-8.5

HNT % Zr % P on

Signal-to-noise: Smaller is better

Wire feedP off

Figure 6: Result of input process parameters on Ra.

Advances in Materials Science and Engineering 7



Figures 7 and 8 uncover the analysis results and their
anticipated consequences of MRR and Ra values for the
arrangement of preliminary courses of action. It is evident
that trial and anticipated outcomes present a superior re-
lationship with one another addressing an ostensible
blunder deviancy among the exploratory and anticipated
aftereffects of both MRR and Ra. From now, in light of
Figures 7 and 8, it tends to be nitty gritty that equations (8)
and (9) have a superior arrangement in determining the

MRR and Ra values with the trial values, consequently used
capably to expect the recently referenced output response
inside the possibility of scattering.

3.5. Multiobjective Optimization

3.5.1. GRA. (e GRA method was used to normalize the
response parameters by “Smaller the better” and “Larger the

Table 5: Analysis of variance for MRR and Ra.

Source of variance DF
Sum of squares

Adjusted MS F value P-value %C
Sequential Adjusted
Material removal rate-MRR (R2 � 0.9808, adj. R2 � 0.9687)

HNT % 2 0.127564 0.127564 0.063782 203.46 p≤ 0.001 48.956
Zr % 2 0.040353 0.040353 0.020177 64.36 p≤ 0.001 15.486
P on 2 0.045791 0.045791 0.022896 73.04 p≤ 0.001 17.576
P off 2 0.023055 0.023055 0.011527 36.77 p≤ 0.001 8.848
WF 2 0.018788 0.018788 0.009394 29.97 p≤ 0.001 7.210
Error 16 0.005016 0.005016 0.009394
Total 26 0.260566

Surface roughness-Ra (R2 � 0.9985, adj. R2 � 0.9976)
HNT % 2 1.24545 1.24545 0.62272 2556.27 p≤ 0.001 46.670
Zr % 2 0.53957 0.53957 0.26978 1107.46 p≤ 0.001 20.219
P on 2 0.34900 0.34900 0.17450 716.32 p≤ 0.001 13.077
P off 2 0.46277 0.46277 0.23139 949.83 p≤ 0.001 17.341
WF 2 0.06794 0.06794 0.03397 139.44 p≤ 0.001 2.545
Error 16 0.00390 0.00390 0.00024
Total 26 2.66862
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better” and calculate the GRC as shown in Table 6. (e GRG
value was calculated by the average value of GRC concerning
MRR and Ra. (0.5 weight was given for both MRR and RA).
(e parameter combination which has the highest value of
GRG was considered as an optimum condition. (e results
attained from Taguchi coupled GRA were identical. From
Table 6, it very well may be distinguished that the rein-
forcement wt. % increases when the MRR decreases and Ra
increases. At lower p ON the Ra was decreased, and p ON
and wire feed was high. Maximum MRR was reached at the
machining of Mg MMC which strengthened with the base
degree of reinforcements.

Table 7 shows the optimal conditions for betterMRR and
Ra values using the mean table or response table for GRG.
According to the study, the parameter level which has the
most elevated mean worth was considered as the optimal
parameter level. For simple portrayals, optimum parameter
levels are mentioned in bold figure in Table 7, and Figure 9
also graphically represents the effects of process parameters.

Table 8 shows the ANOVA results for GRG and it
confirmed that each process parameter attained a significant
effect over response parameters and it also revealed that the
percentage of the weight of HNT has the maximum influ-
ence on GRG (70.561%) followed by Zr weight percentage

Table 7: A typical response for GRG.

Level HNT wt.% Zr wt.% Pulse on time Pulse OFF time Wire feed
1 0.7508 0.6717 0.6025 0.6005 0.5643
2 0.4763 0.5622 0.5723 0.5536 0.5766
3 0.4995 0.4927 0.5518 0.5724 0.5857
Delta 0.2745 0.1790 0.0508 0.0469 0.0214
Rank 1 2 3 4 5

Table 6: Calculated GRG and its order in the optimization process.

Trial. No
Normalized values Grey relational coefficient

Grey relational grade Rank
MRR Ra MRR Ra

1 0.800995 1 0.715302 1 0.857651 3
2 0.937811 0.967831 0.889381 0.939551 0.914466 2
3 1 0.911765 1 0.85 0.925 1
4 0.746269 0.806066 0.663366 0.72053 0.691948 6
5 0.803483 0.775735 0.717857 0.690355 0.704106 5
6 0.90796 0.715074 0.844538 0.637002 0.74077 4
7 0.70398 0.737132 0.628125 0.655422 0.641773 8
8 0.753731 0.698529 0.67 0.623853 0.646927 7
9 0.79602 0.605699 0.710247 0.559096 0.634671 9
10 0.475124 0.738971 0.487864 0.657005 0.572434 12
11 0.564677 0.69761 0.534574 0.623139 0.578857 11
12 0.711443 0.665441 0.634069 0.599119 0.616594 10
13 0.626866 0.186581 0.57265 0.380686 0.476668 21
14 0.691542 0.119485 0.618462 0.362184 0.490323 17
15 0.723881 0.054228 0.644231 0.345836 0.495033 16
16 0.21393 0.430147 0.388781 0.467354 0.428068 22
17 0.251244 0.357537 0.400398 0.437651 0.419025 24
18 0.323383 0.284007 0.424947 0.411187 0.418067 25
19 0.614428 0.44761 0.564607 0.475109 0.519858 15
20 0.676617 0.405331 0.607251 0.456759 0.532005 13
21 0.696517 0.351103 0.622291 0.4352 0.528746 14
22 0 0.704963 0.333333 0.628902 0.481118 20
23 0.21393 0.655331 0.388781 0.591948 0.490365 18
24 0.330846 0.591912 0.42766 0.550607 0.489133 19
25 0.38806 0.141544 0.449664 0.368065 0.408865 27
26 0.452736 0.071691 0.477435 0.350064 0.41375 26
27 0.524876 0 0.512755 0.333333 0.423044 23
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(24.807%), Pulse ON time (1.98%), Pulse OFF time(1.20%),
and wire feed (0.351%).

4. Conclusion

(e WEDM studies were performed on the freshly evolved
hybrid Mg-based MMCs and the accompanying conclusions
were made.

(i) (e addition of HNT and Zr into the Mg causes a
small percentage increase in density because of the
higher solidity of reinforcements.

(ii) An increase in hardness was accomplished by the
addition of reinforcements with the Mg matrix.

(iii) Machinability of composite decreases as the Wt. %
of reinforcements increases.

(iv) (e optimal combination of input parameters
identified by Taguchi-coupled GRA is lower level
reinforcement percentage, pulse OFF time, pulse
ON time, and higher-level wire feed rate.

(v) (e developed regression equation predicts a
nominal error deviancy among the predicted and
experimental results of both Ra and MRR.

(vi) (e optimal conditions recommended by GRA for
attained higher MRR and lower Ra is revealed that
the percentage of the weight of HNT has the greatest
influence on GRG (70.561%), followed by Zr weight
percentage (24.807%), pulse ON time (1.98%), pulse
OFF time (1.20%), and wire feed (0.351%).

Data Availability

(edata supporting the current study are given in the article.
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Table 8: Analysis of variance for GRG.

Source of variance DF
Sum of squares

Adjusted MS F value P-value % C
Sequential Adjusted

HNT % 2 0.417190 0.417190 0.208595 946.07 p≤ 0.001 70.561
Zr % 2 0.146672 0.146672 0.073336 332.61 p≤ 0.001 24.807
P on 2 0.011741 0.011741 0.005870 26.63 p≤ 0.001 1.985
P off 2 0.010033 0.010033 0.005016 22.75 p≤ 0.001 1.70
WF 2 0.002079 0.002079 0.001040 4.72 p≤ 0.001 0.351
Error 16 0.003528 0.003528 0.000220 0.596
Total 26 0.591242 100

R2 = 0.994, adj. R2 = 0.9903
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is paper aims to identify the optimum level of factors or parameters that a�ect the energy absorption of conoidal structures by
grey relational examination. To optimize crashworthiness parameters of conical structures, the L9 orthogonal array has been
adopted to design the experiments. e tailor-made thin-walled conical structures were fabricated by three most important
factors, such as base diameter, height, and thickness, as design variables, and they were subjected to axial compression in a quasi-
static method. e important responses of crashworthiness indicators such as the mean crushing force and speci�c energy
absorption (SEA) were calculated with the help of a load-displacement curve. Experimental results showed that the crushing
behaviours of conical structures were fairly signi�cant. Grey relational analysis (GRA) and analysis of variance are used toobtain
the optimal levels of parameters. From the results, the optimum levels of parameters are found to be a base diameter of 180mm, a
height of 120mm, and a thickness of 1.5mm.

1. Introduction

Energy absorbers with lightweight are widely used to de-
velop the crashworthiness of vehicles at the time of colli-
sions. e thin-walled formations or structure are normally
used as energy absorbers in all types of transport systems
owing to their properties like very less weight and the ca-
pacity to absorb more impact energy. By determining the

mean crushing power, the energy lost until the substance or
material was compressed-honeycomb structures' ability to
absorb energy is assessed. Several studies have been carried
out to develop theoretical models to forecast the mean or
average crushing force for thin-walled structures. Signi�cant
analysis has been carried out by the authors in [1] intended
for out-of-plane axial crushing confrontation of hexagonal
honeycomb. e wall thickness and diameter of hexagonal
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wall structures were compared to the crushing strength and
folding wave's wavelength and the submitted solutions were
based on the design's convenience. Crushing strength, flow
stress, curvature effects, and wavelength are considered and
evaluated in the model. -is folding model was again im-
proved by considering more detailed structures and
changing the structural loading in that deformation [2]. For
honeycomb structures, analytical and experimental results
are compared with each other [3–6].

In the past decade, the hexagonal structure has been
modified by other structures like square and circular struc-
tures. It has been investigated by numerical, theoretical, and
experimental methods under axial compression or impact
[7–12]. To improve the energy absorber performance, a
number of researchers have modified several odd and even
numbers of polygonal sections and star sections. -e tubes
offered their own performance in axial loading, and the results
were compared [13–18]. Several researchers have identified
several alternative approaches, including single cell various
cross-sectional tubes, multicell tubular sections, and filler
materials [19, 20]. Single and multi-cell hollow columns’
capacities for absorbing energy were compared analytically
and quantitatively, and it was determined that the multi-cell
available columns outperformed the single columns [21, 22].
-e experimental findings, the circular cylinder’s capacity to
absorb energy, and the development of empirical relation-
ships for concertina or axisymmetric structures [23]. Multicell
square columns compressed axially using analytical and
numerical techniques [24]. In hexagonal honeycombs and
circular honeycombs, the influence of the central angle and
the boundary effect is found to be an important factor in the
crushing strength of the structure when the number of cells is
very small [25, 26]. Analysis was carried out to develop the
crashworthiness of thin-walled sections, and the circular
honeycombs with the square package and hexagonal package
were examined numerically and experimentally [27, 28].

Although many researchers and series of experiments
mainly concentrated on polygonal sections (square, pentagon,
hexagon, octagon, and circular) as energy absorbers, in this
work, conical structures have been used as energy absorbers.
-e thin-walled conical ribs are fabricated in sheet metal in
various types, and then, we study the performance of energy
absorption of tubes type wise using the crashworthiness in-
dicators. -e study and investigation of energy absorption
capabilities of conical ribs were experimentally performed,
and the Taguchi method with the grey relational method was
used to find out the optimal parameters for multiresponse
such as the mean crushing force and specific energy ab-
sorption. -is proposed work is useful for the design of
engineering structures, which are used as energy absorbers.

2. Parameters of the Crashworthiness Study

In crashworthiness, basic parameters such as total energy
absorption (TEA), specific energy absorption (SEA), and av-
erage or mean crushing force (Fmean) are delineated under-
neath with numerical equations. -is study aims to determine
the optimal level of factors or operating parameters for the
maximum of (output) objectives of SEA and Fmean. Specific

energy absorption (SEA) is portrayed as held vitality per unit
mass.-is is a basic criterion for looking at the vitality retention
limit with particular mass, which is expressed as follows:

SEA �
EA

m
, (1)

where m refers to the mass of the specimen and EA is the
total energy absorption of crushing force. EA evaluated with
the help of the load/force-displacement curve by applying
direct integration is expressed as follows:

EA � 
δ

0
F(δ)dδ. (2)

Fmean is the average or mean crushing force which is
calculated as follows:

Fmean �
EA

δ
. (3)

2.1. Taguchi Method with Grey Relational Analysis (GRA).
-e Taguchi method is one of the simplest and most popular
methods to obtain the optimum set/level of factors or pa-
rameters for a single objective optimization problem To
solve and analyze a multiresponse problem, Taguchi-based
grey relational analysis is identified as a suitable method.

-e main objective of crashworthiness analysis is the
maximization of SEA and CFE. To evaluate the quality of
experimental results, in Taguchi analysis, the signal to noise
(S/N) ratio is considered larger than the best characteristic
response, which is calculated as follows:

S

N
Ratio xi(k) � −10 log10

1
j

  

j

i�1

1
y
2
i (k)

 , (4)

where yi(k) is the observed response value for the kth re-
sponse in the Ith trial, xi(k) is the S/N ratio value for the kth
response in the Ith trial, and j is the number of experiments.

Optimum parameters can be obtained from Taguchi’s
method after obtaining discrete datasets from experimental
results. -e responses are normalized across the range from
0 to 1. -e normalized S/N ratios can be obtained as follows:

xi
′(k) �

xi(k) − minx(k)

max x(k) − min x(k)
For better response, (5)

where k� 1 to n, n is the performance characteristic kth
response at all trials, and i� 1 to 9.

After calculating the normalized S/N values, the grey
relational coefficient can be calculated as follows:

ξi(k)�

min
k

min
i

xi(0)−xi
′(k)

����
���� +ψ max

k
max

i
xi(0)−xi

′(k)
����

���� 

xi(0)−xi
′(k)


+ψ max

k
max

i
xi(0)−xi

′(k)
����

���� 

,

(6)

where ψ is the resolution coefficient, and its value is taken as
0.5.
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Grey relational grade can be obtained as follows:

ci �
1
n



n

k�i

ξi(k). (7)

2.2. Analysis of Variance. GRA is simple and easy to un-
derstand, and it is based on range analysis. However, the range
analysis cannot distinguish experimental errors and data
fluctuations caused by level changes in parameters or factors.
For this problem, ANOVA is used to design the optimized
levels of parameters, which significantly affect the character-
istics. -e predicted optimum condition of grey relational
grade using crashworthiness can be evaluated as follows:

c � cavg(m) + 
n

i�1
ci(m) − cavg(m) , (8)

where n is the number of experiments, cavg(m) is the mean
of grey relational grade, and ci(m) is the mean of grey
relational grade at optimum level.

3. Experimental Procedures

3.1. Selection of Section Geometry and Parameters. In this
work, the average or mean crushing force (Fmean) and
specific energy absorption (SEA) were taken as output re-
sponses of crashworthiness with respect to the following
parameters, such as base diameter, height, and thickness.
Experiments were conducted on these three parameters/
control factors (base diameter, height, and thickness) at
three levels, and hence, the L9 orthogonal array (OA) was
selected. -e levels of factors for the experimental process
are described in Table 1.

3.2. Materials. Aluminum alloy Al 5052 was selected for
lightweight, high strength, cost-effectiveness, and greater
formability. Chemical composition of aluminum alloy Al

5052 is listed in Table 2. Mechanical properties of materials
are shown in Table 3. Experimental design using the L9
orthogonal array is mentioned in Table 4. Sample specimens
are shown in Figure 1.

Table 1: Factors and levels of parameters.

Notation of factor Factors (mm)
Levels

1 2 3
A Base diameter 160 170 180
B Height 120 130 140
C -ickness 0.5 1 1.5

Table 2: Chemical composition of Al5052.

Composition Percentage
Al 96.35
Mg 2.2
Si 0.25
Mn 0.1
Fe 0.4
Cu 0.1
Zn 0.1
Residuals 0.5

Table 3: Mechanical properties of Al 5052.

Property Value
Young’s modulus (E) 69.3 GPa
Ultimate tensile load 228MPa
Elongation 15%
Density (ρ) 2.68 g/cm3

Shear modulus (τ) 25.9 GPa
Poisson’s ratio (μ) 0.33

Table 4: Experimental design using the L9 orthogonal array.

Test no
Base diameter

(mm) Height (mm) -ickness
(mm)

Level Value Level Value Level Value
1 1 160 1 120 1 0.5
2 1 160 2 130 2 1
3 1 160 3 140 3 1.5
4 2 170 1 120 2 1
5 2 170 2 130 3 1.5
6 2 170 3 140 1 0.5
7 3 180 1 120 3 1.5
8 3 180 2 130 1 0.5
9 3 180 3 140 2 1

Figure 1: Samples of specimens before loading.

Figure 2: Crushed patterns of cones.
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3.3. Experimental Process. -e compression test was carried
out by using a computerized universal testing machine. -e
test specimen was vertically put between the lower movable
table and the fixed cross head. -e compressive axial force
was applied to the samples, and the rate of compression was
10mm/min.-e crushed samples of specimens are shown in
Figure 2. Specimens were compressed up to 80mm
displacement.

4. Results and Discussion

4.1. Experimental Results. A force/load-displacement curve
is obtained during the test and is clearly shown in Figure 3.
From the curves, all the patterns havemore number of peaks.
-e number of peaks indicates the number of folds in each
section. Based on the results, the crashworthiness effects of
conical sections with base diameter, height, and thickness of
thin-walled sections are studied, and the results are tabulated
in Table 5.

4.2. Optimization Results. In the Taguchi method, the S/N
ratios for better characteristics were chosen for the mean
crushing force and specific energy absorption. Corre-
sponding values of S/N ratios were calculated, and the results
of multiple responses are tabulated in Table 5. Based on the

S/N ratios, the normalized S/N ratios could be calculated for
each parameter level.

Table 6 reveal that the test number 7 has the highest grey
relational grade of the nine combinations, with the reference
diameter 180 mm, height 120 mm, and thickness 1.5 mm.

-e average grey relational grade and optimum level of
controllable factors are calculated and tabulated in Table 7.
Base diameter level 3, height level 1, thickness level 3, and the
combination of the optimum process parameters are the
optimum levels of the parameters. Optimum values of pa-
rameters at each level are indicated as stars in Table 7, and
the variation of maximum to minimum is also indicated.

In multiperformance characteristics, the most affecting
parameter has the maximum max-min value, and the
highest value of max-min for thickness in response to the
average grey relational grade is 0.456. -e max-min value
for base diameter is 0.195 and that for height is 0.02. -e
order of importance of factors in this study is listed as
follows: factor C (thickness), factor A (base diameter), and
factor B (height) such that 0.456 > 0.195> 0.020. Results of
grey relational analysis (GRA) and importance of pa-
rameters were tested and listed by ANOVA, and the results
are presented in Table 8. -e analysis of variance also
proved that the most significant and controllable factor is
thickness, followed by base diameter and height of the
conical structures.
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Figure 3: Load-displacement curves.

Table 5: Experimental results.

Code Mass (kg) Base diameter (mm) Height (mm) -ickness (mm) Fmean (kN) TEA (N-m) SEA (kJ/kg)
F ∗ dδ TEA (m)

Cone 1 0.046 160 120 0.5 1.48 118.4 2.574
Cone 2 0.1 160 130 1 3.51 280.8 2.808
Cone 3 0.16 160 140 1.5 7.98 638.4 3.990
Cone 4 0.104 170 120 1 4.86 388.8 3.738
Cone 5 0.16 170 130 1.5 8.65 692 4.325
Cone 6 0.065 170 140 0.5 2.76 220.8 3.397
Cone 7 0.175 180 120 1.5 9.59 767.2 4.384
Cone 8 0.074 180 130 0.5 3.45 276 3.730
Cone 9 0.146 180 140 1 6.15 492 3.370
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5. Conclusion

In this research, an optimization value of important
crashworthiness parameters for conical structures was an-
alyzed and presented by using the Taguchi-based grey re-
lational method. Based on the grey relational approach,
some key findings and conclusions were summarized:

(1) -is analysis presents the significant effects of the
base diameter, height, and thickness of a conical
structure on crashworthiness.

(2) -e optimum process parameters are a base diameter
of 180mm, a height of 120mm, and a thickness of
1.5mm, i.e, Test No. 7.

(3) Order of significance of various factors is as follows:
thickness 84%, base diameter 15%, and height 0.15%,
respectively.

(4) According to the influencing factor or parameter
analysis, it was concluded that thickness and base
diameter have a significant effect on the energy
absorption/crashworthiness performance.

Obtained results can give some useful guidance to design
thin-walled and lightweight structures for crashworthiness
applications.

Experimental analysis described in this work would be
useful for the development of energy absorption structural

components in the field of aircraft, marine, and automobile
applications.
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A pattern reconfigurable dielectric resonator antenna emitting at 3.1GHz is presented in this study. The beam can be steered at 6
degrees, 8 degrees, 14 degrees, and 171 degrees. Three P-i-N diodes are employed in the slots of the ground plane to help steer the
beam direction. By changing the state of the three diodes, five states can be obtained.The TE01δmode is excited using a differential
feed technique. Differential feed helps in increasing the gain and reducing the size of the structure. The return loss of each state is
less than −25 dB. The gain of the first state is 7.65 dBi, the second and fifth state’s gain is 8.22 dBi, third and fourth state’s gain is
10.6 dBi. This Antenna is designed using Rogers RO4003C material which has low Electrical gravity, low voltage, and high
oxidation resistance that makes it appropriate for RF applications. The properties required for RF microwave circuits, matching
networks, and controlled impedance transmission lines are present in the RO4003C material. Annealed copper is used for
designing the ground plane and feedline which provides excellent conductivity. The antenna is fabricated using the chemical
etching process which employs a positive photoresist that gives a higher resolution accuracy for the designed antenna.This process
of fabrication has another advantage of inculcating structures from simpler to complex.

1. Introduction

With the advent of wireless communication, the demand for
reconfigurable antennas is increasing. Reconfigurable an-
tennas are advantageous as they are compact, economical,
and versatile, and they may replace an antenna array or
several antennas. Reconfigurability can be categorized into
frequency, pattern, polarization, and bandwidth. Pattern

reconfiguration can be done by mechanical tuning or
electrical tuning. A pattern-reconfigurable multidirectional
microstrip antenna for wireless communication was studied
[1]. Utilizing switchable directors, a pattern-reconfigurable
dielectric resonator antenna is created [2]. A straightforward
arc dipole-based planar beam steerable antenna is presented
[3]. Pattern reconfigurability using spherical shaped di-
electric patch operating on higher order mode is designed
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[4]. An antenna having five switchable beams in the ele-
vation plane was investigated for pattern reconfiguration [5].
A cylindrical dielectric resonator antenna with pattern-
reconfigurable components was developed [6]. The inves-
tigation of a gain-enhanced, pattern-reconfigurable planar
Yagi-Uda antenna on a coplanar construction was proposed
[7]. Wideband antennas with a reversible broadside and
end-fire patterns were studied [8]. A reconfigurable pattern
is produced by utilizing H-shaped components [9]. Dem-
onstration of a dielectric liquid-based reconfigurable an-
tenna with adjustable radiation pattern and polarization was
proposed [10]. A wideband gravitational ball lens-based
dielectric resonator antenna for circular polarization was
investigated [11].

Dielectric resonator antenna is advantageous over
microstrip patch antenna in terms of efficient radiation,
bandwidth enhancement, and lesser conductor loss. At
microwave and millimeter-wave frequency, the surface
waves dominate in the case of microstrip patch antenna
which eventually deteriorates the antenna efficiency,
whereas DRAs do not suffer from surface waves and hence
are more suitable at a higher frequency. Dielectric resonators
with relative permittivity of 100 and higher are used in
applications such as oscillators and filters. The higher the
permittivity, the more the fields are tightly bound inside the
material.

To make dielectric resonators work as an antenna the
relative permittivity has to be between 3 and 50. When the
relative permittivity is decreased, the fields when excited by
the RF signal can escape and radiate. The DRAs have a
distinct property of having distinct modes which when
excited create distinct radiation patterns. DRAs offer simple
feeding techniques such as microstrip feed, coaxial cable,
and coplanar waveguide. They may therefore be integrated
with many planar techniques. By adjusting the location of
the DRA with regard to the line, it is simple to modify the
coupling between a DR and a planar transmission line. By
carefully selecting resonator settings, a DRA antenna’s
working bandwidth may be adjusted throughout a broad
range. For instance, by selecting the right resonator mate-
rial’s dielectric constant, the bandwidths of a DR antenna’s
lower order modes may be readily changed from a tiny
percentage to 10% or more.

The frequency range in which the antenna’s input VSWR
is smaller than a certain number of S is known as the im-
pedance bandwidth of an antenna. The relationship between
the entire unloaded Q-factor Q of the resonator and the
impedance bandwidth of a resonant antenna, which is
perfectly matched to a transmission line at its “resonant
frequency,” is as follows:

BW �
(S − 1)

Q√S
. (1)

In this paper, a differential feed is used to excite the
fundamental TE01δ mode. Differential feed helps in reducing
the cross-polarization and increases the gain of the antenna.
Three slots are etched in the ground plane in which three p-i-
n diodes are inserted. Altered states (on/off) of diode results

in beam steering. This antenna’s DR construction is
straightforward, and its switching speed is quick. Various
studies are done onmaterial specifications and antenna band
selections [12–22].

The material, Rogers RO4003C is used as the substrate
which provides low electrical gravity, low voltage, and high
oxidation resistance that makes it appropriate for RF ap-
plications. All of the RO4003C laminates available config-
urations, which use both 1080 and 1674 glass fabric types,
adhere to the same laminate electrical performance criteria.
While using the same production procedure as ordinary
epoxy/glass laminates, RO4003C laminates offer tight
control over the dielectric constant (Dk) and minimal loss at
a quarter of the cost of traditional microwave laminates.
There are no additional through-hole treatments or handling
techniques necessary, in contrast to PTFE-based microwave
materials. Materials in the RO4003C category are not UL 94
V-0 certified and are not brominated.

The ground plane and the feedline are designed using
annealed copper metal for better conductivity. The antenna
is fabricated using the chemical etching process which
employs a positive photoresist that gives higher resolution
accuracy for antenna and other RF circuits. This process of
fabrication has another advantage of inculcating structures
from simpler to complex.

1.1. Antenna Configuration and Material Specifications.
The schematic of the antenna structure is depicted in Fig-
ure 1. The structure consists of a DP, substrate 1, ground
plane, substrate 2, and a feed. The dielectric constant of the
cylindrical DP is εrd � 45, the loss tangent is tan
δ � 1.9×10−4, and the volume is π × r× r× hmm3 (where
r� radius and h� height of the patch). Both substrates 1 and
2 are Rogers RO4003C with εrs � 3.38, size of L× Lmm2

(L� length of the substrate. The thickness of substrate1 is
1.524mm and substrate 2 is 0.813mm with tan δ of 0.0027 is
chosen for the present design. The length and width of the
two substrates and ground plane are 60× 60mm2.The radius
of the dielectric patch is 20.6mm.The height of substrate 1 is
1.524 and substrate 2 is 0.813mm.The length of feedback 1 is
14.5mm and feedback 2 is 31mm.The gap between the slots
in the ground plane is 2.15mm and the length of the slot is
8.5mm. The relative permittivity of both substrates is 3.38
and that of the dielectric patch is 45.

All of the RO4003C laminates available configurations,
which use both 1080 and 1674 glass fabric types, adhere to
the same laminate electrical performance criteria. While
using the same production procedure as ordinary epoxy/
glass laminates, RO4003C laminates offer tight control over
the dielectric constant (Dk) and minimal loss at a quarter of
the cost of traditional microwave laminates. There are no
additional through-hole treatments or handling techniques
necessary, in contrast to PTFE-based microwave materials.
Materials in the RO4003C category are not UL 94 V-0
certified and are not brominated. Hydrocarbon ceramic
laminates with the RO4000 brand name are intended to
provide improved high-frequency performance and
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inexpensive circuit manufacturing. The outcome is a low-
loss material that can be manufactured using common
epoxy/glass (FR-4) techniques.

Once working frequencies reach 500MHz and beyond,
there are much less number of laminates to choose from.
Higher operating frequencies prevent the use of traditional
circuit board laminates in many applications, but reduced
dielectric loss enables RO4000 series material to be utilized in
such applications. Superior high-frequency performance and
affordable circuit fabrication are two features of RO4000
hydrocarbon ceramic laminates. The properties required for
RF microwave circuits, matching networks, and controlled
impedance transmission lines are present in the RO4000
material. Figure 2 presents a variation of the relative per-
mittivity of Rogers R04003C with temperature and frequency.

The Three connection slots are etched in parallel while
the ground plane is positioned on the top layer of substrate 2.
The area of slot 1 and slot 3 for simulation is 8.5× 0.9mm2,
while slot 2 is 9.4× 0.6mm2. Three P-i-N diodes are kept in
the coupling slots to provide the beam steering operation.
The spacing, d, between the slots is 2.15mm. The metal used
for feedline and ground plane is annealed copper as they
retain impact resistance to 20K. Copper becomes flexible
after being annealed. Annealing restores electrical con-
ductivity by enhancing the crystal lattice’s uniformity. The
resistivity of annealed copper is 1.72×10−8 ohm-m and its
specific gravity is 8.89. The modulus of elasticity is
17,000000 psi. Table 1 presents the specifications of annealed
copper and Figure 3 shows the variation of stress with re-
spect to strain for annealed copper (Table 2).

1.2.MathematicalAnalysis ofTEmnMode. For the purpose of
directing the ensuing design, a mathematical study of the
TEmnmode is necessary. The theoretical analytical model of
the DP resonator is depicted in Figure 4 beneath.

As magnetic walls, four side planes that are perpen-
dicular to the z-axis direction are considered. The resonator
is half-cut by using the ground plane as an electric wall. In
accordance with the Helmholtz equation and boundary
conditions [23].

∇2. Ez + k
2
.Ez � 0

∇2.Hz + k
2
.Hz � 0.

(2)

It is possible to retrieve the TEmn mode’s field element
expressions.

For the DP

|z|≤
hd

2
 

Hz1(x, y, z) � A1 sin kxx( sin kyy cos kzz + φz .

(3)

For air (z> hd/2)

Hz2(x, y, z) � A1 cos
kzhd

2
+ φz 

× sin kxx( sin kyy e
− α1 z−

hd

2
 

.

(4)

For the substrate (−hd/(2− hs1)≤ z≤−hd/2)

Hz3(x, y, z) �
A1 cos kzhd/2 − φz( 

sin h α2hs1( 
sin kxx( sin kyy 

× sinh α2 z +
hd

2
+ hs1  .

(5)

The wave numbers of the z-axis dissipation mode in air
and substrate, respectively, are represented in the afore-
mentioned formulas by α1 and α2, respectively. The wave
numbers on the x, y, and z axes are denoted by the letters kx,
ky, and kz.

kx �
mπ
wd

,

ky �
nπ
wd

.

(6)

The following equations are used to obtain the remaining
field components in the DP, air, and substrate.

r
L

L

(a)

Lf 1

Lf 2

Ls

(b)

Figure 1: Schematic diagram of the pattern reconfigurable DP antenna. (a) The radius of the cylindrical DP. (b) Substrate along with
feedline, diodes, and ground plane slots.
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Figure 2: Variation of RO4003C relative permittivity with (a) temperature and (b) frequency.

Table 1: Specification of annealed copper.
Specific gravity 8.89
Density 0.322 lb./cu. In. At 68°F
Thermal conductivity 226 BTU/Sq Ft/Ft/Hr°F at 68°F
Coefficient of thermal
expansion 0.0000098/°F from 68°F to 572°F

Modulus of elasticity 17,000,000 psi
Tensile strength 32,000 psi min
Yield strength (0.5% extension) 20,000 psi min
Elongation in 2″ approx 30%
Shear strength 25,000 psi
Hardness, rockwell 54min
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Figure 3: Stress vs strain variation of annealed copper.

Table 2: Parameter dimensions.

Parameters Dimension (mm)
L 60
R 20.6
Lf1 14.5
Lf2 31
Ls 8.5
h1 1.524
h2 0.813
D 2.15

wd

hd

hs1

𝜀rd

𝜀rs

x

zElectric
Wall

Magnetic
Wall

Air
(𝜀r0 ≈ 1)

Figure 4: Modeling of DP resonator.
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Ex � −
jωμ0

k
2
c
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zx
,
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jωμ0

k
2
c

zHz
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,
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1
k
2
c

z
2
Hz

zxzz
,

Hy �
1
k
2
c

z
2
Hz

zyzz
.

(7)

The following formula is therefore derived in accordance
with the continuous criterion for the tangential H-field and
E-field at the DP interfaces:

kz.hd � tan− 1 α1
kz

  + tan− 1 α2coth α2hs1( 

kz

 ,

φz �
tan− 1 α1/kz(  − tan− 1 α2coth α2hs1( /kz( 

2
.

(8)

Lastly, when paired with classical electromagnetism’s
preservation of wavelength range

k
2
x + k

2
y + k

2
z � εr dk

2
0

k
2
x + k

2
y − α21 � εr0k

2
0

k
2
x + k

2
y − α22 � εrsk

2
0.

(9)

1.3. Reconfigurability Principle. Three coupling slots loaded
with P-i-N diodes are placed in the ground plane to provide
beam steering, as depicted in Figure 1. Five switching states
that function at roughly 3.1 GHz can be accomplished by
adjusting the ON-/OFF state of the P-i-N diodes, as listed in
Table 3. BAR64-02V P-i-N diode is used whose equivalent
diagram is shown in Figure 5. Conventional silicon fabri-
cation techniques, such as oxidation, photolithography, ion
implantation, aluminum sputter deposition, and passiv-
ation, were used to create the diodes. Boron was implanted
into the bare wafer to create the diode’s front side (p+ active
area). For an n+ contact, the phosphorous was doped on the
back side. State 1 is established when D1 is ON and D2 and
D3 are OFF. In this instance, as depicted in Figure 6, the
E-field of the TE01δ mode is evenly spread across the DP
resonator.

The half-power beamwidth (HPBW) is 87.6 degrees,
while the main beam orientation is 8 degrees. State 1 has a
7.65 dBi peak gain. State 2 has a primary beam direction of
14 degrees and an HPBW of 88.6 degrees when D1 and D2
are OFF and D3 is ON. State 2 has an 8.22 dBi peak gain.
State 3 is when just D3 is OFF but D1 and D2 are ON. In this
situation, the HPBW is 66.5 degrees, while the main beam
direction is 171 degrees. 10.6 dBi is added to the peak gain. In
the fourth condition, D1 and D3 are OFF while D2 is ON,
producing a gain of 10.6 dBi and a relatively high HPBW of
171 degrees in comparison with the other modes.

2. Results and Discussion

The E field distribution of TE01δ mode at 3.1 GHz as shown
in Figure 6 is derived by using the Eigenmode solver in CST
Microwave studio. This TE01δ mode generates a distinct
radiation pattern that is broadside. A differential feed is
given to the designed structure which results in higher gain.
A differential feed excites the cylindrical DRA in such a way
that TE01δ mode is excited. For a differential feed to work,
both the ports carry the same amplitude but 180 degrees
out of phase Rf signal. The ON state of the P-i-N diode is
given by providing a 2.1 ohm Resistor. The OFF state is a
parallel RC circuit of R � 500 Ohm and C � 2.1 pF. A
parametric analysis has been carried out in terms of the
distance between the slots (d) for each state and state 2 by
varying d from 0.15 to 2.15mm The return loss for state 1
and state 2 as shown in Figure 7 below can be read to be
ranging from −25 dB to −32 dB for state 1. The return loss
for state 2 with varying d ranges from −25 to −28 dB. A
second parametric analysis was carried out with the radius
(r) of the cylindrical DP.The radius varied from 10.6mm to
20.6mm showing a return loss ranging from −31 to −33 dB.
Finally, the structure was optimized at d � 2.15mm and a
radius, r � 20.6mm.

Figure 8 depicts return loss for different radius values of
the dielectric patch. The designed structure provides a
return loss of −28 dB and a wide bandwidth as can be seen
in Figure 9. State 1 provides a return loss of −28 dB, while
state 2 and state 4 provide a S11 Value of −30 dB.The return
loss of state 3 is < −40 dB. The major lobe direction of state
1 is 8 degrees whereas that of state 2 is 14 degrees as shown
in Figure 10. Figure 11 represents the 3D radiation plot of
state 1, state 2, and state 3. States 1 and 2 have a broadside
radiation pattern. The gain of state 1 is 7.65 dBi, while that
of state 3 and state 4 is 10.6 dBi. State 2 and state 5 provide a
gain of 8.22 dBi. A comparison of different techniques of
pattern reconfiguration using the switching method has
been carried out in Table 4. [1] A microstrip patch antenna
is studied which consists of 6 switches and 6 states at 3.7
GHz with a gain of 6 dBi. A DRA [4] is investigated with 3
switches comprising of 3 states at 5.8 GHz providing a gain
of 7.48 dBi. An MPA with 20 switches and 5 states oper-
ating at 2.4 GHz providing a gain of 6.5 dBi is studied [5].
With an increase in the number of switches, the loss in-
creases, and it makes the structure bulkier. [8] An MPA
with 8 switches and 9 states resonating at 2.5 GHz with a
gain of 7.26 dBi is investigated. [11] presents an MPA with
17 switches and only 3 states radiating at 3.5 GHz and
providing a gain of 9 dBi. A DRA [24] with 8 switches and 8
states operating at 5.8 GHz with a gain of 7.27 dBi is
studied. The present antenna structure provides better
efficiency compared to the other structures in terms of the
implementation of the number of diodes and the maximum
number of states attainable. The gain as compared to
previous structures is also higher which makes it suitable
for indoor wireless communication. Many researchers have
used various techniques to engineer the devices along with
suitable antennas to accommodate for better performance
[25–34].
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Figure 7: Parametric analysis of the distance between the slots of (a) state 1 and (b) state 2.

Table 3: Switching states of the proposed antenna.

State D1 D2 D3 S11 (dB) Gain (dBi) Beam direction HPBW Side lobe (dB)
1 ON OFF OFF −28 7.65 80 87.60 −5
2 OFF ON OFF −37 8.22 140 88.60 −2.7
3 ON ON OFF −30 10.6 1710 66.50 −2
4 OFF ON ON −30 10.6 −1710 1710 −2
5 OFF OFF ON −30 8.22 60 83.30 −4.7

(a)

2.1 𝛺

(b)

500 𝛺

0.13 pF

(c)

Figure 5: (a) P-i-N diode; (b) on state; (c) off state.

Figure 6: E field distribution of TE01δ mode at 3.1GhZ.
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Figure 9: Return loss of (a) state 1, (b) state 2, (c) state 3, and (d) state 4.
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Figure 10: Polar plot of (a) state 1 and (b) state 2.
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Figure 8: Parametric analysis of the return loss for different radius values of the dielectric patch.
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3. Fabrication Process

An appropriate material must be prepared before the process
of fabrication. Both the electrical requirements for antenna
applications and the requirements for deep lithography
manufacturing should be met by the material. Permittivity
and dielectric loss are two crucial electrical properties of the
material. Direct/indirect manufacturing techniques may be
thought of to create effective and feasible antenna structures
depending on the material qualities. The direct procedure
prioritizes lithography fabrication suitability; as a result,
pure photoresist materials with/without a minimal amount
of additives are acceptable.

The indirect technique relies heavily on the material’s
electrical qualities, allowing for the use of significant
amounts of non-photoresist materials with superior elec-
trical capabilities. Direct manufacturing is simpler and easier
than indirect fabrication, which involves first creating a
high-aspect-ratio photoresist frame before utilizing a robotic
machine to inject microwave material into the frame. Here
the substrate used is Rogers RO4003C having a relative

permittivity of 3.38 and tanδ � 0.0027. Organic polymers
used as photoresist materials undergo chemical changes
when exposed to UV light. The photoresist is positive when
the exposed region becomesmore soluble in the developer. If
it becomes less soluble, the substance is regarded as a
negative resist. The exposed areas of negative resists increase
as the developer dissolves the counterpart, which impairs the
process’s ability to resolve itself.

The developer solution seeps into the photoresist ma-
terial, causing swelling, which in turn causes a distortion in
the patterned area.

As a result, positive resists are being used more fre-
quently than negative ones in photolithography-based an-
tenna fabrication because they offer superior resolution.

4. Conclusion

A pattern reconfigurable dielectric resonator antenna
emitting at 3.1 GHz is presented in this paper. The beam can
be steered at 6 degrees, 8 degrees, 14 degrees, and 171 de-
grees. Three P-i-n diodes are employed in the slots of the

e-field (f=3.14) [1]
Type Farfield
Approximation enabled (kR >>1)
Component Abs
Output Directivity
Frequency 3.14 GHz
Rad. Effic.
Tot. Effic.
Dir.

(dBi)
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5.23
2.81

0.385
-2.04
-4.46
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-9.31
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(a)
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farfield (f=3.144) [1]
Type Farfield
Approximation enabled (kR >>1)
Component Abs
Output Directivity
Frequency 3.144 GHz
Rad. Effic.
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Dir.

-13.58 dB
-26.34 dB
7.642 dBi

(b)

(dBi)
10.7
3.41

-3.87

-18.4
-11.1

-29.3

e-field (f=3.144) [1]
Type Farfield
Approximation enabled (kR >>1)
Component Abs
Output Directivity
Frequency 3.144 GHz
Rad. Effic.
Tot. Effic.
Dir.

-22.08 dB
-33.94 dB
10.68 dBi

(c)

Figure 11: 3D radiation pattern of (a) state 1, (b) state 2 and (c) state 3.

Table 4: Comparison of different pattern reconfiguration techniques.

Reference Antenna type Number of switches Number of states F0 (GHz) Gain (dBi)
[1] MPA 6 6 3.7 6
[4] DRA 3 3 5.8 7.48
[5] MPA 20 5 2.4 6.5
[8] MPA 8 9 2.5 7.26
[10] MPA 8 4 3.4 7.3
[11] MPA 17 3 3.5 9
[24] DRA 8 8 5.8 7.27
Present work DRA 3 5 3.1 10.6
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ground plane to help steer the beam direction. By changing
the state of the three diodes, five states can be obtained. The
return loss of each state is less than −25 dB. The gain of the
first state is 7.65 dBi, the second and fifth state’s gain is
8.22 dBi, and the third and fourth state’s gain is 10.6 dBi. A
differential feed excites the TE01δ mode, reduces the design
complexity, makes it low profile, and enhances the gain. A
mathematical analysis of TEmn is elaborated which forms the
basis for understanding the working of the antenna. The E
field of the excited TE01δ is presented which in turn generates
a broadside radiation Pattern. The Antenna can be a good
contender for S-band applications. The structure is designed
using Rogers RO4003C which offers higher longevity, Low
electrical gravity, low voltage, and high oxidation resistance
making it useful in RF applications including airplane and
media domains. The relative permittivity of the substrate
(Rogers RO4003C) is 3.38 with tanδ � 0.0027.. They are low-
loss materials that can be produced using common epoxy/
glass (FR-4) fabrication techniques that are reasonably
priced. Once operational frequencies reach 500MHz and
above, the range of laminates typically available is signifi-
cantly constrained. The properties of RF microwave circuits,
matching networks, and controlled impedance transmission
lines are present in the RO4000 material. Annealed copper is
used to design the ground plane and feedline which provides
excellent conductivity. The Antenna is fabricated using the
chemical etching process which employs a positive photo-
resist that inculcates structures from simpler to complex
while giving a higher resolution accuracy for the designed
Antenna. [35–41]
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Corten steel is a low-carbon alloy steel. It is widely used in architecture, the transport sector, and industrial applications, where the steel is
exposed to harsh environments. It is very much sought after due to its auto protection from corrosive environments through the
formation of patina (rust). �e specialty of patina formed on the corten steel is that it can self-heal itself and stop the spreading of
corrosion. Generally, steels are given protective coatings to enhance resistance to corrosion, wear, abrasion, etc. One of the popular
protective coating techniques is electroplating. In this study, the e�ect of electroplating of copper (Cu), zinc (Zn), and nickel (Ni) on the
wear and corrosion behavior of CortenASTMA242 grade steel is investigated. It was observed that theCu coating yielded poor corrosion
and wear protection performance. �e Zn coating exhibited a moderate improvement. �e Ni electroplating produced excellent results
and, the wear and corrosion resistance was improved in the corten steel. �us, when compared with Cu, Zn, and Ni coatings, the Ni-
coated corten steel is an ideal candidate in applications where there is a need for good resistance to wear, abrasion, and corrosion.

1. Introduction

�e corten steel belongs to the family of weathering steels.
�e corten steel’s uniqueness lies in its ability to instanta-
neously form a stable rust layer called as patina. �is patina
gives corten steel the aesthetically pleasing appearance and
also makes it immune to corrosion. �e rust formed on the
corten steel prevents further corrosion of the underlying
corten steel, by forming an impervious passivation layer.
Furthermore, corten steel has good combination of me-
chanical properties with minimal alloying in the low alloyed
steels segment. Since it has good weight to strength ratio, it is
widely used in fabrication of railway coaches, transport
industry, bridges, structures, etc. �e corten steel is the work
horse of the railway coach building industry. Corten steel is
inherently capable to serve in harsh environments and
climatic conditions. �e versatility of corten steel lies in its
ability to be welded, formed, and undergo processing and

heat treatments, and thus its properties could be engineered
to produce various products, equipment, structures etc.

�e presence of Ni in corten steel makes it unique among
the weathering steel, as the Ni present in it enhances the
corrosion resistance as observed by other investigators [1].
�e uniqueness of corten steel lies in the proper combination
of alloying elements in it. Several investigators have observed
that, if the quantity of elements like Mn increases, the
corrosion rate will increase and also the structure of the rust
formed will be poor [2, 3]. Ni-based coatings through
electroplating route has enhanced the wear and corrosion
resistance of the steel substrate andmechanical properties, as
discussed elsewhere [4–8]. Copper, as a corrosion and wear
resistant coating, is e�ective only when coupled with ele-
ments like Cr as discussed elsewhere [9–11]. �e Ni coating
is nonpervious to corrosion than the Cu coating as observed
by other investigators [12]. Several investigators have tried to
explore the corrosion behavior of corten steel and other
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weathering steels and observed that the corten steel possesses
good immunity to corrosion [13–16]. ,e Zn-based coatings
provide good immunity in salty environments as discussed
elsewhere [17, 18]. ,e Zn-based coating offers good corrosion
resistance but the passivation layer shall be porous and hence
likely to form pitting as discussed by Protsenko and Danilov
[19]. ,e coating of Cu and Ni imparts immunity from wear,
stress corrosion cracking, erosion, abrasion, etc. as studied by
other investigators [20]. Most of the investigators have studied
coating of other steels through techniques other than elec-
troplating, like jet electrodeposition and dipping, for studying
corrosion behavior, ballistic response, etc. [17–20]. ,ere is
scant work reported in literature on the electroplating behavior
in corten steel and thus, necessitating this investigation.

2. Materials and Methods

,e Corten ASTM A242 Grade Steel of 3mm thickness was
taken for this investigation. ,e composition of the corten
steel was determined using a vacuum spark spectrometer.
,e micro Vickers hardness test was carried out conforming
to ASTM E384—10e2 using Wilson Wolpert micro Vickers
hardness testing machine on the Corten steel with 0.5 kg
load and dwell of 5 sec. ,e metallurgical specimens are
prepared by polishing with various grades of emery paper,
polished with lavigated alumina (0.0013 μm particle size)
and final polishing was done using diamond polishing
compound (0.25 μm particle size) and then etched with
Nital. ,e microstructural analysis was performed using a
Zeiss Axio Scope optical microscope. ,e Cu, Zn, and Ni
coating were done individually on corten steel in AK Fin-
ishing Technologies, Chennai, India. ,e scratch test was
performed using Ducom, Bangalore, India, scratch tester.
,e scratch test was carried out with a Rockwell diamond
stylus indenter of 120 degrees, length of 45mm, friction
accuracy of 0.1N for a depth range of 0–300mm, and a
working load of 5N. ,e surface roughness (Ra) was
measured using a Mitutoyo roughness tester. ,e coating
thickness was measured using an optical microscope scale.
,e bend test was performed using a universal testing
machine (UTM). ,e corrosion test was carried out in a salt
spray setup for 48 hours conforming to ASTM B117. ,e
corrosion test setup was maintained at a temperature of
33± 1°C with 5% NaCl. ,e weight loss was measured every
12 hours. ,e surface morphology of the corroded corten
steel was studied using Jeol—scanning electron microscope
(SEM). ,e elemental composition of the corroded surface
was determined using the energy dispersive spectroscopy
(EDS) attached with the SEM machine. ,e dry pin on disk
wear test were carried out on the electroplated specimens
with an applied load of 20N, sliding velocity of 1m/sec, and
sliding distance of 300m, at 637 rpm; for 300 seconds.

3. Results and Discussion

3.1. Chemical Composition. ,e elemental composition
conforms to Corten Steel—ASTM 242 and is shown in
Table 1.,e presence of Nickel and chromium contributes to

its inherent corrosion resistance. ,e unique blend of
alloying elements gives the corten steel good mechanical
properties and corrosion resistance. Furthermore, due to its
low alloying content, it is a cheap deal over its functionality.

3.2. Microstructure. ,e microstructure shows mill nor-
malized condition with uniform grains of pearlite in ferrite
matrix. ,e rolling bands are observed along the longi-
tudinal direction of the sheet. ,e grain size corresponds to
ASTM grain size No; as per ASTM E-112.,e average grain
size measured as grain size No; 6 as per the standard. No
stringers observed between the grain flow. ,e micro-
structure shows resolved grain boundaries and the pre-
cipitated pearlite between the grain boundaries which is
shown in Figure 1. ,e grains of pearlite show no elongated
grains.

3.3. Hardness Test. ,e microhardness of the corten steel in
pristine condition and electroplated condition is shown in
Figure 2. ,e Cu-coated corten steel specimens exhibited an
increase of around 197.1% in microhardness when com-
pared with the uncoated corten steel. Similarly, the Ni-
coated specimens showed an increase of around 400.2% in
microhardness. However, the Zn-coated specimens showed
a decrease of around 47.6% in microhardness. ,is behavior
vindicates the nature of the coating in terms of density of the
coating. From these observations, it can be inferred that the
Ni coating has potential to resist wear and abrasion, whereas
the Zn coating has the least wear resistance.

3.4. Coating (ickness. When comparing the macrostruc-
ture images in Figure 3, and coating thickness measurements
in Figure 4, the Zn coating thickness is observed to be
considerably more than Cu and Ni coating. ,e Cu coating
has the least thickness and the Ni coating higher than Cu;
and the Zn coating has the highest thickness. ,is nonun-
even distribution of coating thickness among Cu, Zn, and
Ni, shall be attributed to the electro chemical reaction and
the reduction potential of the respective elements involved
in the electroplating process.

From (1), it could be observed that the oxygen forms
hydroxyl ions when reacted with water during electro-
plating. ,e following reactions take place in nickel, copper,
and zinc; equations (2)–(4), where the respective metal
hydroxides are formed on the cathode (carton steel) during
electro plating, as discussed elsewhere [4, 21, 22]. ,e re-
duction potential of copper is 0.337V, nickel is −0.25V, and
zinc is −0.7628V. By virtue of their reduction potential, zinc
has greater reduction potential and hence easily gets de-
posited on the cathode (corten steel), whereas copper has
least deposition rate and the deposition rate of nickel is
moderate.,is is responsible for their respective thickness of
coating through the electroplating process. Hence, Zn in the
presence of iron (Fe) tends to produce thick coating, as
observed by other investigators [23].

2 Advances in Materials Science and Engineering



1
2o2

+ 2H2O + 2E − ⟶ 2OH (1)

Ni2+
+ 2OH− ⟶ Ni(OH)2 (2)

Cu2+
+ 2OH− ⟶ Cu(OH)2 (3)

Zn2+
+ 2OH− ⟶ Zn(OH)2 (4)

3.5. Scratch Test. ,e scratch test is carried out to determine
the vulnerability of the coating to abrasion. From Figure 5, it
is clear that Zn shows a poor performance, and Cu has
slightly better scratch resistance. However, Ni coating offers
good scratch resistance to the underlying corten steel and
thus proves that the coating is coherent and could resist
abrasions and shall be durable.

3.6. Surface Roughness (Ra). ,e Cu coating produces a
rough finish, followed by Ni-coated corten steel surface and
is shown in Figure 6. ,e Zn-coated corten steel surface
exhibits around half of the roughness Ra values when
compared with other two coatings. When compared with Cu
and Ni, the Zn coating produces a smooth surface with lower
Ra value.

3.7. Adhesive Bend Test. A gradual linear increase in the
adhesive bend strength is observed in Figure 7. ,is trend
indicates that there is not much effect of coating on the
ultimate bending strength. Furthermore, it is obvious from
the Figure that the adhesion of the coating is good in Ni
when compared with Cu and Zn. ,is behavior shall en-
hance the durability of the coating in functional field
applications.

3.8. Corrosion Test. ,e weight loss due to the corrosion of
Cu, Zn, and Ni is very much low when compared with the
uncoated corten steel and is shown in Figure 8.,is indicates
that the coatings offer the corten steel surface, immunity
from corrosion [24–27]. Among the three coatings, Ni had
the least corrosion-induced material weight loss. ,e cor-
rosion rate of Cu spiked when compared to the uncoated
corten steel due to the Fe surface catalyzed reaction of Cu,
which causes accelerated corrosion. ,e Ni-coated carton
steel exhibited least corrosion rate compared to other cor-
rosion coupons. Zn exhibited a slightly higher corrosion rate
than the Ni-coated carton steel coupons. ,e reason behind
the minimal corrosion rate of Ni-coated carton steel is its
strong bonding with the substrate and its capability to plug
the pores and holes in the surface of the carton steel, and
thereby sealing all paths from corrosion attack.

Furthermore, the Ni has strong affinity towards Fe and
hence the bonding between the corten steel substrate is good.
However, in the case of Cu, this affinity is less and hence the
bonding is poor, as discussed by Singh and Singh [28].

,e Fe in the corten steel substrate surface triggers the
chemical reduction of Cu. ,is surface catalyzed chemical
reduction reaction is shown in (5) as formulated by in-
vestigators elsewhere [20].

Cu2+
(aq) + Fe(s)⟶ Cu(s) + Fe2+

(aq) (5)

It can be observed from (1), that the chemical reduction
reaction results in poor adherence, and a less dense coating
of Cu on the corten steel.

Zn exhibits a spontaneous dense passivation layer in the
presence of Fe in the corten steel substrate, which imparts
corrosion resistance to the substrate as discussed by other
investigators [23].

Table 1: Chemical composition of corten steel (conforming to ASTM 242).

Elements C Si Mn P S Cr Ni Mo V W Ti Al C N Fe
Weight (%) 0.108 0.262 0.366 0.092 0.013 0.555 0.188 0.005 0.003 <0.01 0.003 0.030 0.005 0.0341 Remainder

200 X

Figure 1: Microstructure of corten steel.
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,e SEM image in Figure 9(a) shows numerous pores in
the Cu-coated layer leading to pitting and increased cor-
rosion rate. ,e presence of pores in the Cu coating leads to
leaching out of Fe and thus aggravating the corrosion and it
is evident from the EDS report shown in Figure 10(a).

,e SEM image in Figure 9(b) shows a uniform coating
of Zn and a dense passivation layer formation, which
protects the substrate from corrosion and is visible from the
EDS report in Figure 10(b).

,e SEM image in Figure 9(c) shows a dense passivation
layer formation upon exposure to corrosive medium, which
leads to good corrosion resistance and is seen from the
elemental spectrum in EDS report shown in Figure 10(c), as
observed elsewhere [29]. ,e Ni coating was effective as it
was able to form a coherent layer which seals the pores in the

corten steel substrate and prevents outward migration of
elements from the substrate as discussed elsewhere [30–33].
,e presence of Mo in the Corten steel matrix works syn-
ergistically with Ni coating to prevent growth of pits during
the formation of the passivation layer as discussed by other
investigators [34].

3.9. Wear Test. ,e inherent behavior of Zn upon electro-
plating, is to reduce the ductility of the steel and form in-
coherent coating, this in turn makes the corten steel
susceptible to wear as observed by other investigators [35].
,is shall be attributed to the higher wear induced weight
loss of Zn-coated corten steel than the Cu and Ni-coated
substrates, as shown in Figure 11.
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,e wear rate of the three electroplated specimens is
shown in Figure 12, where it is observed that Zn exhibits a
spike in wear rate; Cu has a steady trend in wear rate; and Ni
has a moderate wear rate. ,e coefficients of friction (COF)
of the three electroplated specimens are shown in Figure 13.
,e COF of Ni-coated corten steel specimens is less when
compared with Cu and Zn-coated corten steel specimens.
,e low COF of Ni indicates its inherent immunity to wear
and vice versa in the case of Cu and Zn-coated corten steel
specimens. A similar trend is observed in the Figure 14,
which depicts the wear frictional force during the wear test
on the Cu, Zn, and Ni electroplated corten steel specimens.
As the frictional force is lower in the Ni-plated surface, the
wear also is low.

4. Conclusion

Corten steel is inherently resistant to corrosion and wear,
due to its unique blend of alloying elements. As it is cheap
and is the staple raw material for architectural applications,
in this investigation, an effort has been taken to enhance its
corrosion and wear resistance and also improve its dura-
bility, through electroplating. ,is study yielded good in-
sight into the mechanism behind the improvement of
properties by the electroplating of corten steel with Cu, Zn,
and Ni. ,e Ni-coated corten steel specimens exhibited the
lowest corrosion rate of 0.8525 mils/year and wear weight
loss of 0.003 g, when compared with Cu and Zn-coated
specimens. Ni was found to be the ideal coating that can
impart resistance to corten steel–ASTM 242 from wear,
abrasion, and corrosion.
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Bumpers are essential components that shield passenger cars from slow-speed collisions. Automobiles have themmounted on the
front and rear ends. It is believed that bumpers would be crucial in avoiding or restricting damage to automobiles. Various
composite material combinations are being researched when a car frontal accident occurs in light of the impact requirements. By
comparing it to the parent material, the unique hybrid �bre-metal laminate production clari�es problems such as deformation and
stress. is research focuses on identifying the hybrid material composed of basalt �bre with aluminium and glass �bre
combinations, inducing it with the properties of the existing parent material and fusing it together to form a laminated composite.
It also focuses on identifying its speci�c features and mapping them with those of the existing ones. is project’s peculiarity
strives to give the best bumper with a range of deformation between 0.017378m and 0.03114m for the 38MPa tensile strength
with a maximum stress prediction of 2.424×102MPa that shows advantageous in day-to-day operations, and this is done by
comparing simulation results.

1. Introduction

e world’s attention is currently concentrated on rapid
breakthroughs in industries such as aerospace, space, au-
tomotive, electronics, and defence, as well as infrastructure
and power generation.e automotive industry has emerged
as a major economic booster for countries all over the world.
Automobile manufacturers are attempting to introduce
light-weight, fuel-e�cient vehicles to the market. As a result,
there is ongoing research towards lowering car costs by

adopting light-weight composites that have similar me-
chanical properties to metal parts used in automobiles. e
current research focuses on the usage of aluminium and
basalt �bre composites in the manufacture of automotive
bumpers. is aluminium basalt �bre composite is expected
to absorb lateral or transverse loading caused by accidents or
intentionally occurring occurrences. It is inferred that the
�bre metal laminate (FML) exhibits greater bonding
strength, exhibiting superior properties [1]. It is noted how
composite lamination should be performed [2]. It explains
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how reinforcement happens in the FML and explains its
characteristics [3]. *e paper explains the review of different
FML conditions [4]. It explains the conceptual and com-
putational approaches of the FML and how it is performed
[5]. It explains the analysis and the methodology adopted to
analyse the bumper in Ansys software, and it explains the 3-
point bending approach to bumper analysis [6]. For a
bumper barrier impact, it explains the presence of an
equivalent curved-beam element for the analysis of the
bumper [7]. It describes how to analyse a bumper’s whole
frontal crash barrier and half frontal impact barrier. It also
explains how to use ANSYS explicit dynamics for crash
analysis [8]. It describes the impact analysis on the wind
using finite element analysis with Abaqus software and an
auto-towing hook with a steel ball at the end. It describes the
parameters for designing and analysing an automotive front
end, such as material, thickness, shape, and impact condi-
tions of the beam with bumpers [9, 10]. *e tribological
behaviour of nonferrous-related material composites has
been verified by the experimental verification of wear re-
sistance among the Al6063 metal matrix composite by using
the single pass ECAPA route [11]. Better particulate dis-
persion and more bondage levels can be achieved frequently
by using the squeeze casting technique [12]. *e defects in
casting and grain boundary strengthening have been found
through SEM and NDTmethods of testing [13]. *e tensile
and flexural characteristics of natural fibre-reinforced
polymer composites have been the focus of Ngo et al.’s
research [14]. In this investigation, polylactic acid (PLA),
polystyrene (PS), and epoxy (EP) were employed as the
matrices to manufacture composites by using Kenaf (KE)
and palm empty fruit bunch fibre (EFB) with volume
fractions, Vf, of 20, 40, and 60%. Because of the high
proportion of fibre, the tensile strength was at least 29MPa.
According to Luis Angel Lara-González et al.’s discussion in
[15], the tensile strength was around 22.88MPa and reached
a high of 56.47MPa. *e mixed fibre composite made of
basalt and aluminium has a minimum strength of 38MPa.
[16] Even while this method appears to be successful, it
ignores important mechanical characteristics such as frac-
ture toughness. Hybrid PFC has much lower fracture
toughness than dentine which has been discussed by
Manhart et al.

References [17] Kim and Okuno have discussed that
dentine is made up of collagen fibres encased in a hy-
droxyapatite matrix, whereas hybrid PFC is made out of
filler particles embedded in a resin matrix. High fracture
toughness materials can more effectively withstand crack
initiation and spread. As a result, flexural strength and
fracture toughness are crucial factors in determining how
long a dental material will last. [18, 19] Garoushi et al. and
Lassila et al. have conferred that due to their near resem-
blance to dentine in terms of microstructure and mechanical
characteristics, composite resins reinforced with millimeter-
scale short glass fibres (SFRC) are currently the most in-
triguing materials [20]. It has been established that the
material’s fibre and matrix-related properties can be used to
explain the material’s improved resistance to crack propa-
gation also known as fracture toughness, and flexural

strength has been identified by St. Georges et al. [21] Las-
tumäki et al. have discussed that the UDMA cross-linked
matrix, which is plasticized to some extent by using the
linear PMMA polymer chains, boosts the flexural strength of
composite resin.

In this research work, the absence of strength in metal
matrix composites can be determined, and it has been
replaced with a novel method of composite preparation,
especially from the categories of fibre reinforcements. For
superior mechanical qualities, basalt fibre/glass fibres were
mixed with nonferrous aluminium alloys to create hybrid
polymer composites. *e combined form of crash test and
deformation simulations can be used with the novelty
function, and their comparisons are carried out here. Ex-
perimental results based on predictions have been taken into
account. *ese elevated values of tensile and flexural
strengths have been obtained, which can be useful for the
sustainable development of the fibre-oriented composite. In
addition, the applications are huge in size for the imple-
mentation of light-weight, high-strength materials which
can be used for automotive and aircraft body applications.
*e simulations are held in hands to step up to the next level
based on their predicted stresses and deformations, and they
can fulfill the future scope.

2. Materials and Methods

2.1.FabricationofFMLwithLayers. *ehand lay-upmethod
of composite processing is the most basic. *is strategy also
has a low infrastructure need. *e processing steps are
simple to follow. To begin with, a release gel is sprayed on the
mould surface to keep the polymer from sticking. Rein-
forcement in the form of woven mats or chopped strand
mats is trimmed to meet the dimensions of the mould and
then put on the surface of the mould. *e liquid thermo-
setting polymer is then thoroughly mixed with a pre-
determined hardener (curing agent) and poured onto the
surface of the previously prepared mat in the mould as
shown in Figure 1. *e ASTM D 790 criteria are followed in
the preparation of the flexural specimens.*e test specimens
of each laminate of aluminium basalt fibre reinforced epoxy
composites are manufactured and evaluated by using the
same UTM to apply the three-point flexural stress. *e 3-
point flexural test is the most frequent flexural test, and it
was employed in this experiment to determine the com-
posite materials’ bending strength. Placing the test specimen
in the UTM and applying force to it until it fractures and
breaks is the testing procedure. *e result of the specimen’s
flexural strength is seen. Table1 shows the results of the
experiments. A hand layup is depicted in Figure 2. *e
capital and infrastructure needs are reduced as compared to
other alternatives. *e manufacturing rate of treated com-
posites is reduced, and attaining a large volume fraction of
reinforcement is difficult.

2.2. Tensile Testing. *e characteristics of fibres and their
orientation, which determine the quality of the produced
composite laminate, are influenced by a variety of factors.
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e impact of �bre parameters is discussed further down.
e dimensions of the tensile test specimens are taken into
consideration. It is made in accordance with ASTM-D638
methods and standards. e laminate specimen is used to
test the tensile behaviour of composite laminates. On the
Universal Testing Machine (UTM), as depicted in Figure 3,
the tensile test is carried out by applying load to the spec-
imen until it fails, and the results are recorded. e con-
structed laminate as shown in Figure 3 was put through a
tensile test in accordance with ASTM-D638. After the test,
the trials provided tensile strength results. Table 2 shows the
results of the experiments.

2.3. Flexural Testing. Flexural specimens are prepared in
accordance with ASTM D 790 standards. Each laminate of
aluminium basalt �bre reinforced epoxy composite is fab-
ricated and assessed by using the same UTM to apply the
three-point ¢exural stress. e 3-point ¢exural test is the
most common ¢exural test, and it was used in this exper-
iment to evaluate the bending strength of the composite
materials, as shown in Figure 4. e testing process consists
of placing the test specimen in the UTM and exerting force
on it until it fractures and breaks.e ¢exural strength of the
specimen is demonstrated, and the outcomes of the trials are
shown in Table 1.

2.4. ImpactTesting. Impact test specimens are constructed to
the necessary dimensions in accordance with the ASTM-
A370 standard as depicted in Figure5. During the testing
procedure, the test specimen is inserted into the UTM. e

Polymer resin
Roller

Composite
laminate

Reinforcement
Release gel

Open Mold (lower portion)

Resin

(a) (b) (c) (d)

Figure 1: (a) Hand lay-upmethod of �bre metal laminate [22], (b) specimen for tensile testing, (c) samples of the impact test, and (d) sample
for the ¢exural test.

Table 1: experimental value for ¢exural strength.

Specimen Sample (KN)
Basalt �bre 161
Basalt and aluminium �bre 192
Glass �bre 120
Aramid �bre 192

Carbon Fibre (0/90)
Al6061 Mesh
Carbon Fibre (0/90)
Al6061 Mesh
Carbon Fibre (0/90)
Al6061 Mesh

Figure 2: FML layers of the laminate.

Figure 3: UTM tensile testing of the sample specimen.

Table 2: experimental value for tensile strength.

Specimen Tensile load
(KN)

Tensile strength
(N/mm2)

Basalt �bre 3.2 34
Basalt �bre and aluminium
�bre 3.6 38

Glass �bre 2.8 22
Aramid �bre 3.8 44

Figure 4: Flexural testing of the specimen sample.
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specimen must be inserted into the testing apparatus,
allowing the pendulum to fracture the specimen as men-
tioned in Figure 6. *e impact test can simply determine the
maximum energy necessary to shatter the material. *e
maximum energy absorbed by the various specimens,
particularly aramid fibre, has been determined to be 14 J, as
shown in Table 3.

3. Design and Analysis of the Modelled Bumper

3.1. Modelling of the Bumper. CATIA (computer-assisted
three-dimensional interactive application) is a multiplat-
form computer-aided design (CAD), computer-aided
manufacturing (CAM), and computer-aided engineering
(CAE) software package developed by Dassault Systemes.

CATIA has unrivalled capabilities for modelling any product
in the context of its real-world behaviour: design in the age
of experience. System architects, engineers, designers, and all
other stakeholders may define, conceive, and shape the
linked world. To build 3D CAD models of the aluminium
specimen as shown in Figure 5, CATIA V5 is utilized.

*e finite element approach is a numerical approxi-
mation method in which a complicated structure is broken
down into a number of little bits or pieces, which are referred
to as finite elements. *ese microscopic elements are linked
together by nodes, which are small points that connect them
with the incorporation of a convergence type of mesh
generation. *e finite element approach is also known as
structural analysis because it uses matrix algebra to solve
simultaneous equations. It is quickly becoming the major
analytical tool for designers and analysts.

3.2. Stress and Total Deformation. Total deformation and
directional deformation are phrases that are used inter-
changeably in finite element methods, regardless of the
software employed. Directional deformation refers to the
movement of the system along a certain axis or in a user-
defined direction. *e total deformation is the vector sum of
all the directional displacements of the systems. Figures 7(a)
and 7(b) show a detailed comparison of the deformation
levels of the basalt fibre bumper and basalt aluminium fibre
under 3-point bending. *e complete deformation of the
basalt fibre bumper under 3-point bending is shown in
Figures 7 and 8.

*e comparison between the tensile strength and load
for various fibre and composite materials is mentioned in
Figure 9. Here, the tensile strength of 44 N/mm2 is
recorded in aramid fibre under a load condition of 3.6 kN.
In comparison, the tensile strength of glass fibre, basalt,
and aluminium fibre composites was attained with higher
entities. *e loads have tensile strengths of 3.6 kN and
3.8 kN, respectively, which have been identified through
the peaks obtained in Figure 9. If the load becomes a
maximum of 3.5 kN or greater, the basalt fibre and alu-
minium fibre composites produce higher tensile strength
values.

Figure 5: CATIA V5 model of the bumper.

Figure 6: Impact testing of the sample specimen.

Table 3: Experimental values of absorbed energy using the impact
test.

Specimen Absorbed energy (J)
Basalt fibre 7
Basalt and aluminium fibre 8
Glass fibre 7
Aramid fibre 14
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(a)

(b)

Figure 7: Total deformation of (a) basalt �bre bumper and (b) basalt aluminium �bre.

(a) (b)

(c) (d)

Figure 8: Crash test simulation results by using FEA (a) resultant displacement of the frontal crash of basalt �bre (b) resultant displacement
of the frontal crash of basalt �bre with aluminium (c) e§ective von Mises stress (d) e§ective plastic strain.
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e strong bonding of �bre reinforcement can provide
an e§ective bending moment while also withstanding more
¢uctuations. e material contribution was obtained among
the layerwise specimens, which can reveal remarkable
strength in both tensile as well as impact testing. Figures 7
and 8 show that the curvature area of the basalt aluminium
�bre bumper showed more and less deformation of 0.03114
and 0.017378m. More concentration of stress was obtained
at its centre. A higher stress of 2.424×102MPa can be
obtained by using the basalt �bre bumper during the frontal
crash simulation. [14] Ngo et al. have focused on the tensile
and ¢exural properties of natural �bre reinforced polymer
composites. In this study, Kenaf (KE) and palm empty fruit
bunch �bre (EFB) with volume fractions of Vf of 20%, 40%,
and 60% were used in this study to prepare composites that
comprised polylactic acid (PLA), polystyrene (PS), and
epoxy (EP) as the matrices. e tensile strength was attained
at a minimum of 29MPa due to the percentage of �bre
addition up to 20% according to the discussion of [15] Lara-
González et al. e tensile strength was found to be nearly
22.88MPa, with a maximum of 56.47MPa. Comparatively,
the basalt �bre and aluminium combined �bre composite
has attained a 38MPa as minimum. It can withstand more
tensile loads compared with other �bre composites.

A crash test is a type of destructive testing that is fre-
quently carried out to guarantee that crashworthiness and
crash compatibility standards are met for various means of
transportation, automobile safety, or associated systems and
components. e front panel body of the vehicle can be
involved in this crash test. e real-time structural damages
can be veri�ed through the simulation platform by applying
some trail loads for the required boundary conditions. e
body dynamics and materials involved in any automotive
components based upon the unchanging or nonidentical
pressures can be analysed through this software tool.

e impacts of strain rate sensitivity of CFRE, BFRE, and
their mixes were investigated, according to Yao et al. [23].
Cross-sections of the cracked specimens were analysed. e
�ndings showed that all of the hybrid composites were
sensitive to the stacking order. In the quasistatic condition,
the peak forces of two hybrid constructions were between
those of basalt �bre reinforced composite and carbon �bre

reinforced composite, with H1 and H2 improved by 3MPa
and 29MPa, respectively, compared to BFRE. [24]
According to ZuzanaMarcalikova et al., the augmentation of
�bre content in the composite construction boosted tensile
strength. [25] Tensile tests revealed that laminates with
modi�ed F584-epoxy matrix had better mechanical char-
acteristics than laminates with F155-epoxy matrix. e
F584/PW family has the greatest tensile strength, while the
F584/8HS family has the highest modulus.

e frontal crash of the polymer bumper has been
identi�ed with the simulation outcomes such as deformation
and vonMises stress.e resultant displacement of the front
crash of the bumper shown in Figure 8(a) indicates that
more deformation 2.493×10−2mm has occurred at the exact
centre region of the basalt �bre composite front bumper.
Similarly, as shown in Figure 8(b), a reasonable deformation
of 3.114×10−2mm has been identi�ed for the aluminium-
combined basalt �bre bumper. In addition to that, the ef-
fective von Mises stress and strain were obtained for the
applied load, which can be considered for the �xed boundary
conditions. Because of the safe load and its extreme level, this
design fails. Utilizing CATIA V5 simulation studies, the
composite bumper solid model with the simply supported
type was developed utilizing the parameters for determining
the safe design and loading. Since both ends are �xed, there
is zero displacement. In this research investigation, the static
mode of analysis was used.

Load: 3KN to 5KN (based on tensile, impact, and
¢exural strength)
Model: composite bumper solid model (CATIA-V5)
Type of model: simply supported
Boundary conditions: both the ends of the bumper as
the �xed position for static and front crash test (zero
displacement at the �xed ends)

Figure 10 depicts the relationship of tensile strength to
tensile load for the basalt �bre, basalt �bre and aluminium
�bre composite, glass �bre, and aramid �bre. e triangular
yellowmarker represents the range of tensile strength, which
has been connected with the curved red lines. e bar
represented the value of the tensile load acting on the
specimen while conducting the test. Tensile properties vary
depending on the closeness of the polymer structure in the
specimen. Basalt and glass �bre, in particular, were recog-
nized as having no previous reinforcements. However, in
aramid and basalt-aluminium �bres, the impact of homo-
geneous reinforcements is combined. is might be dem-
onstrated by the excellent tensile results indicated in
Figure 11 microstructures.

Due to the changes in material composition or com-
posite matrix, nearly identical ranges of ¢exural and tensile
strength have been attained. Probably, the basalt �bre and
aluminium combined form of the specimen have attained a
secondary level of better outcomes in tensile strength. e
aramid �bre was observed as a robust material composite
which will be used for more applications. On the other hand,
comparative analyses have been carried out over the same
materials for the parameters of ¢exural strength and tensile
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strength. e blue smooth line curve represents the tensile
strength, and the red-lined yellow bullets depict the ¢exural
strength. Figure 9 depicts the intermittent coincident be-
tween tensile and ¢exural strength.

e exact same coincidence happened for the basal �bre
and aluminium �bre, which shows that it can withstand
higher load applications with acceptable ¢exural and
equivalent tensile strength. e same conditions are suitable
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which have been obtained for thearamid fibre with elevated
tensile properties.

4. Microstructural Evidence of Fracture
Surface Images

*e topography of the surface is determined by the inter-
action between the tool and the properties of the material
being machined. Mechanical testing showed that during the
extruded profile, the tested material’s mechanical properties
changed. Microscopical analysis of the material’s structure
revealed the heterogeneity of the composite and the presence
of small fractures where the wood particles and polymer
matrix contacted one another. SEM creates image samples
that are used to examine the specimen’s topography and
morphology. It depicts the cracked surfaces of test specimens
that are examined by using a scanning electron microscope
(SEM). *e relationship between the tool and the quality of
the machined material determines the topography of the
surface. Mechanical tests demonstrated that the material’s
mechanical characteristics change throughout the extruded
profile. *e composite’s heterogeneity was revealed by
microscopic examination of the material’s structure, which
also revealed the presence of tiny fissures at the points where
the wood particles and polymer matrix came into contact.

*e damage caused by the specimen’s tensile test is
depicted in Figure 11. Various magnification levels have
been maintained for taking these observations as 50X, 100X,
and 200X with a size factor of 100 μm and 500 μm, re-
spectively. Simple basalt fibre having major white spots
indicated as a pure form of basalt fibre. Figure 11(b) clearly
shows that fibre breakage occurs in basalt-aluminium fibre
as a result of a sheer action that is not uniform across the
surface due to the presence of twisted fibres that oppose each
other in the opposite direction, eventually achieving sta-
bility. Figure 11(c) shows that the distribution of brittle-rich
glass particles is clearly indicated bythe dark and closely
spaced lines structure. Figure 11(d) depicts the particle
distribution of aramid fibres by using solid coloured even
surfaces. A scanning electron microscope was used to create
the images. A ductile fracture is depicted in this illustration.
Porosity is caused by the generation of exothermal heat.

5. Conclusion

Automobile manufacturers are attempting to introduce
light-weight, fuel-efficient vehicles to the market. As a result,
there is ongoing research towards lowering car costs by
adopting light-weight composites that have similar me-
chanical properties to metal parts used in automobiles. *e
following conclusions have been made:

(i) *e current research focuses on the usage of alu-
minium and basalt fibre composites in the manu-
facture of automotive bumpers. *is aluminium
glass fibre composite is expected to absorb lateral or
transverse loading caused by accidents or inten-
tionally occurring occurrences.

(ii) *e performance of composite materials is exam-
ined using a three-point bending technique in this
study. It is a type of internal mode failure caused by
fibre layer separation in a composite laminate. *e
delaminated specimen with its voids and blowholes
is shown in the illustration. It has also been dis-
covered that during the separation of layers, the
medium’s adhesion is not greatly changed, resulting
in less damage to the laminate.

(iii) *e specimen was subjected to a two-fold shear test,
which resulted in this damage. Because of the
twisted fibres resisting each other in the opposite
direction, the shear effect causes fibre breakage that
is not uniform over the surface, so it achieves a
stable condition.

(iv) In CATIA V5, the proposed fibre metal laminate of
basalt and aluminium was conceived as a bumper.
*e design was loaded into ANSYS APDL software,
and a three-point bending technique was used on
both the basalt fibre bumper and the basalt-alu-
minium fibre bumper. Equivalent stress and de-
formation values were obtained and compared.

Data Availability

*e data used to support the findings of this study are in-
cluded within the article. Should further data or information
be required, these are available from the corresponding
author upon request.

Disclosure

It was performed as a part of the Employment Hawassa
University, Ethiopia.

Conflicts of Interest

*e authors declare that they have no conflicts of interest.

Acknowledgments

*e authors would like to thank the Saveetha School of
Engineering, SIMATS, Chennai 602 105, Tamil Nadu, India,
for their excellent support for the submission of their papers.

References

[1] E. A. TamerSinmazçelik and M. ÖzgürBora, “OnurÇoban A
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Carbon nanotubes (CNTs) and graphene, in particular, have been the subject of many recent studies since their discovery in the
early 2000s. Because of their unusual properties, carbon nanotubes (CNTs) have piqued the interest of scientists across a wide
range of disciplines. An Al matrix was reinforced with powder metallurgy-fabricated B4C and CNT composites. �e nano-
composite aluminium matrix was examined for tribological behaviour, density, sti�ness, and compressive strength before and
after hot isostatic pressing (HIP). Scanning electron microscopy and TEM were used to analyze the carbon nanotubes and their
hybrid counterparts (SEM). �e density of nanocomposites was reduced by 38% without HIP but by 45% after it was added to the
mixture. Hardness was also increased by 40%, but following HIP, the hardness rose to 67%. Before and after HIP, the compression
strength increased by 39% and 60%, respectively. HIP improves the wear rate by 45%, and B4C and CNTs improve the coe�cient
of friction by 20% in all volume fractions but only by 48% in the case of nanocomposites.

1. Introduction

Composite materials have replaced monolithic substances in
the minds of material scientists looking to improve me-
chanical qualities and develop high-tech equipment [1]. A
clean interface separates the components of composite
materials, which are made up of two or more chemically
stable materials [2–4]. Due to their superior rigidity and
strength, composites have replaced traditional materials [5].
Continuous ¡bres, discontinuous ¡bres, and particles can

reinforce composites consisting of metal or polymer com-
ponents [6, 7].

Among carbon nanotube’s mechanical properties are
sti�ness and strength measurements in the 1000GPa range
and heat conductivity measurements in the 100GPa range
[8, 9]. Carbon nanotubes were used by [10] to strengthen
magnesium alloy powder composites. �ey utilized a zwit-
terionic surfactant solution to evenly disperse the CNTs
throughout the magnesium alloy. While CNTs have been
proven to increase tensile and yield stress, they have also been
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demonstrated to reduce elongation. (e researchers [4] in-
vestigated wet sliding wear on hybridized nanocomposites of
AlSi–2.5wt% CNTs–10wt% SiCp. Hybrid nanocomposites
can be used as reinforcement to increase wear resistance [11].

To make MWCNTs/Ti composites, they employed sorted
coacervation and SPS (spark plasma sintering) (3 wt.%) [12].
MWCNT reinforcements and a dense structure worked to-
gether to reduce yield strength before a considerable increase in
sintering temperature was reached [13, 14]. For this hypo-
eutectic AA356–Si alloy, [15] researchers studied its micro-
structure and dry sliding wear characteristics. Compared to
monolithic alloys, A356/MWCNTalloys showed superior wear
resistance [15]. In a CNT alloy composite, [16] used squeeze
casting to examine Al and Mg. Nanostructures enable new
features and capabilities that are more efficient or impossible
with more extensive structures and machinery [17, 18].

HMMC with nano/microsized strengthening has only
been studied in the literature for a modest amount [19–22].
(e authors [23] examined the squeeze casting of Al/SiC/
graphite hybrid MMCs. Compounds reinforced with boron
carbide-reinforced graphite exhibited identical coefficients
of thermal expansion, even after adding graphite to improve
dimensional stability [24, 25]. Increased graphite content
condensed the heat conduction of hybridized composites.
Researchers [26] investigated the wear resistance of B4C/Sic/
Al hybrid composites. (ey initiate that the coefficients of
friction of the mixtures gradually rise as the reinforcing
weight percentage increases [27, 28].

(ere was a slight decrease in wear resistance with an
increase in B4C wt %, but the friction coefficient did not
change [29]. (e impact of hybridizing carbon nanotubes
and B4C on the mechanical properties of Al 6061 composites
has not previously been studied using powder metallurgy
[30]. Consequently, powder metallurgy was employed in the
current investigation to generate the aluminium matrix
reinforced with boron carbide and multiwalled carbon
nanotubes [31]. Powder metallurgy has used a range of
aluminium powders and CNT volume fractions to signifi-
cant effect. For pre- and post-HIP, the tribological, density,
stiffness, and compressive strength performance of the al-
uminium matrix nanocomposite were studied [32–34].

2. Material

(emulti-walled carbon nanotubes (CNTs) employed in this
study were synthesized using an electric arc discharge with
99%. (e average diameter of MWCNTs is 10–12 nm, and
the length is 1–20m. Boron carbide (B4C) has a Young’s
modulus of 300GPa, a tensile strength of 150GPa, and a
density of 3.3 g/cm3. (is project uses an aluminium matrix
with a purity of 99.36%. Nanotech Corporation provided the
MWCNTs and B4C. Table 1 lists the chemical compositions
of various types of boron carbide (B4C).

3. Experimentation

3.1. Manufacturing of B4C/MWCNT Composites. (e initial
stage was to manufacture the samples by employing ball
milling at 280 rpm for 30 hours on six samples of Al 6061 and

hybridized strengthening (CNT and B4C) with various at-
tentiveness proportions, as indicated in Table 2.

(e cylinder-shaped specimens, 12mm long and 10mm
wide, were physically crushed using hydraulic pressing with
a volume of 40,000 kg and a pressure of 500MPa utilizing a
double-action die. (is was followed by 0.5 hours of
degassing at 200°C and 2 hours of sintering at 600°C. (e
samples were kept in the oven until they reached room
temperature for this experiment. Samples were then sub-
jected to a HIP (Figure 4) for two hours at 600°C under
250MPa. An hour of heating at 600°C at a pace of 20°C/min
brought the process to a close.

3.2. Hardness Test. (e mechanical properties of composite
materials can be defined in part by their hardness. A Vickers
hardness machine is used to conduct the hardness test
(Figure 5). Six readings were collected along the polished
specimen’s cross-section with a Zwick/Roell model hardness
tester to get the average result. ASTM −17 was used to
conduct the tests on the specimens.

3.3. Compression and Density. We used SHIMADZU uni-
versal testing equipment to evaluate the samples to conduct a
compressive strength test (UH-F500KN). In this investi-
gation, the cross-head speed of the universal test machine
employed was 3mm/min, which is the area of the specimen.
(e temperature was set at 25°C for the experiment.
According to ASTM D1217-15, Archimedes’ rule was used
to determine the density of the specimens [35]. Specimens
were weighed in air and distilled water according to MPIF
standard 42, 1998, and the density (D) was then calculated
using the Archimedes methodology with water as the
floating liquid.

D �
specimen de nsity
water de nsity

�
weight in air

weight in air − weight inwater
.

(1)

3.4. Tests onWear. A pin-on-disc tribometer was employed
to conduct wear tests on the sintered specimens (Figure 6).
According to Figure 6, materials can be tested for friction
and wear under various loads using the T.E. 79 multi-axis
tribometer. (e machine can execute ASTM G99 [36] tests
in pin-on-disc mode. Cylinders of 12mm and a diameter of
10mm were employed in the experimentation.

4. Results and Discussions

Figure 1 depicts the XRD form of the CNT, as shown in the
figure. According to the diffraction peaks, graphene sheets
buckle together and formmultiwalled nanotubes due to their
concentric cylindrical structure. (e reflection is seen as a
sharp peak at 26.5 in the pattern [37].

Nanoadditive dispersion in aluminium was tested using
SEM. (e SEM was utilized for characterizing powder
metallurgy-produced aluminium composites for micro-
structure and dispersion. A scanning electron microscope
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(SEM) image of Al 6061 can be seen in Figures 2(a).
Figure 2(b) shows a scanning electron microscope image of
Al 6061 in the presence of boron carbide. Table 1 displays the
oxidation states of aluminium and MWCNTs at various
molar concentrations, as seen in Figure 2. (1, 1.5, 2, and 2.5 %
wt.). Figure 2(b) shows that the Al 6061 contains a small
amount of boron carbide (10wt. %). (e compressive
strength of the composites can be improved with the help of
the B4C [38].

Boron carbide and its various concentrations have
been studied using the Energy Dispersive X-ray (EDX). As
shown in Figure 3, the EDX of Al 6061 looks like this.
Figure 3(b), on another end, shows that the atomic con-
tribution of element O is 8% due to the inclusion of B4C in
the matrix. A carbon nanotube composite was used to add
the element of C to Figures 3(c)–3(f ). Each of these graphs
has a different percentage of C: 5, 12, 21, and 37%. Boron
carbide, which promotes interfacial attachment and in-
creases the mechanical characteristics of hybridized
composites, was shown to have been formed by the high
carbon peak [39].

4.1. Comparison of Density before and after HIP. By com-
paring the densities before and after hot isostatic pressing,
the actual density of hybrid composites was calculated.
When compared with aluminium alloy and B4C, the con-
centration of multiwalled carbon nanotubes was increased
by decreasing the density, as shown in Figure 4. On the other
hand, the actual density of the composite before HIP is less
than the density of hybrid composites after HIP. It also
clearly reveals that the ideal percentage of MWCNTwas 2%
by giving the best value of density.

4.2. Actual Density before and after Hot Isostatic Pressing.
Figure 5 shows the experimental results of AA 6061/B4C/
MWCNT composites in the Vickers hardness test. It clearly
shows that raising the volume fraction of MWCNTresults in
a higher value for hardness after HIP and before HIP which
gives the best optimum result of about 2.5% volume fraction.
(e high hardness value and hard B4C/MWCNT particles
mat attribute to the strengthening effect. It is shown in the
table that the maximum hardness value before hot isostatic
pressing is 42.31HV at 2.5% of multiwalled carbon nanotube
and after hot isostatic pressing is 50.1HV at 2.5% of
MWCNT. (e low hardness value before hot isostatic
pressing is 37.39HV at 1% of multiwalled carbon nanotube
and 46.12HV at 1% of MWCNT after HIP, respectively.

4.3. Variation of Reinforcement Particles inVolume Fractions.
Table 3 shows compression test results for AA6061/boron
carbide/multiwalled carbon nanotube nanocomposites be-
fore and after hot isostatic pressing. By increasing MWCNT,
the value of the compression stroke decreases, as shown in
Table 3. In all scenarios, the compression value attained after
HIP is comparable to that of the value attained before HIP.
(e before and after compressed specimens are ductile
materials meant for AA6061/B4C/MWCNT.

4.4. Effect of ReinforcementParticles on theFrictionCoefficient
and Wear of Hybrid Composites. After 15 minutes at
250 rpm and 20N of force applied, the coefficient of friction
for the powder metal was calculated by calculating the pin on
the disc setup. Figure 6 illustrates the COF of produced
hybrid composites. From Figure 6, by adding B4C to alu-
minium the COF of hybrid composites was reduced. Also,
with the addition of various concentrations of MWCNT to
B4C and aluminium, the COF shows high improvement after
HIP [40, 41]. In the case of with and without HIP, the COF
for nanocomposites is raised by 39% and 48%, respectively.
Whereas with HIP, wear rates were improved by 45% at all
volume concentrations, and with B4C and CNT, wear rates
were improved by 20% at all volume fractions. Figure 7
shows the wear rates before and after hot isostatic pressing.
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Figure 1: XRD form of CNTs.

Table 1: Chemical arrangement of Al 6061.

Elements Silicon Iron Magnesium Copper Chromium Zinc Titanium Manganese Aluminium
wt % 0.7 0.6 0.9 0.30 0.25 0.20 0.10 0.05 Balance

Table 2: Al 6061 and hybridized reinforcement (MWCNT+B4C)
with variant mixtures.

Specimen Composition
1 Al 6061
2 Al 6061 + 10% B4C
3 Al 6061 + 10% B4C+ 1% CNT
4 Al 6061 + 10% B4C+ 1.5% CNT
5 Al 6061 + 10% B4C+ 2% CNT
6 Al 6061 + 10% B4C+ 2.5% CNT

Advances in Materials Science and Engineering 3



(a) (b)

(c) (d)

(e) (f )

Figure 2: SEM images of (a) Al 6061, (b) Al 6061 + 10% B4C, (c) Al 6061 + 10% B4C+ 1% CNT, (d) Al 6061 + 10% B4C+ 1.5% CNT,
(e) Al 6061 + 10% B4C+ 2% CNT, and (f) Al 6061 + 10% B4C+ 2.5% CNT.
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Figure 3: Continued.
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Figure 3: EDX of (a) Al 6061, (b) Al 6061 + 10%B4C, (c) Al 6061 + 10% B4C+ 1%CNT, (d) Al 6061 + 10% B4C+ 1.5%CNT, (e) Al 6061 + 10%
B4C+ 2% CNT, and (f) Al 6061 + 10% B4C+ 2.5% CNT.
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Table 3: Pre-HIP and post-HIP compressive stroke of AMC with varied CNT wt %.

Specimen Stroke pre-HIP Stroke post-HIP
(mm) (mm)

Al 6061 5.723 4.4
Al 6061 +B4C 5.341 3.9
Al 6061 + 10% B4C+ 1% CNT 5.234 3.5
Al 6061 + 10% B4C+ 1.5% CNT 4.82 2.9
Al 6061 + 10% B4C+ 2% CNT 4.787 2.7
Al 6061 + 10% B4C+ 2.5% CNT 3.599 2.4
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5. Conclusion

By using a powder metallurgy process, AA6061 with hybrid
composites was fabricated and characterized by compres-
sion, tribology, hardness, and density tests before and after
HIP. Based on morphological and test results, the tribo-
logical and mechanical characteristics were enhanced, and
multiwalled carbon nanotubes and boron carbide were
dispersed uniformly and homogeneously in AA6061. (e
self-lubricating effect of B4C and the creation of a carbon
coating on the surface increases the tribological and me-
chanical characteristics of hybridized composites compared
to AA6061. In all the experimental results, the best percent of
multiwalled carbon nanotube was 2.5wt%. (e excess B4C
and MWCNT were added to the composites, which inim-
ically affect the composites due to the lack of wettability of
the matrix. (e tribological and mechanical characteristics
of hybrid composites were increased by 39%, 45%, and 65%,
respectively. Qualities of the composites like friction, wear,
hardness, and compression strength were enhanced by hot
isostatic pressing. As a result, HIP showed more effective-
ness in composites without heat treatment due to sealed
pores in the samples.
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In friction stir welding, tool shoulder diameter and its rotational speed are the major in�uencing parameters than others. A simple
novel correlation is proposed to select the optimum range of tool shoulder diameter with respect to the chosen rotational speed
and vice versa.e conditions to apply derived correlation were de�ned through process heat index number as the joint e�ciency
in the friction stir welding depends on the e�ective heat supply to the volume of material deformed in the stir zone. Weld speed is
the key parameter through which generated heat can be regulated towards optimum heat supply to attain defect-free weld in the
stir zone. E�ective heat input also has obvious e�ect on grain growth and corresponding property eradication in the heat a�ected
zone. e experimental study was carried out on AA2024-T3 plates to understand the e�ect of process heat index on the
prescribed optimum range of tool shoulder and rotational speed de�ned in the correlation. Eventually, a novel relationship was
attained between the �rst order process in�uencing parameters to deliver maximum joint e�ciency.

1. Introduction

Friction stir welding is the most preferable solid state joining
technique for several high strength-to-weight ratio materials
like aluminium alloys. In this welding, high-strength
recrystallised metal structure weld joints are formed without
cracking defects as the entire joining process is carried out
above the recrystalisation temperature and below the
melting point [1]. On the other hand, when the process is
carried out in a temperature lower than the recrystallisation
temperature, it results in defects like voids and tunnels in the

stir zone [2], while higher process temperature leads to other
defects, such as pores and �ashes [2]. is indicates that the
process parameters should be selected to induce optimum
heat supply to ensure the entire joining process to be carried
out in the temperature range, which produces a defect-free
weld joint. Tool/matrix contact surface area and the relative
velocity between the tool and the matrix are responsible for
heat generation during this joining process (Figure 1).

Being major in�uencing factors of heat generation,
appropriate selection of tool rotation speed and traverse
speed can optimise heat generation rate in friction stir
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welding [3]. Apart from this, contact conditions along the
tool/matrix interface is also a major influencing factor on the
effective heat supply [4]. Among all the heat supply
boundaries, the tool shoulder/matrix is the major contrib-
utor in total heat generation. In order to optimise the heat
generation rate, appropriate selection of shoulder diameter
with respect to the tool rational speed and traverse speed is
highly recommended.

Many researchers have tried to optimise tool shoulder
diameter with respect to pin diameter, tool rotation speed,
and welding speed [5–7]. *ese researches concluded an
optimum shoulder diameter on the basis of constrained
input parameter limits. For instance, even though the proven
optimal tool shoulder pin ratio is 3, the combined effect of
low tool rotational speed and high welding speed resulted in
weld defects due to insufficient heat supply [8]. *is reveals
that the geometrical tool dimensions cannot be optimised
without considering the tool rotation as well as welding
speed.

*e simplest way of optimising shoulder diameter
with respect to the chosen process parameters is through
the analysis of maximum utilisation of available torque.
Arora et al. [9] developed a new criterion to optimise
shoulder diameter on the basis of maximum utilisation of
available torque. Nandan et al. [10] proposed a model
which reveals that excess tool rotational speed or excess
tool shoulder diameter leads to excess softening of ma-
terial along the tool/matrix contact interface. *is leads to
poor mixing of material along the weld line and causes
weld defects. Apart from this, it leads to excess material
spill out on the top surface of the weldment, leading to
excess flash weld defect. From this, it can be understood
that there is always need for a simple correlation that can
reveal the basic information for the selection of shoulder
diameter range with respect to the tool rotational speed,
and vice versa. Although the welding speed is an im-
portant factor to be considered in the estimation of ef-
fective heat supply during the joining process, its effect on
heat generation is less comparing with the tool rotational
speed. Many researchers [11–13] optimised weld speed
with respect to the thickness and other properties on the
workpiece to be joined. In this paper, a simple novel
correlation is proposed to select the optimum range of
tool shoulder diameter with respect to the chosen rota-
tional speed and vice versa. *e obtained correlation was
related with the heat index value to attain to relate primary
process parameters with other process conditions like
absolute thermal resistance of the base metal. Derived
conditions were validated through experimental analysis.

2. Optimum Values

*emaximum utilisation of available torque depends on the
design of appropriate tool geometry. *e amount of heat
generation in the tool/matrix interface depends on the
friction between the contact surfaces. Friction in turn de-
pends on the local velocity difference between the rotating
tool and metal flow, which is quantified by the slip rate (δ)
given by [14]

δ � exp −
Eeff

Emax
 , (1)

where the ratio between effectively transferred energy (Eeff)
and maximum available energy (Emax) is termed as transfer
efficiency.

If Eeff � Emax then Tmax �Ts [14].
Assuming 90% transfer efficiency.
E eff � 0.9Emax then the minimum attainable slip rate

δmin � 0.4.
*e slip rate can also be estimated by [15]

δ � 0.3 exp
ωr

1.87
  − 0.026, (2)

where r is the radial distance from the axis to the point at
which slip rate is to be estimated.

Substituting δmin = 0.4 in Equation (2), the maximum
value of,

ωr � 0.59. (3)

Local heat generation analysis done by the Schmidt et al.
[13] recorded maximum heat generation at the shoulder
edge of the tool. It indicates that δmin is achieved at the point
where r=RShoulder. So Equation (3) can be rewritten as,

ωR shoulder � 0.59 in which optimum energy transfer can
be achieved.

Although Equation (3) gives a minimum optimum
value of shoulder radius, during the welding stage, for
higher welding velocity, the heat generated by the op-
timum shoulder radius may not be sufficient. *e ob-
tained optimum values by Arora et al. [9] reveal that
sliding and sticking torque increase with an increase in
shoulder diameter. In a particular diameter, the total
toque developed is equally shared by sliding and sticking.
Beyond that, the sticking torque reduces, and the sliding
torque increases with a further increase in shoulder
diameter. In other words, at a particular diameter for a
given tool rotational speed, when the slip factor is 0.5,
sticking torque reaches its maximum value and the
maximum value of shoulder radius can be optimised at
this limit.

Applying the conditions, equation (3) can be rearranged
for its maximum value as,

ωRShoulder � 1.05. (4)

So depending on the forward motion of the tool per
rotation, the required heat index value changes, and based
on the required heat index value, the value of ωRShoulder
should be opted in the range of 0.59 to 1.05.

Vertical
feed

Tool
Weld speed (v)
Horizondal feed

Work piece

Figure 1: Tool movement at various stages.

2 Advances in Materials Science and Engineering



2.1. Least Values. Equations (3) and (4) explain the range of
the combined values of the tool shoulder and its rotational
velocity. *ese two factors individually have their lower
limits, which cannot be reduced beyond that. Every re-
searcher tried to reduce the values of Rshoulder and ω to
improve the property eradication in thermo-mechanically
affected zone (TMAZ) as these two factors are directly
proportional to the heat supply. Toomuch reduction in these
two parameters leads to improper material flow around the
tool pin and results in weld defects in the stir zone (SZ). A
coupled thermal/material flow model developed by Ham-
ilton et al. [14] suggests that

Maximumeffective strain rate_ε �
RShoulder

�
6

√
ω

3h
. (5)

Here, h refers to the workpiece thickness.
Equation (5) reveals that when Rshoulder � 1.2 h, effective

strain equals the tool rotational velocity and it reduces to its
minimum value at the tool pin tip. From this, it can be
understood that Rshoulder should always be more than 1.2
times of workpiece thickness to ensure proper material flow
till its extreme depth of the Stir zone.

Minimum tool rotational speed can be explained using
the required effective heat input during the process. Peak
temperature during the process can be expressed as [15]

Tmax

Tm

� K
ω2

104v
 

c

. (6)

Here, Tm is the melting temperature of the material, v is
the weld speed, and K and c are coefficients suggested by
Chen et al. [15].

When Tmax =Tsat≈0.9 Tm temperature-dependent yield
strength of the parental metal becomes the minimum value,
and it can be considered as extreme condition in frictional
heat generation during the joining process. And for the
extreme values of K and c,

Minimumheatindex(HI) �
ω2
104v

� 20.89. (7)

Considering all, optimum range can be written as,

ωRSHoulder � 0.59 to1.05
RShoulder ≥ 1.2h

HI≥ 20.89
.


(8)

2.2. Model Consistency with Literature Data. From the
previous studies, it is evident that an increase in shoulder
diameter increases the heat generation rate. But the ef-
fective heat flux delivered to the workpiece depends on
process variables like rotational speed and welding speed.
Apart from these process variables, temperature-depen-
dent material properties like yield strength, which is re-
sponsible for the flow stress, have a direct impact on
effective heat supply. Variation in yield stress results in a
nonuniform slip factor throughout the tool/matrix in-
terface. *is reveals that, even though the heat generation
increases with an increase in shoulder diameter, it attains
a saturation point where the slip factor attains its

maximum value as temperature-dependent flow stress of
material that plays a significant role in self-limiting heat
generation in friction stir welding. *is reveals that, even
though the heat generation increases with an increase in
shoulder diameter, it attains a saturation point where the
slip factor attains its maximum value. Figure 2 illustrates
experimental results on optimum shoulder radius done on
various ranges of tool rotational speed and tool shoulder
radius [7, 16–19–21]. [22–25] On these results, optimum
values are concluded based on the microstructure and
mechanical property analysis of the joined work pieces. It
can be observed that, concluded optimum values on their
findings corresponding to their opted tool rotational
speed are within the suggested maximum and minimum
range. Experiments carried out by Padmanaban et al. [7]
did not observe any considerable change in the post-weld
microstructure with the change in shoulder diameter. It
clearly indicates that the increase in the shoulder radius
beyond the suggested maximum value (ωRshoulder = 1.05)
does not make any difference in the weld quality.

2.3. Minimum Heat Index. Effective heat input during the
joining process has an obvious effect on grain growth and
property eradication in the heat affected zone. Reducing heat
input beyond a limit leads to poor material flow under the
tool shoulder in the stir zone and results in wormhole as well
as tunnel defects. To attain a defect-free weld, the torque
developed by the tool shoulder on the top tool/matrix
contact surface should be sufficient to overcome the flow
resistance given by the material on the bottom most surface.
Reducing the yield strength of thematerial is a unique way to
improve material flow in the stir zone. As the material yield
strength is a temperature-dependent property (Figure 3),
selection of the minimum possible heat index with respect to
the optimum process peak temperature will result in a
defect-free weld in the stir zone and improve post-weld
property in the heat affected zone.

Extracted values from Figure 3 suggest that the peak
temperature should be maintained at 78% of its melting
point in order to reduce the yield strength of the base metal
(AA2024-T3) to its lowest value [24]. From this, it can be
concluded that the lowest possible operating temperature
during the friction stir welding of AA2024-T3 is 0.78 Tm.
Reducing temperature lower than 0.78 Tm may lead to the
insufficient material flow in the stir zone.

From Equation (6), when Tmax � 0.78Tm, HI� 2.68.
*e selection of process conditions that deliver a heat

index of 2.68 is sufficient to develop a maximum flow in the
stir zone for the plates with negligible thickness. For thin
AA2024-T3 plates, this analytically estimatedminimum heat
index value (2.68) is closely aligned with the experimental
results obtained by Fu et al. [25]. In their experiment,
friction stir welding done on 1.6mm thickness AA2024-T3
plates delivered its maximum joint efficiency when the heat
index value was 2.45. *e above condition is valid for thin
plates, whereas for thick plates, the temperature gradient in
the stir zone depends on the thermal resistance and the
lowest temperature can be obtained by
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Tmax � RθQeff(  − Tmin. (9)

Here, absolute thermal resistance Rθ � h/k for a unit cross-
sectional area of the base metal. Being far away from the heat
input boundary, the minimum temperature under the tool
shoulder can be expected in the interface of the stir zone and
the thermo-mechanically affected zone at the bottom surface
of the workpiece. From Equation (9), it can be understood
that the minimum heat index value depends on thermal
resistance in the stir zone and the opted heat index value for
the process to rise the peak temperature (Tmax) along the top
contact surface should be sufficient to rise the temperature at
the bottom surface (Tmin) equal to the critical temperature at
which the base metal material loses its yield strength com-
pletely to facilitate the material flow. For the given absolute
thermal resistance of the base metal, in order to define the
required heat index conditions for the proposed “Rshoulderω”
range in Equation (8), thermal history during the joining
process with respect to the weld speed (v) has to be analysed.

3. Experimental Steady

AA2024-T3 plates of 6mm thick were used as the base metal
for the current experimental studies. Experimentally
attained yield and ultimate strength of base metal properties
are listed in Table 1. Process parameters used in the joining
process are given in (Table 2). Tool pin diameter is kept

constant and tool shoulder diameter is increased in such a
way that the ratio between tool shoulder and pin diameters
are 2.5, 3, 3.5, and 4. Maximum temperature rise during the
welding stage was recorded using K-type thermocouples
embedded inside the drilled holes at approximately 2mm
distance for the top and bottom surfaces at different loca-
tions as shown in Figure 4. In view of considering the minor
deviation in the temperature rise on advancing and
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Table 1: Properties of base metal (AA2024-T3).

Property Values
*ermal conductivity (W/mK) 151
Yields strength (MPa) (obtained through tensile test) 343
Ultimate strength (MPa) (obtained through tensile test) 457
Saturation temperature (°C) 510

Table 2: Levels of process variables for friction stir welding on
AA2024-T3.

Parameter Levels
Shoulder radius (mm) 7.5, 9, 10.5, & 12
Tool rotation speed (rpm) 800, 900, 1000, 1100, & 1200
Weld speed (mm/min) 60, 70, & 80
Tool pin shape Cylindrical
Tool pin radius (mm) 3

Advancing side

Retreating side

V TC1 TC3

TC4TC2

TC2 TC4

Weld
Line Dshoulder

30

30

6

100

10

Figure 4: Experiment layout.
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retreating sides, average values of temperature recorded by
the thermocouples TC1 and TC2 were considered for the top
surface, and average values of TC3 and TC4 were considered
for the bottom surface. Macrostructure analysis was carried
out to analyse the quality of the weld joint. Defects identified
on different trails are given in Table 3.

4. Results and Discussions

4.1. <ermal Analysis. Comparing Table 3 and Figure 5, it
can be concluded that the temperature gradient in the stir
zone has an obvious influence over weld defects. Weld
defects due to insufficient material flow were recorded when
the bottom surface temperature was lesser than 410°C (equal
to 0.78Tm). *e levels of defects were increasing from small
voids to tunnels when the lowest temperature in the stir zone
was reduced further. *e lowest temperature of 374.3°C was
recorded for the heat index value of 8 on the usage of the
7.5mm shoulder radius tool. It indicates that even though
Rshoulderω� 0.63 which is well within the recommended
optimal range (Equation (8)), the chosen heat index value
was not sufficient to overcome the absolute thermal resis-
tance given by the base metal to rise the temperature of the
material more than 0.78Tm at the bottom surface. On the
other hand, surface defects developed by the excess heat
supply were not identified in the top surface in the optional
range of Rshoulderω (0.59 to 1.05) even though the heat index
value is maximum (20.89). From this, it can be concluded
that irrespective of base metal thickness, defects due to
excess heat supply can be avoided if the operating conditions
match the recommended values in Equation (8). And also it
is evident that for thin plates, the derived condition in
Equation (8) is valid to obtain a defect-free weld joint even in

the lowest recommended heat index value (2.68) as thermal
resistance is negligible. For thicker plates, the optimal range
of Rshoulderω should be related to the heat index in order to
consider the effect of absolute thermal resistance to attain
the minimum heat index value which can provide a defect-
free weld joint. Figure 4 explains the variation in the tem-
perature at the bottommost surface of the workpiece with
respect to the temperature rise at the top surface for a 6mm
thick AA2024-T4 plate. From the extracted values of tem-
peratures using the best curve fit method, the relationship
between the temperatures at the top and bottom surfaces can
be expressed as

Tmax � 0.9551Tmin + 27.358. (10)

From this Equation, it can be understood that a mini-
mum of 419°C should be maintained at the top surface of the
workpiece to ensure a 0.78Tm temperature at the bottom
surface that shall enhance sufficient material flow to attain a
defect-free joint.

4.2. Quantitative Analysis. Although the qualitative analysis
with respect to the recorded thermal history provides a path
to attain a defect-free weld, quantitative analysis is the
unique way to optimise process parameters towards maxi-
mum joint strength. Joint strength was quantitatively ana-
lysed using the Vickers hardness test and tensile test.
Obtained yield strength results for every trail are listed in
Table 4. *e ultimate strength of every specimen collected
from different trails was compared with the ultimate
strength of the base metal (Table 1) to estimate its joint
efficiency. *e lowest hardness value observed on every trail
and corresponding joint efficiency are compared in Figure 6.

Table 3: Defects identified.

R
Shoulderω

Heat
index

Weld defects due to insufficient heat
supply

R
Shoulderω

Heat
index

Weld defects due to excess heat supply (excess
flash)

0.63 8.00 1.51 24.00

0.75 8.00 1.51 20.57

0.63 9.14 1.38 20.17

0.71 10.13 1.26 16.67

0.75 9.14 1.32 24.00

0.88 8.00 1.21 20.17

0.85 10.13 1.10 16.67

0.79 12.50 1.13 24.00
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Table 4: Experimental results on mechanical property (yield strength in MPa).

Shoulder radius Tool rotational speed (rpm)
Weld speed

60mm/min 70mm/min 80mm/min

7.5

800 311.2 286.7 278.9
900 303.2 300.8 287.3
1000 300.1 308.3 296.7
1100 297.3 305.6 297.1
1200 294.9 301.9 308.3

9

800 308.8 287.4 284.7
900 305.1 311.4 295.5
1000 299.5 307.2 299.2
1100 299.3 303.5 312.8
1200 296.3 302.1 312.1

10.5

800 307.1 313.1 294.6
900 300.9 311.9 313.1
1000 295.5 305.9 312.4
1100 293.3 301.3 308.1
1200 292.9 300.1 304.1

6 Advances in Materials Science and Engineering



As expected, the lowest hardness of 99.2 was recorded while
using a 7.5 shoulder diameter tool as the heat generation rate
is very low. Input heat flux is a function of relative motion
between the tool and the base metal. An increase in tool
rotational speed with respect to the tool feed could lead to
recrystalisation of material, which in turn alters the hardness
value of the base metal in the heat affected zone. As expected,
the attained lowest hardness values on each trail in Figure 6
indicate that the decrease in hardness value is a direct

function of tool rotational speed and the indirect function of
weld speed. In a simplified form, it can be concluded that the
increase in heat index value reduces the hardness value as
higher heat input induces grain growth and leads to property
eradication in the heat-affected zone.

From Figure 6, it can be understood that joint efficiency
is a direct function of hardness value when the Rshoulderω >
1.05, whereas in the optimal range (from 0.59 to 1.05), the
relationship between the lowest hardness value and the joint

Table 4: Continued.

Shoulder radius Tool rotational speed (rpm)
Weld speed

60mm/min 70mm/min 80mm/min

12

800 300.1 310.1 298.5
900 298.3 307.2 312.4
1000 296.5 302.9 308.3
1100 294.4 301.1 304.5
1200 293.9 299.3 303.6
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efficiency is irregular due to the weld defect in the stir zone.
Higher weld speed reduces the process heat index value.
Even though trials done with low heat index pacified
recrystallisation of material in the heat affected zone, it led to
weld defects caused by insufficient heat supply in the stir
zone (Table 3). It is also understood that the lowest heat
index value at which defect-free weld can be obtained for the
chosen “Rshoulderω” is the optimal value towards maximum
joint efficiency as it reduces property eradication in the heat
affected zone.

4.3. Optimisation of Heat Index Conditions. Tool shoulder
radius and rotational speed are the key parameters to be
considered to optimise total heat generation during friction
stir welding. However, weld speed is the deciding factor for
effective heat supply during the joining process to build a
comfortable thermal environment in the stir zone to induce
sufficient material flow. With the proper selection of weld
speed, total heat generated can be regulated towards the
optimum heat supply to attain better joint strength. From
the qualitative and quantitative analysis, it is understood that
process parameter optimisation can be done by relating
“Rshoulderω” value with the heat index to define the optimum
process peak temperature which could overcome the ab-
solute thermal resistance in the stir zone and deliver a defect-
free joint.

Figure 7 reveals the maximum efficiency points for the
chosen key parameters. Using the best curve fit, the rela-
tionship between heat index and “Rshoulderω” to facilitate an
amiable environment to achieve maximum joint efficiency
for the prescribed circumstance can be expressed as

Heat index � 7.0424Rshoulderω + 7.7656. (11)

*is equation relates all key parameters toward maxi-
mum joint strength based on the process needs. *e heat
index in Equation (11) denotes the effective heat supply
during the process as it indicates the number of tool rota-
tions per onemillimeter forwardmovement and Rshoulderω
defines the total heat generation controlling parameters.
Here, the term “Rshoulderω” decides the total heat generation
during the process, and the selection of the prescribed heat

index value regulates the heat supply to achieve better joint
efficiency. *is derived equation defines the heat index value
for the prescribed “Rshoulderω” optimal range from 0.6 to 1.05
(equation (8)). For higher tool shoulder radius and rota-
tional speed, the volume of material to be deformed on each
revolution is higher and hence the required heat index value
increases. *e obtained conditions in equation (8) define the
optimal conditions for heat generation, and equation (11)
leads towards the optimal heat index to facilitate an amiable
thermal environment based on the total heat generation.

5. Conclusions

A correlation is proposed to relate the optimum range of tool
shoulder radius with respect to its rotational speed. Cor-
relation was optimised to avoid property eradication in
TMAZ and a possible selection of the least shoulder radius
was obtained to ensure effective strain rate at its maximum
depth in SZ. Further possible minimum value of tool ro-
tational speed was attained through the effective heat index
value to avoid surface defects. Prescribed correlation and
conditions were examined through friction stir welding on
AA2024-T3 plates. Based on the obtained results, the fol-
lowing were concluded:

(i) Obtained correlation is valid as the maximum joint
efficiency is observed well within the recommended
range in the correlation. *ere was a gradual de-
crease in joint efficiency when Rshoulderω was greater
than 1.05, irrespective of the weld speed.

(ii) Weld defects were identified at higher weld speeds
when the Rshoulderω value is lesser than 1.05 and the
intensity of defect was increasing with a further
decrease in Rshoulderω value. On the other hand,
excess flash defects were identified at lower weld
speeds. *e optimum weld speed range to attain
defect-free weld was defined by the heat index
number, and it was found that the maximum heat
index number should not exceed 20.67.

(iii) It was identified that the minimum heat index
number to be maintained according to the absolute
thermal resistance of the base metal to facilitate the
required effective heat supply to the volume of
material to be deformed in the stir zone.Minimum
heat index number was identified as 2.68 for thin
AA2024-T3 plates and a correlation was obtained
for thicker plates to estimate the minimum process
temperature to be maintained to attain a defect-free
weld in the view of relating the minimum heat index
with the process peak temperature.

(iv) A novel relationship is achieved between the heat
index and “Rshoulderω” to facilitate an amiable en-
vironment to achieve maximum joint efficiency for
the prescribed circumstance.
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In this research work, an attempt was made to weld AA7075 alloy using the friction stir welding (FSW) technique.  e ex-
perimental runs were designed using the Taguchi L18 orthogonal array and welds were obtained by varying tilt angle, tool rotation
speed, tool feed rate, and axial load, whereas weld quality was accessed in terms of tensile strength and microhardness.  e
microstructure was examined using an optical microscope.  e studies revealed that the tool angle was the most in�uential factor
followed by the tool feed rate as both the parameters impacted the intensity of heat developed. It was observed that the tool tilt
decreased the microhardness of the welds.  e UTS values and macrostructure imply that the weld should be subjected to higher
tool torque conditions.  e material �ow was not periodic nor coordinated, as seen by the tool-tilted weld’s macrostructure. With
a tool tilt, the weld pressure is lowered, and the lower pressure could not be enough to prevent volumetric defects.  e reduced
pressure at quicker welding rates may have had an e�ect on the development of �aws.

1. Introduction

AA7075, an aerospace aluminium alloy, has found its ap-
plication in the manufacturing of aircraft structural wings
and �ns [1]. Zinc, a major alloying element of seven series
aluminium alloy, possess a melting point of 420°C and
boiling point of 907°C [2]. When joined utilizing the fusion
welding technique, these zinc particles get evaporated, which
alters the elemental composition of the aluminium alloy [3].
To overcome these issues, it was preferred to machine the

aerospace aluminium alloy with solid state welding tech-
niques [4]. Friction stir welding (FSW), cold metal transfer
(CMT), ultra-sonic welding (USW), and hot pressure
welding (HPW) are the distinct solid state welding process
[5]. In joining innovation, FSW has drawn in an extraor-
dinary consideration as a strong-state welding procedure
used to join comparable and di�erent ferrous and nonfer-
rous metals with practically no deformities [6]. FSW can stay
away from the vast majority of the issues related to unique
nonferrous materials joined by fusion welding processes [7].
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Tool geometry, rotation speed, feed rate, and dwell time
are the distinct process parameters deciding the quality of
the welded joints [8]. While the tool is being translated, the
material being stirred is being moved from the front to the
rear of the tool probe while it is being rotated [9].(e quality
of the weld is also impacted by the tool’s axial pressure [10].
It means that extremely high pressures cause excessive
heating and joint thinning, whereas extremely low pressures
result in inadequate heating and voids [11]. Another crucial
factor, particularly for creating welds with “smooth” tool
shoulders, is the tool’s tilt angle, as measured in relation to
the work piece surface [12]. (e Al (6061) and (1018 steel)
sheets were joined by Chen et al. using Friction Stir Welding
to create a 6mm thick layer of each alloy. (ey employed a
steel welding instrument to complete the butt joint.(e sizes
for the shoulder and pin were chosen to be 24mm and
5.5mm, respectively. On the side facing forward, they uti-
lized aluminium sheet, and on the side facing back, steel. An
optical microscope was used to find the metallographic
analysis. (ey claimed that intermetallic compounds are
present in the joint region, especially in the nugget field. At a
distance of 100mm and a rotational speed of 917 rpm, the
tool snapped [13].

Muthu and Jayabalan focused on the microstructure and
temperature dispersion of the weld produced by the friction
mix welding technique between Al (6061-T6) and 99.9%
copper [14]. (ey observed that there existed metallic mixes
such as CuAl2, CuAl, and, furthermore, Cu9Al4 buried in
the joint field. According to them, there is a range of
temperature conveyance and a high level of strong dis-
solvability in the bottom portion of the chunk location.
Conductivity is a problem when welding copper in contact
with other metals. (ey discovered that copper, due to its
strong conductivity, diffuses the intensity created by the
sponsorship blacksmith’s iron, resulting in an inadequate
welding temperature in the joint field. (ey discovered that
the aluminium side’s most severe temperature is 580 °C,
which is greater than the softening point of the Al-Cu
amalgam. (ey used 95mm/min travel speed and 914 rpm
rotating speed as the welding boundaries in this investiga-
tion.(e friction mix welding apparatus used for this project
was composed of steel [15]. From the above literature review,
it was clear that a lot of research has been conducted on the
welding of the aluminium alloy utilizing the FSW technique,
research related to the FSW of AA7075 alloy and analysing
its microstructural behaviour was very scarcely available.
Hence, in this research work, an attempt was made to FSW
AA7075 alloy by varying the input variables tilt angle, speed,
feed, and axial load. (e impact of these axial loads on the
mechanical and microstructural behaviour was exploited
deeply.

2. Experimental Work

(e base metal utilized in the analyses was AA 7075 alu-
minium alloy with the chemical composition as depicted in
Table 1. (e experimental results are shown in Table 2 [16].
(e following parametric limits were considered for the
FSW; tool rotational speed (N), feed rate (S), axial force (F),

and tilt angle. Other variables, viz shoulder and pin diam-
eter, were kept consistent to concentrate the impact of tool
angle on weld arrangement. As a thumb rule, the instrument
pin width was proposed as equivalent to the thickness of the
parent metal, and the shoulder measurement was three times
that of the pin diameter. In accordance with shoulder dis-
tance and pin, they were fixed at 18mm and 6mm sepa-
rately. (e trial grid was designed as per the Taguchi L18
symmetrical cluster. FSW was done on an 11 kV/440V (AC)
direct FSW machine. (e table showed the exploratory plan
lattice, which is a symmetrical exhibit with two degrees of
boundaries. (ree samples were sheared crossover to the
weld crease from each example in a processing machine.(e
samples were prepared in conformance with American
Society for Testing and Materials (ASTM) standard E8M-04
for the tensile tests. (e typical worth of the elasticity was
considered for each example. For microstructure, specimens
were sheared wise to the weld line and cleaned and carved
with Keller’s reagent. A Trinocular metallurgical magnifying
lens (TMM) was utilized to inspect the microstructure of the
weld. (e difference in mechanical properties of the weld
joints was analysed through hardness estimations across the
crossover, the cross part of the weld. Estimations were taken
by a Vicker’s hardness analyser at 0.5 kgf load with a dwell
time of 10 sec. Readings were taken 1.5mm beneath the weld
zone and at an interval of 1mm.

3. Results and Discussion

To validate the absence of potential flaws such as blazes and
surface passage as depicted in Figure 1(a) and the tensile
specimen as portrayed in Figure 1(b), all welds underwent a
visual inspection. Welded seams had smooth surfaces and
were clearly free of defects. Due to weld fusions that were
formed at higher temperatures, the weld surface was rough
and contained tiny aluminium particles that gave it a rough,
paper-like look. However, upon ocular inspection, low
temperature welds seemed to have smooth surfaces.

(e ultimate tensile strength (UTS) for the joints
manufactured at different parametric levels is shown in
Figure 2. (e outcomes showed that elasticity experienced a
critical plunge as the instrument was shifted by a point of
+1.50. (e most extreme elasticity was accounted for a tilt
angle of 0° indeed, even at a higher device travel speed of
600mm/min. (is movement speed is one of the greatest
qualities at any point announced for AA7075 amalgam at a
thickness of 6mm. (e microhardness for two instances is
shown in Figure 3 as a delegate model; one with a tool angle
of 0, 700mm/min, and the other with 1.50, 600mm/min,
and 700 rpm. Welds made with 1.50 slant points revealed
lower values for hardness, and the microhardness appro-
priation amply demonstrated the influence of tool angle.

Table 1: Chemical composition of the AA7075 alloy (Spectrum
analysis).

Element Si Fe Cu Mn Mg Cr Zn Al
Composition 0.07 0.25 1.6 0.07 2.6 0.3 5.9 Remaining
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According to distinct research, the value of hardness is
higher on the progressive side. In the case of a 0° tool angle, it
is observed that the microhardness of the welds is ap-
proximately 70Hv, resulting in a condition of up to 63
percent comparable with the base material hardness, while
the microstructure hardness value is reduced to 45 in the
case of a 1.50 tool angle.

(emodification of the welds’ mechanical characteristics
with different process variables was demonstrated by vari-
ance in UTS andMH. For welds delivered with a tool tilt at a
point of 1.5°, a significant decline in rigidity was observed. A
similar trend was observed for the FSW of polyethylene.
However, the general consensus was that increased strength
for FSW joints of aluminium composites is favoured by a

Table 2: Experimental runs and its results.

S.No Tilt angle Tool rotation (rpm) Tool feed rate (mm/min) Axial load Tensile strength (MPa) Microhardness (HV)
1 0 500 16 10 248 63
2 0 500 20 15 311 68
3 0 500 24 20 272 71
4 0 600 16 10 299 59
5 0 600 20 15 342 66
6 0 600 24 20 322 70
7 0 700 16 15 287 64
8 0 700 20 20 261 68
9 0 700 24 10 339 72
10 1.5 500 16 20 304 43
11 1.5 500 20 10 352 48
12 1.5 500 24 15 278 47
13 1.5 600 16 15 255 51
14 1.5 600 20 20 286 39
15 1.5 600 24 10 322 55
16 1.5 700 16 20 347 44
17 1.5 700 20 10 326 42
18 1.5 700 24 15 303 49

(a) (b)

Figure 1: (a) Visual inspection of the FSW joint. (b) FSW tensile specimen.
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Figure 2: Main effect plot for tensile strength of FSW joints.

Advances in Materials Science and Engineering 3



tool tilt. (e elasticity of the welds is improved by an in-
strument slant, according to a miniature underlying de-
piction of rubbing mix welded steel joints [17]. (e device
slant is the most effective boundary for the rigidity of the
weld joints. Research promoting the notion that a tilt angle
encourages blending and periodic replenishment of material
in the weld joint, and the suppression of discharged material
in the weld line by the tool shoulder has been taken into
account [18]. In any event, a tool offset at higher rates may
not be successful in achieving constraint and blending of
extruded material, as seen by the drop in the weld strength
included in this investigation. (e microstructure has been
used to assess the variation in UTS and microhardness.

(e microstructure demonstrated precipitation solidi-
fication of the base metal following solution treatment. As
shown in Figure 4(a), the main aluminium strong ar-
rangement included fine, uniform Mg2Si eutectic particles
that had accelerated. (e material was rolled, as seen by the
direction of the grain. (e grain direction might be observed
along the path of the equal lines. (e micrograph also shows
a small amount of the insoluble intermetallic complex Al6
(Fe Mn) in the base metal structure. In both the cases,
fracture of the eutectic particles happened at the shoulder
zone (SZ) because of the strain of the turning shoulder. (e
insoluble buried metallic compounds have shaped a bunch
at the shoulder zone, as found in Figures 4(b) and 4(c).

In the optical microscope, the nugget zones (NZ) of the
two instances are identical. (e NZ exhibit split eutectic
Mg2Si particles that have undergone distinctive recrystal-
lization, as expected from Figures 5(a) and 5(b). (e lack of
grain direction, which was present in the parent metal, is
thought to be the reason for the evidence of recrystallization.
(e eutectic particles would have disintegrated and quickly
reprecipitated due to the mixing pressure and heated impact.
For various welds produced under distinct input variables,
the microstructure did not demonstrate a striking distinc-
tion. (erefore, it seems sensible to assume that heat input

was crucial for the welders, and errors in certain welds may
be attributed to a shortage in the material stream. (is
notion is supported by the welds’ macrostructure at various
interfaces. (e FSW joining system may be understood in
terms of material forging and extrusion. As the pin spins,
heat generated by friction softens the material, which is then
released around the pin and produced by shoulder motion.
For this activity to be viable, the rotational and crossover
speeds must be combined properly. It is essential to add heat
to the material in order to soften it so that the ejected
material may be blended properly. It was determined that
low intensity input was the main cause of kissing bond or
poor passage.

A consistent and steady state FW was performed under
fractional tacky and sliding interface contact conditions
aside from the device plunge stage [19]. All things consid-
ered, at higher speeds, tacky contact conditions overwhelm
the cycle. (us, at higher velocities, tool force will be high.
Different examinations have recommended that, besides in
the instances of overheating, tool force has a direct relation
to work piece hardness, yield strength, and ductility. As the
welding speed increments, heat input diminishes, and power
consumed builds, in view of the decreased time for material
deformation and dispensation. In addition, at higher
welding speeds, the material ahead of the pin gets an ex-
tension period to preheat the material in the encompassing,
and this retards the material softening for the welding
system, which requires higher axial force. In such a con-
dition, the intensity input depends generally on the plastic
deformity of the encompassing mass material. In FSW, the
info power is changed over into plastic softening energy,
which is to some degree put away in the microstructure and
to some extent changed over into heat. (e consequences of
mathematical re-enactments uncover that the heat energy
gotten from plastic twisting shifts from 2 to 20% [20]. (ese
perceptions prove low heat contribution at higher welding
speeds. (e general pattern of low UTS in all welds was
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characteristic of low heat input for the scope of welding
speed.

(e majority of the heat in FSW was produced by
shoulder activity, and the material stream was also impacted
by the shoulder’s crucial stress on plasticized material. (e
pin action regulates the material union and sporadic ma-
terial filling of the joint.(e substance is transported upward
on the withdrawing side while being pushed downward on
the pushing side [21]. (e device strings pull the material
below while moving the material in front of the pin upward
[22]. (e tool tilts in favour of the material’s vertical growth
in front of the pin. Other limits, such as pivotal power,
rotational speed, and welding speed, have an impact on the
union through the intermittent interchange of material.
Although the shoulder driven stream and pin driven stream
procedures are unaffected, the single stream volume and
then the full mix zone are factors in welding speed [23]. (e
welding speed may thus have a greater influence on the
material stream.

(e device activity’s material evolution in FSW is
challenging. (e split of the material handling zone into a
revolution zone and a progress zone was suggested by
Behera et al. [24]. (e material stream is a combination of
crossover, longitudinal, and exact, as for the device hub in
the revolution zone, which is promptly located on the device
pin surface. (e progress zone was identified as the shear
layer of material located between the rotational zone and the
material framework. Heat input is a factor in the overall
grinding mix volume.

In FSW, the weld formation proceeds while the material
filling is delayed. By filling the material holes sporadically to
provide a weld without deformities, a successful mix of

boundaries overcomes this time delay. Due to this period of
time where the grooves are not compensated by the com-
pelling material stream, passage swindles have developed.
Weld zones can be divided into shoulder-affected zones
(SAZ), pin impacted zones (PIZ), and weld base zones
(WBZ) depending on the material stream. Trench defor-
mation is thought to be caused by a time delay in material
filling in the PAZ. (e descending material stream in the
SAZ is reduced and surrenders are therefore created if the
material stream from the withdrawing side to the pushing
side and/or the crucial power are insufficient. It was
explained that the material stream in the SAZ is persistent
because the material in contact with the shoulder pivots at
the same speed as the equipment.(ematerial streams in the
PAZ spin with the hardware and also move in an upward
and downward orientation. As a result, the material stream
in the PAZ is variable. (e WBZ, which is located between
the equipment tip and the parent metal’s base surface,
typically has a low stream speed of material. During the
instrument’s direct development, the WBZ is filled with
material. WBZ is always filled at the point where the
equipment passes the weld line at any given time. (e weld
setup in the WBZ needed more time in this fashion [25, 26].

(e weld’s macrostructure reveals an extremely sizable
amount of void at the pin’s bottom portion. Such malfor-
mations have been caused by inadequate intensity input that
led to a viral weld situation [27, 28]. (is situation, and the
development of the vacuum into a passage or worm opening
defect, may have been energised by a higher welding rate.
(e material around the FSW pin creeps around it, and it
also streams upward in a roughly spherical form in layers
[29, 30]. Ineffective material mixing is seen in Figure 5. 8 at

(a) (b)

(c)

Figure 4: Microstructure of the (a) base metal, (b) shoulder zone with 0° tool angle, and (c) shoulder zone with 1.5° tool angle.
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various contact levels. Possible causes include inadequate
material flow around the pin and a lack of sufficient SAS,
PAZ, and WBZ manufacturing activity by the shoulder. (e
mathematical components of the strung pin will probably
not be an option for the device to tilt at greater rates in order
to achieve the proper material stream. It may have resulted
in the interior crumbling and regenerating.

In Figure 6(a), the macrostructure of the weld created at
a 0° tilt angle is shown. (e macrostructure demonstrates
that the weld was freed from substantial flaws. (e NZ was

typically better than other weld types. It was explained that
the pivoting pin, which in FSW is referred to as the turning
shear material, deforms the material immediately adjacent to
the apparatus surface (TSM). When a threaded pin profile is
offered, the forcefully deformed material from the apparatus
pin string surface pulls the surrounding material by the
pinning activity. (is surrounding stream, TSM, and
the shoulder-driven material sporadically fill the hole when
the tool progression occurs to prevent the development of
volumetric defects. (e size of the NZ determines the

(a)

(b)

(c)

(d)

Figure 6: Macroscopic view of (a) weld at 0° tool angle, (b) weld at 1.5° tool angle, (c) weld with tunnel, and (d) distinct weld zones.

(a) (b)

Figure 5: Microstructure of the NZ (a) at 0° tool angle and (b) at 1.5° tool angle.
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superior material stream and mechanical qualities since
larger NZs display suitable shoulder-driven streams. (e
material stream in the macrostructure showed the formation
of onion rings. When compared to other welds, the superior
material transformation and combination of this one may be
to blame for the improved mechanical characteristics.

Inadequate material stream caused deformities of in-
sufficient filling, as seen in Figures 6(b) and 6(c), in the
macrostructure of the welds generated at a 1.5° device tilt
angle. To prevent the creation of deformities, shoulder-
driven material has to be properly convergent with pin-
driven material [31, 32]. (is material flow strategy relies
heavily on temperature and axial power. It is logical to
assume that the slanted point of the instrument, at the higher
crossing speed, adversely influences the material stream and
consolidation of layered material during welding and causes
deformity arrangement because the tilt angle affects the
shoulder-driven material stream and hydrostatic tension.
According to FSW of AA 7075, the material stream is
supposedly sensitive to the shoulder [33, 34]. (e vertical
power following up on the weld line is altered as the in-
strument is adjusted. (is might affect the amount of ma-
terial sucked in by the shoulder and the intensity that is
generated. (is effect could be anticipated to become sig-
nificant at a faster rate. (is might provide an explanation
for the age of flaws that appear when the device is moved, as
seen in the macrograph in Figure 6(d).

4. Conclusion

Along with other process factors, the impact of tool tilt angle
on the high-speed FSW of 7075 aluminium alloy was in-
vestigated. An ideal set of process parameters was then
provided. (e outcomes of the research showed that

(1) (e most important factor influencing weld strength
is tool tilt angle, which has been demonstrated to
have a negative impact on weld strength at faster tool
travel speeds.

(2) Although the welds made at faster rates appeared to
be free of defects, it was found that they had relatively
weak welds, especially when the tool is tilted.

(3) (e tool tilt was found to reduce the microhardness
of the welds. Higher tool torque conditions for the
weld are suggested by the UTS values and macro-
structure. (e macrostructure of the tool-tilted weld
demonstrates that the material flow was neither
periodic nor coordinated.

(4) Weld pressure is decreased with a tool tilt, and the
reduced pressure may be less than the limiting
amount needed to prevent volumetric flaws. (e
creation of defects may have been impacted by the
lower pressure at faster welding speeds.
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�e primary heat source from the sunlight is solar energy, which is used in photovoltaic panels, solar power plates, photovoltaic
streetlights, and solar-based hybrid nanocomposites. A hybrid nano�uid is traversing an expanding sheet in this investigation.
Maxwell �uid stream with two nanoparticles is going towards a trough with a parabolic form and is situated within the solar
aircraft wing to investigate the phenomena of heat transfer rate. �e term solar thermal radiation was introduced to describe heat
transfer occurrence. �e e�ectiveness of heat transmission from airplane wings is assessed by taking into account unique
phenomena such as magnetic �eld and heat source. �e bvp4c procedure was applied to quantitatively explain the energy and
motion equations with MATLAB software. �e copper (Cu) and graphene oxide (GO) nanosolid particles are mixed with sodium
alginate (SA), a common liquid, to form the nanosolid particles. Numerous control variables are thoroughly examined, including
temperature, shear stress, motion, friction component, and Nusselt number.�e skin-friction coe�cient upsurges with a growing
magnetic impression. �e upsurge in Deborah number reduces the skin-friction coe�cient. �e heat source impression declines
the heat transport rate but upsurges the skin-friction coe�cient. �e skin-friction coe�cient and heat transport rate increase with
growing magnetic impression. When it comes to heat transfer analysis, hybrid nano�uid e�ciency is substantially superior to that
of regular nano�uid.

1. Introduction

�e primary cause of pollution and increase in atmospheric
CO2 concentrations is the production and consumption of
energy; hence, lowering CO2 emissions and transitioning to
carbon-free energy sources are essential for the sustainability
of life on Earth. Experts are actively investigating the use of
nanotech and solar radiation to improve the e�ciency of
�ying. Analysts are now investigating how to use nanotech

and sunshine radiation to increase the productivity of air-
craft. Brewster [1] analysed and reported the nature of ra-
diative heat transfer. By embedding microparticles in
standard heat exchangers, Choi and Eastman [2] suggested
that a whole new class of heat exchangers may be developed.
Suresh et al. [3] studied heat transfer e�ects on laminar
convective �ow in a pressure droplet features past an
unvaryingly rounded tube via Al2O3–Cu/water hybrid
nano�uid. �e power management plan for solar-powered
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high-level long-endurance aircraft was researched by Gao
et al. [4]. +e size of a solar/hydrogen structure for high
altitudes and long-endurance airplanes was covered by
Barbosa et al. [5]. +e flow and energy transport in top-
convective Maxwell fluid above an exponentially stretched
surface with the Cattaneo–Christov heat flux were subjected
by Ahmad et al. [6]. As described in Das et al.’s [7] study, the
computational analysis of the time-dependent laminar hy-
dromagnetic boundary layer flow and energy transport of
nanofluids across an accelerated convective heat heated
stretched sheet. Current research on the production, thermal
physical features, heat transmission, pressure drop features,
potential uses, and limitations of hybrid nanofluids was
compiled by Sarkar et al. [8]. An experiment on temperature
and nanosized particles volume with thermal conductivity of
ZnO–TiO2/EG hybrid nanofluid was investigated by
Toghraie et al. [9].

Efficacy in energy transport is currently the most
important requirement from an industry standpoint.
Modern businesses will not be able to function with
conventional cooling solutions. Nanofluids have great
promise as effective heat transfer devices. Microchooses,
100 nm metering, are involved in this phenomenon and
can be detected in ethylene, water, oil, or glycol. Typically,
the metals, oxide, carbon graphite, nitrides, carbides, and
nanotubes are confined in nanostructures. Since then,
numeral techniques have been established in a direction to
increase the heat exposure of nanofluids. Nanoparticles,
heat diffusion, Brownian motion, thermophoresis, and
other techniques are among them. Using the Buongiorno
model, Farooq et al. [10] examined hydromagnetic
Maxwell fluid with nanomaterials on a surface that is
extending exponentially while also accounting for ther-
mophoretic and Brownian motion phenomena. Logana-
than et al. [11] cast off the Cattaneo–Christov heat flux
model to study the impact of second-order slip, reaction
rate, and cross-diffusion properties on the hydromagnetic
convective Oldroyd-B liquid flow towards a stretchable
surface. Maleki et al. [12] inspected the impression of the
Eckert amount, temperature and motion slipping pa-
rameters, radiation, suction or blowing, heat source/sink,
and tiny particle volume fraction on the motion and heat
transmission on the flow and heat transmission over a
porous plain plate.

+e research about non-Newtonian fluids has recently
attracted a lot of interest. +is is due to their wide range of
industrial product applications. A most crucial factor in
geoscience, biomechanics, and industries is how fluids
flow through the porous material, including water
through rock, to regulate skin temperature and filter out
impurities. Typically, more than one fundamental equa-
tion cannot adequately describe these fluids. Due to the
variety of these fluids, many constitutive equations are
therefore presented. +e three primary categories of non-
Newtonian fluids are integral, rate, and differential kinds.
+e nonviscous fluids rate type includes Maxwell fluid.
+is lesson highlights the benefits of downtime. Abdel-
malek et al. [13] analyzed the double-diffusion occurrence
in Carreau liquid transient, a wedge-formed frame with

strain relations and connections for heat physical features.
+e advancements in the primary cycles and relevant
features, CSP (Concentrated Solar Power) techniques,
heat exchange, and phase transition substance applied for
thermal energy storage were the main topics of Khan-
delwal et al.’s [14] study of the integrated solar combined
cycle system. +e thermally stratiform flow of Oldroyd-B
liquid caused by a stretchable sheet was explored by
Loganathan et al. [15] with the effects of radiation and
chemical reactions. To perform better, Rubbi et al. [16]
developed a working fluid from soybean oil and Ti3C2
particles for use in a hybrid photovoltaic-thermal (PV-T)
solar gatherer. Loganathan et al. [17] discovered the en-
tropy investigation of third-order nanofluid flow with the
impression of inclined magnetic impact across a con-
vective surface. Loganathan et al. [18] addressed the
impression of hydromagnetic Darcy–Forchheimer third-
grade nanofluid flow towards a linear elastic sheet. Waini
et al. [19] evaluated the constant mixed convective for
both assisting and opposing flows over an erect surface
immersed in a porous mode with Al2O3–Cu/water hybrid
nanofluid. +rough the development of a total energy
optimizing model that incorporates the connection of
increased energy conversion and additional energy usage,
Wu et al. [20] concentrated on evaluating the energy
concert of a symmetrical Λ-formed movable arm solar
aircraft.

Usage for the impacts of magnetic influence on non-
Newtonian fluids is expanding in a variety of industries,
including chemical engineering, polymeric technologies,
MHD generators, nuclear reactors, petroleum industries,
and acceleration, geothermal heat, and plasma investiga-
tions. Ahmad et al. [21] studied an applied magnetic field,
thermal dissipation, a heat source, and convective boundary
circumstances; heat transfer is theoretically enhanced for
graphene oxide/kerosene oil and graphene oxide-silver/
kerosene oil hybrid nanofluids over a porous stretchable
sheet. By employing hybrid nanofluid (CNT (carbon
nanotube)-Al2O3/water and CNT-Fe3O4/water) as a cooling
under the encouragement of an external magnetic field,
Anitha et al. [22] inspected the energy transference per-
formance of an advanced manufacturing double-tube heat
exchanger. Gul et al. [23] discovered the heat insulation of
the hybrid nanofluid flow in four distinct scenarios of
conical gap between a cone and disc flow, involving 1st static
cone revolving disc, 2nd static cone spinning disc, 3rd cone
and disk rotation in much the same way, and 4th cone and
disc rotation in the opposite direction. In the company of the
convective situation, Hussain et al. [24] concentrated on
hybrid nanoliquid flow through an exponentially extending
spinning surface. +e thermal characteristics of the moving
copper-iron (II, III)/oxide-engine oil Casson fluid with
nanoparticles in the solar parabolic trough absorber were
explored by Jamshed et al. in [25]. To deepen the experi-
ments of the sunlight aircraft wings with different assets like
porous mode, Cattaneo–Christov heat flux, viscosity dissi-
pation, heating and flow of energy, and entropy creation,
Jamshed et al. [26] researched heat exchange by utilizing the
tangent hyperbolic nanocomposite past inside solar wings
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solar parabolic trough receiver. Jamshed et al. [27] evaluated
the flow and heat transmission characteristics of a Cu–TiO2/
tangent hyperbolic hybrid nanofluid of this sort across a
slippery surface. +e temperature distribution and entropy
creation analysis of third-grade nanofluid flow forward into
stretchy sheet with oriented magnetic impacts, thermal
radiation, heat source/sink, and convective thermal influ-
ences was researched by Jamshed [28]. Loganathan et al. [29]
utilized a third-grade fluid flow with nanoparticles with zero
mass flux and a non-Fourier model to analyze entropy and
heat transfer. With the assistance of Cattaneo–Christov dual
diffusion, Loganathan et al. [30] defined the effect of the
hydrodynamic radiative Maxwell fluid model on a hot
surface. Jamshed et al. [31] investigated radiative
Prandtl–Eyring hybrid nanofluid in a parabolic trough
surface within a solar water pump to analyze the viscid
dissipation, heat generation, and entropy. Muhammad et al.
[32] researched the time-dependent squeezing flow of a
hybrid nanofluid (having CNTs +CuO/water) and a nano-
fluid (having CNTs/water) with the melting impact and
viscid dissipation to designate the behavior of heat exchange,
entropy formation, and bean amount. To optimize the
creation of entropy of Williamson fluid flow towards a plain
and stretchy surface, Qayyum et al. [33] tested the influence
of hydromagnetic, nonlinear thermal radiation, Dar-
cy–Forchheimer porous mode, viscous dissipation, 1st-or-
der motion slip, and convective boundary circumstance. To
manage the flow system heat transfer, Saeed et al. [34]
employed the slip conditions created by a whirling disc,
thermal stratification, and nonlinear thermal radiation in the
solution of the Darcy–Forchheimer flow for TiO2–Ag/H2O
hybrid nanofluid. +e time-dependent Maxwell Cu–Al2O3/
sodium alginate hybrid nanofluid approaching a stretchy/
shrinking surface with radiative heat action and energy
transmission was researched by Zainal et al. [35].

Several academics have been interested in the flow of a
viscous caused by a stretched sheet. +is is a result of their
many uses in the polymeric industry worldwide, envi-
ronmental contamination, biological processes, aerody-
namic extraction of plastic sheets, manufacture of glass
fiber along a liquid film and condensation process, chilling
and/or dryness of papers and textile, and so on. Ahmad
et al. [36] investigated the effects of brick-shaped nano-
structured materials made of cerium oxide (CeO2) and zinc
oxide (ZnO) on the time-dependent three-dimensional
water-driven hybrid nanofluid flow. In addition to the
benefits of thermal defeat and the non-Fourier concept for
energy flux, Algehyne et al. [37] revealed the heat transport
in Maxwell MoS2–Ag/engine oil hybrid nanofluid past
across an endless stretchy erect porous sheet. Bhatta-
charyya et al. [38] inspected an electrically conducted
Maxwell hybrid nanofluid fluid covering Cu and graphene
oxide nanoparticles with time-dependent aligned magnetic
field and velocity slip conditions over a linearly stretched
sheet. On a convectively heated Riga plate with Catta-
neo–Christov theory, Eswaramoorthi et al. [39] deliberated
the effects of glycerin-based carbon nanotubes with motion
slip in a porous material described by Darcy and For-
chheimer. Ouni et al. [40] discussed the heat generation

and viscous dissipation impression of Oldroyd-B fluid flow
with copper-gold/engine oil hybrid nanoparticles with a
parabolic trough surface collector within a solar water
pump. Ali et al. [41] discussed the heat transportation and
energy creation of carboxymethyl cellulose water-based
cross hybrid nanofluid flow. Iftikhar et al. [36] researched
the influence of heat generation/absorption of three-di-
mensional time-dependent brick from zinc-oxide hybrid
nanofluid. A study on MHD radiative bidirectional hybrid
nanofluid flow to analyze thermal performance was de-
liberated by Iftikhar et al. [42]. Iftikhar et al. [43] inspected
the heat transference of blade-formatted cadmium tellu-
ride-graphite nanocomposites hybrid nanofluid flow under
electromagnetohydrodynamics. Iftikhar et al. [44] studied
an entropy creation of sphere-sized bidirectional hybrid
nanofluid along with varying thermal performance. Using
the Williamson model, Hussain [45] investigated the vis-
cous dissipation, thermal radiation, and entropy creation of
a hybrid nanofluid (Cu-graphene oxide/sodium alginate)
that was situated within solar airplane wings and moved
into a trough with a parabolic form. According to Jamshed
et al. [46], time-independent hybrid nanofluid (Cu-silicon
dioxide/engine oil) flow and thermal transport properties
are affected by nanosolid particle morphologies, porosity
substantial, heat generator, viscid dissipative, and radiative
flux.

In solar aircraft wings, a trough with a parabolic shape
called (PTSC) captures solar thermal energy in the system of
solar radiative sprinkling. +e quest for more expensive and
alternative fuel sources will be significantly impacted by
aviation studies. +e heat transference rate increases when
established hybrid nanofluids are used in place of conven-
tional nanofluids. Because they were obtained under entirely
cutting-edge substantial circumstances, the research find-
ings will be helpful to fresh scientists.

+e latest results can aid in future advancements by
allowing for the assessment of the thermal system heat effect
while taking into consideration various non-Newtonian
hybrid nanofluids (Carreau, second-grade, tangent hyper-
bolic fluid, Casson, micropolar nanofluids, etc.). Further-
more, the extending approach may be used to simulate the
effects of magneto-slip movement as well as temperature-
dependent fluidity and porosity.

+e research model may plug the space in heat trans-
mission by utilizing radiative Maxwell hybrid nanofluid
flows on a penetration stretchable surface, changing thermal
conductivity, heat source, and MHD (magnetohydrody-
namic) impact. +e theoretical motion of the nanofluids is
represented using the Tiwari and Das model. In this study,
copper (Cu) and graphene oxide (GO) hybrid nanoparticles
are used, with sodium alginate (SA) serving as the regular
fluid. +e Maxwell hybrid nanofluid’s leading equation will
be converted into ordinary differential equations with the
proper parallel transformations.

2. Mathematical Formulation

+e following are the circumstances and guiding principles
that govern the flow model:
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(i) Two-dimensional unsteady laminar flow.
(ii) Boundary layer guesstimates.
(iii) Tiwari–Das model (single stage system).
(iv) Radiative Maxwell hybrid nanofluid.
(v) Piercing mode.
(vi) On the x-axis, a magnetic field B(t) �

B0(1 − ξt)− (1/2) is applied.
(vii) Flow with heat source and viscous dissipation.

+e solar aircraft application modelling and flow dia-
gram are given in Figures 1 and 2, respectively. Below
mentioned equations are the governing equation [21, 45] for
existing research work:

Equation of continuity:
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Equation of temperature:

ρCp 
hbnf

zT

zt
+ u

zT

zx
+ v

zT

zy
  � khbnf

z
2
T

zy
2 −

zqr

zy
+ μhbnf

zu

zy
 

2

+ Q0 T − T∞( . (3)

+e boundary situations for the present situation are as
tracks [31, 40]:

u � Uw + Nw

zu

zy
, v � Vw , − k0

zT

zy
  � hf Tw − T( , at y � 0, u⟶ 0, T⟶ T∞, at y⟶∞. (4)

+e apparatuses of velocity in the consistent coordinates
of y and x are meant by v (m/s) and u (m/s), respectively,
where T (K) is the fluid temperature, λ is the relaxation time,
Nw depicts the slip length, Vw signifies the encompassing
plate porosity, and k0 shows the material porousness.
Furthermore, hbnf stands for hybrid nanofluid, nf stands for

nanofluid, Bf stands for base fluid, (ρCp)hbnfdenotes the heat
capacity of the hybrid nanofluid, B0 (Tesla-T) depicts the
magnetic field strength, σhbnf depicts the electrical con-
ductivity, khbnf denotes the thermal conductivity of the
hybrid nanofluid, ρhbnf denotes the hybrid nanofluid den-
sity, and μhbnf denotes the hybrid nanofluid dynamic

(a)

Parabolic Shaped
Reflective Trough

Hybrid Nanofluid Flowing
inside a Parabolic Trough

Central Heat Pipe

Porous Stretching Sheet in PTSC

HBNF

Receiver

(b)

Figure 1: Methodical picture of existing theoretic research.
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viscosity.Cp is the specific heat at unvarying pressure, M

depicts the shape factor (3 for sphere), ϕCu depicts the
volume fraction of Cu, ϕGO depicts the volume fraction of
GO, and kBf, μBf, ρBf, and σBf denote the thermal con-
ductivity, dynamic viscosity, density, and electrical con-
ductivity of the SA base fluid, respectively. +e subscripts
Bf, Cu, and GO denote the amounts of base fluid, Cu

nanoparticle, and GO nanoparticle, respectively. As a result,
Table 1 contains information on the working pure fluid as
well as two different nanomaterials Cu and GO, and the
hybrid nanoparticle physical properties are given in Table 2.

+e penultimate term in energy (3), where qr indicates
the radiative heat flux and is delineated using the Rosseland
guesstimate [38, 45], represents thermal radiation

qr �
− 4σ∗

3k∗
zT

4

zy
, (5)

where σ∗ is the Stefan–Boltzmann constant and k∗ corre-
sponds to the coefficient of mean absorption. Now, using the
Taylor series for the term T4 at a location T∞ and dis-
regarding the higher order terms in approximation, the
following final form may be obtained.

Here, T4 is a linear connection of temperature through
Taylor’s arrangement extension about T∞ and disregarding
progressive terms; thus,

T
4 ≈ 4T

3
∞T − 3T

4
∞. (6)

In the current situation, we may simplify our model
analysis by taking into account the following nondimen-
sional variables [19, 38, 45]:
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f. (7)

+e primes now stand for differentiation of the pseu-
dosimilarity variables. According to the scientific flow
model, a traveling flat plate with an uneven expansion
motion and an isolating surface temperature is summarized
as follows [38, 45]:

Uw �
bx

(1 − ξt)
andTw � T∞ +

b
∗
x

(1 − ξt)
, (8)

where the initial expansion rate and heat variance, respec-
tively, are denoted by b and b∗. +e temperatures of the
surface and surroundings are represented, respectively, by
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Tw and T∞. Temperature fluctuation puts the plate surface
in harm because it is designed to be slick.

Using the similarity modifications (7), create controlling
equations (1)–(4), where continuity (1) is completely fulfilled

and the other required equations adopt the dimensionless
form shown as follows:

f
‴

+ ϕaϕbff″ − ϕaϕb f′( 
2

− ϕaϕb

ξ
b
f′ − ϕaϕb

ξ
b

η
2

f″ − Kf′ − β ϕaϕbf
2
f
‴

− 2ϕaϕbff′f″  − ϕaϕeMn
2
f′ � 0, (9)

θ″ 1 +
1
ϕd

PrNr  + Pr
ϕc

ϕd

fθ′ − f′θ − A θ +
η
2
θ′  +

Ec

ϕaϕc

f″2 +
1
ϕc

Qθ  � 0, (10)

with the boundary circumstances
f(0) � S, f′(0) � 1 + Λf″, θ′(0)

� − Bi(1 − θ), at η � 0.f′(∞)

⟶ 0, θ(∞)⟶ 0, at η⟶∞.

(11)

Table 2: Cu − GO/SA hybrid nanoparticle physical properties [38, 45].

Physical characteristics SA Cu GO
ρ 989 8933 1800
Cp 4175 385.0 717
k 0.6376 401.00 5000
σ 2.6×10− 4 5.96×107 1.1× 10− 5

Pr 6.5 - -

Table 3: Evaluation concerning the values of − θ′ (0) with Pr, when Bi⟶∞, and absenteeism of further remaining parameters.

Pr Das et al. [7] Jamshed et al. [25] Hussain [45] Current work
1 1.00000000 1.00000000 1.00000000 1.00000000
3 1.92357431 1.92357420 1.92357420 1.923682566
7 3.07314679 3.07314651 3.07314651 3.072250191
10 3.72055436 3.72055429 3.72055429 3.720673886
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+e unsteadiness parameter (A), porous medium pa-
rameter (K), Deborah number (β), Hartmann (magnetic)
parameter (Mn), Eckert number (Ec), heat source parameter
(Q), Prandtl number (Pr), radiation parameter (Nr), suc-
tion/injection parameter (S), velocity slip parameter (Λ),
and Biot number (Bi) are all terms used to describe the
participation of dimensionless restrictions in equations
(9)–(11). +ese variables are stated numerically as

ϕa �
μBf

μhbnf

,ϕb �
(ρ)hbnf

(ρ)Bf

, ϕe �
(σ)hbnf

(σ)Bf

,ϕc �
ρCp 

hbnf

ρCp 
Bf

,

ϕd �
(k)hbnf

(k)Bf

, A �
ξ
b
, K �

]Bf(1 − ξt)

bk
, β �

λUw

x
,

Mn
2

�
σBfB

2
0

ρBfb
, Ec �

U
2
w

Cp 
Bf

Tw − T∞( 
, Q �

Q0x

ρCp 
Bf

Uw

,

Pr �
]Bf

∝ Bf

, Nr �
16σ∗T3

∞

3k
∗]Bf ρCp 

Bf

, S � − Vw

�������
(1 − ξt)

b]Bf



,

Λ �

����������
b

(1 − ξt)]Bf



Nw, Bi �
hf

k0

����������
]Bf(1 − ξt)

b



.

(12)

+e shear stress and heat transport rate are the physical
quantities of engineering practical significance, and they are
delineated as follows.

+e shear stress is Cf � τw/ρBfU2
w
, and the Nusselt

number is well-defined as Nux � xqw/kBf(Tw − T∞).
+e surface shear stress τw is assumed by τw � μhbnf

(zu/zy)y�0, and we get

CfRe
1/2
x �

1
ϕa

f″(0)]. (13)

+e rate of heat transfer qw is assumed by
qw � − khbnf(zT/zy)y�0 + (qr)y�0, and we get

NuxRe
− 1/2
x � − ϕd[1 + Nr]θ′(0), (14)

where Rex � xuw/]Bf is the Reynolds number.

3. Numerical Structure

Equations are solved via the bvp4c technique. All numerical
values and graphs are found with MATLAB software which
is discussed in through tables and graphs. Let

f � y(1), f′ � y(2), f″ � y(3), θ � y(4), θ′ � y(5). (15)

Equations (9)–(11) are reduced into a new form as

f
‴

+ ϕaϕby(1)y(3) − ϕaϕb(y(2))
2

− ϕaϕb

ξ
b

y(2) − ϕaϕb

ξ
b

η
2

y(3) − Ky(1)

− β ϕaϕb y(1))
2

 f
‴

− 2ϕaϕby(1)y(2)y(3  − ϕaϕeMn
2
y(2) � 0, θ″ 1 +

1
ϕd

PrNr 

+ Pr
ϕc

ϕd

y(1)y(5) − y(2)y(4) − A y(4) +
η
2

y(5)  +
Ec

ϕaϕc

(y(3))
2

+
1
ϕc

Qy(4)  � 0,

(16)
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with the boundary conditions

y0(1) � S, y0(2) � 1 + Λy0(3), y0(5) � − Bi(1 − y0(4)), at η � 0y∞(2)⟶ 0, y∞(4)⟶ 0, at η⟶∞. (17)

+e choice η(∞) � 7 or 10 indicates that each numerical
output approaches asymptotic assets ideally in this
technique.

3.1. Code Validation. Validation of present findings is
carried out with the use of contrast to current research.
Table 3 provides a comparison of the known research
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consistencies. However, extremely accurate results for the
current analysis are found.

4. Result and Discussion

Using the bvp4c technique, the characteristics of two dif-
ferent sodium alginate-based nanofluids, namely, Cu − SA

and GO − Cu/SA, are quantitatively examined. We compare
our performance of the model to the analytical ones for the
limited situation of standard Newtonian flow in the current
configuration to validate our mathematical model. +e ef-
fects of emerging flow characteristics are listed using various
graphs and table data that have been compiled.+e impact of
multiple physical parameters on motion, temperature, skin-

friction coefficient, and Nusselt parameter values obtained
with MATLAB software is exposed in Figures 2–11 and
Table 1. For the current research, we measured the values of
physical parameters as β � K � A � Nr � Ec � Q � Bi �

0.1, Mn � S � Λ � 0.2, ϕGO � 0.09, ϕCu � 0.18, an d Pr �

6.5.

Figures 3(a) and 3(b) show the decline behavior of
motion and temperature of increasing unsteadiness pa-
rameter, respectively, for both Cu/SA and Cu − GO/SA.
Figure 3(b) shows how the unsteadiness affects the heat
distribution, and it can be understood that as the un-
steadiness number is raised, the temperature distribution
drastically diminishes. +is is true since a reduction in the
temperature profile is brought on by an increase in heat
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losses of the sheet being stretched. Due to the reduction in
the heat transference rate from the sheet to the fluid for
larger quantities of the unsteady parameter, this suggests
that the cooling rate is significantly greater than the rate of
chilling for the steady flow.

Figures 4(a) and 4(b) depict the impression of the
growing Deborah number on the velocity and temperature
for both Cu/SA and Cu − GO/SA, respectively. Figure 4(a)
shows how hybrid nanomaterials and nanostructures, as well
as motion curves, are affected by the Deborah number. In
comparison to the change in Deborah, the movement of
nanoparticles and hybrid nanomaterials is decreased. +is
decrement flow behavior is caused by its elastic nature
(Maxwell fluid). In light of fluid flow, Maxwell liquid repairs

greater deformation as a result of this property. By using
greater values of the Deborah number, momentum
boundary layers are reduced. Additionally, it is looked at
whether hybrid nanoparticles are more effective than ap-
proach-related nanomaterials in terms of maximum flow
phenomena. Due to its elastic nature, flow properties are
decreasing. Also, it is shown that Maxwell liquid is warmed
up more than viscous fluid. In comparison to the instance of
the technique associated with nanomaterials, it is noticed
that the strategy associated with nanomaterials is much
more effective in obtaining the greatest thermal energy (see
Figure 4(b)).

In terms of flow behaviors, porosity has always played a
key role. However, in nanolevel streaming settings, the
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porous nature of the material is critical for the passage of
nanoparticles and thermal issues. Cu − GO/SA hybrid
nanofluid fluids continue to flow ahead of Cu/SA nanofluid
fluids, as seen in Figure 5(a) when the porosity values in-
crease. Fluids prefer to flow through the higher porosity
rather than over it as the parameter continues to rise in
value. In Figure 5(a), the flow rate for hbnf is slower than
that of nanolevel fluid because the flow seeks to flow into the
porous mode more as there are more particles present. Both
the Cu − GO/SA mixture and the Cu/SA nanomixture of
fluids are shown in Figure 5(b) in their most advanced
thermal states. Two factors might be to blame for this in-
crease: the first is the well-known explanation for lower
fluidity absorbing more heat, the second is the special
thermal transmitting properties of nanomaterials, and the

Cu − GO/SA hybrid is taking control of the Cu/SA by ab-
sorbing more heat, encouraging thermal dispersion of the
hybrid. Because of the porous surface’s ability to diminish
fluidity, which lowers the fluid velocity and raises its heat,
the porosity of the used fluid is directly related to its
viscosity.

+e impact of the suction (+ve values) and injection (− ve

values) on the motion and temperature characteristics of
both Cu/SA and Cu- GO/SA is depicted in Figure 6. As can
be observed in Figure 6(a), as the suction impression is
increased, the motion graphs and the thickness of the
momentum boundary layer both decrease. However, when
the injection parameter is increased, the velocity and mo-
mentum boundary layers are improved. Similar to this, as
the suction variable is increased, the temperature profiles
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and the width of the thermal boundary layer decrease, but
the reverse tendency is seen in the situation of blowing, as
seen in Figure 6(b).

Fluid flow with Cu − GO/SA and Cu/SA can have their
flow rates restricted by the velocity slip constraint. +e slip
parameter slipperiness is overshadowed by the strength of
solid materials, which is what would be causing the slow flow
rate seen in Figure 7(a) for its boosted amounts. Figure 7(b)
depicts the decline in temperature profiles of the upsurge
velocity slip parameter.

As understood in Figure 8(a), the velocity rises as the
magnetic field increases as a result of both Cu/SA and Cu −

GO/SA flow. Opposite impression is shown for temperature;
that is, the temperature declines with growing magnetic (see
Figure 8(b)).

Figure 9(a) depicts the influence of bothCu/SA andCu −

GO/SA volumetric fraction parameters on velocity. +e

nanofluid flow slows down as the intensity increases. +is
occurrence occurs as a result of friction escalating, and fluid
viscidness increases with increasing nanofluid volume
fraction. As enhanced, the hybrid nanofluid has a faster
motion than regular nanofluid. With increases in volume
fraction, the fluid temperature rises noticeably, as seen in
Figure 9(b). +ese conclusions support our concept that
adding nanomaterials to regular fluids recovers thermal
conductivity and increases thermal efficacy.

Figure 10(a) illustrates how the Biot quantity Bi raises
the heat of the Maxwell graphene hybrid nanofluid and
nanofluid. +is may be explained by pointing out that an
increase in Biot number grows in convective heat transport
at the surface, which raises the temperature. It is evident
from Figure 10(b) that raising Eckert quantities causes the
heat flow to increase. +e relationship Eckert establishes
between enthalpy and kinetic energy and the reality that the

Table 4: +e skin-friction and Nusselt number values for Pr � 6.5.

β Mn K A Pr Ec Nr Q Bi S Λ ϕCu ϕGO CfxRe1/2x NuxRe− 1/2
x

0.1
0.5
1

0.2
0.1
0.2
0.3

0.1
0.1
0.5
1

0.1
0.1
0.5
1

6.5
4.5
6.5
8.5

0.1
0.1
0.2
0.3

0.1
0.1
0.2
0.3

0.10.1
0.20.3

0.1
0.1
0.2
0.3

0.2–0.4
–0.2 0.2

0.4

0.2
0.1
0.5
1

0.18
0.09
0.14
0.18

0.09
0.09
0.14
0.18

–2.007929558–2.218466432
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overall process is completed in the presence of viscidness
while kinetic energy is converted to internal energy can both
be used to clarify this characteristic of Maxwell fluid with
copper and graphene nanospheres. As a result, viscous
dissipation can raise a fluid temperature more quickly.

+e thermal scatter in the Cu − GO/SA and Cu/SA

nanofluids is explained in Figure 11(a) to increase the heat
generation constraint. According to the parameter, it tends
to increase the flow’s surrounding thermal conditions. +is
will demonstrate improved thermal diffusion for the two
fluid flow combinations. +e heat is seen to be decreasing in
tendency while the Prandtl number is increasing in
Figure 11(b). Failures in the heat curve are seen because the
greater Prandtl number denotes the lower thermal diffu-
sivity.+e temperature of the hbnf and nf grows better with
an increase in radiation parameter, as shown in Figure 11(c).
In reality, the radiation goes up the fluid ability to transfer
heat, which causes the thermal boundary layer to expand
and, as a consequence, lowers the fluid temperature.

Table 4 illustrates the various physical parameters values
with skin-friction coefficient and heat transfer rate. +e
velocity declines and temperature increase when both
nanoparticles have the same volume fraction value.+e skin-
friction coefficient declines with Deborah, unsteadiness, and
porosity parameters, while the opposite behavior shows for
the magnetic parameter. +e Nusselt number upsurges with
Prandtl, radiation, and Biot number. Both the thermal and
motion impressions increase with the velocity slip param-
eter. +e skin-friction declines, and temperature grows with
suction/bowing influence.

5. Conclusions

+e goal of the existing research is to boost the solar energy
phenomenon, which will increase aircraft endurance and be
employed in solar aviation for a variety of uses. Maxwell
hybrid nanofluid is taken into consideration for this goal.
Graphs and tables are thoroughly examined for many
parametrical influences, including heat source, magnetic
field, viscous dissipation, thermal liquid on PTSC, and solar-
powered aircraft. +e following are the findings that result
from the issue mentioned:

(i) +e upsurge in Deborah number reduces the skin-
friction coefficient.

(ii) +e heat source parameter declines the heat transfer
rate but upsurges the skin-friction coefficient.

(iii) +e skin-friction coefficient and heat transfer rate
increase with growing magnetic impression.

(iv) +e motion profile declines with Cu/SA and raises
with Cu − GO/SA, while temperature grows for
both hybrid nano- and nanofluids.
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As the global population rises, resource depletion and environmental pollution also aggravate. To meet the needs of the
population, di�erent products have been manufactured. However, most industrially manufactured products are not eco-friendly,
costly, and locally unavailable. To solve these problems, using and enhancing locally available biomaterials are the key option.
�ree substrates sawdust, bagasse, and co�ee husk and the fungus Pleurotus ostreatus were used. Mycelium was fully colonized by
9, 14, and 27 days on potato dextrose agar (PDA), sorghum grain, and substrate, respectively.�emycelium growth on co�ee husk
showed the fastest growth rate whereas that of the sawdust was slowest. �e fully colonized substrates were molded for 7, 14, and
21 days by plastic mold to maintain their regular 3D structure. �e result shows that the block made with sawdust at 21 molding
period has higher compressive strength and density of 750 kPa and 343.44Kg/m3, respectively, followed by bagasse and co�ee
husk. �ese variations were due to the mycelium density di�erence between the substrates. Physicochemical and mechanical
characteristics such as mycelium morphology, bimolecular and elemental analysis of substrates, density, water absorption, and
compressive strength of the block were analyzed. �is technology has the potential to replace conventional construction and
packaging materials used for indoor applications such as insulation, partition walls, and other design and architectural ap-
plications. It also bene�ts in terms of its low cost, green synthesis approach, nontoxicity, low environmental emission, recy-
clability, and local availability.

1. Introduction

�e rapid rate of global population growth leads to envi-
ronmental pollution and natural resource depletion. �e
human population increase could aggravate both resource
depletion and environmental pollution. Similarly, the rise of
the human population is also the main cause of urbaniza-
tion.�eUnited Nations study projection showed that about
66% of the world population will live in urban areas by 2050
[1].�e increasing urban population will lead to a signi�cant
increase in urban energy consumption and urban emissions
[2]. Modernization of the construction sector has a signif-
icant role to play in reducing urban emissions [2]. Most

construction materials nowadays are made of cement,
gypsum, metals, wood products, and polymer products.
�ese materials need high cost, consume energy, are envi-
ronmentally unfriendly, and are nonrecyclable. A recent
study shows that about 8.7 gigatons, which is about 10% of
the world emission, of carbon dioxide, is from the con-
struction sector [3], either from demolition or construction
[4]. To minimize the environmental e�ect caused by the
construction sector, applications of innovative materials
(low/zero carbon buildings) are the key options [2].

As compared to others, cement is one of the most widely
used construction materials worldwide [5–7]. Cement-based
materials are hydrophobic, high strength, and durable [7].
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However, they are not subject to decomposition, create en-
vironmental pollution, are susceptible to cracking, and re-
quire high-cost. Eight to ten percent of the global total carbon
dioxide emissions were released from the manufacturing of
cement only [8]. To keep the construction sector clean and
sustainable, technological improvement should be needed.

)e practice of business as usual in the construction
sector will not create a sustainable environment and circular
economy. )e advancement of technology in construction
materials has become one of the most important recent
issues in the field of Biotechnology and Civil Engineering
research studies. )ere is a possibility of making sustainable
construction material from a complex of fungal mycelium
and organic substrates [9, 10]. Mycelium is a vegetative part
of fungi that has a long, branching, and filamentous
structure called hyphae and acts as a natural adhesive and is
used to create a network of extremely dense fibers, attached
to the organic substrate (sawdust, straw, coffee grounds,
wheat bran, and bagasse) [11, 12]. )e organic matter
bounds with this hyphal structure and forms fungal skin.
When this process is ceased through drying or heating, the
incomplete process results in a mycelium-based block
(Mycoblock). Mycoblock is a block made of organic sub-
strates and uses mycelium as a natural adhesive. In addition
to being applied in biocomposite production, the fungal
mycelium can also be applied in a variety of other envi-
ronmental technologies [13, 14].

Existing research shows that Mycoblock is used in a
variety of applications such as packaging materials, insu-
lations, partition walls, utensils, furniture, and different
design and architectural [15]. It can significantly reduce the
reliance on fossil fuels and the embodied energy required for
construction and lower waste left at the end of buildings’ life
cycles [16]. Because it is entirely biodegradable, does not
produce waste when appropriately discarded, and produces a
lower carbon footprint s compared to conventionally man-
ufactured building materials [16], the quality of the product
can be enhanced through methodological diversifications
such as types of substrate, types of strain, length of cultivation
time, molding type, and molding temperature [17].

)e genera belonging to Pleurotus are widely used and
studied by different scholars for the application of Myco-
block followed by Trametes and Ganoderma genera due to
their contamination resistance and faster growth than other
fungal genera [16, 17]. Hot-pressing shifts the property of
blocks from foam-like to wood-like by enhancing their
stiffness and homogeneity [16]. )e current study is mainly
focused on the production of noncement-based biomaterials
from organic wastes for alternative and low-cost con-
struction materials by using fungal mycelium as a natural
adhesive. )e study also identifies the comparative strength
of different substrates (bagasse, sawdust, and coffee husk) for
better mycelium-based blocks.

2. Materials and Methods

2.1. Strain Cultivation. )e fungal strain Pleurotus ostreatus
(P. Ostreatus) was obtained from Shitaki international
mushroom plc. In Addis Ababa., PDA (39 g/L) was used for

the growth of the strain after autoclaving at 121°C for 15
minutes (min). )e warm liquid media (50–60°C) was
poured carefully into a sterile Petri plate until 2/3 of the
plates were filled [18]. A piece of mass of mycelium was
picked using an inoculation loop and placed at the center of
a cooled PDA agar plate under an aseptic condition to re-
fresh the strain. )e fully colonized refreshed strain was
triplicated by taking a disk of (6 x 6) mm2 mycelium grown
on agar. Finally, the plates were incubated at 28°C until
grown mycelia fully cover the Petri plate. Mycelia growth
was visually observed and measured using a ruler in terms of
diameter on the culture plate every three days intervals, and
growth rate (GR) was calculated using equation (equation
(1)) [19]. )e pure culture was stored for further study
according to the preservation method used by [20].

2.1.1. Spawn Preparation. Sorghum grain locally called
(ZENGADA) purchased from the local market was cleaned
and soaked. )en, the cleaned and soaked grain was spread
on a water permeable cloth to remove the excess water until
50% moisture (Equation (2)). To maintain the pH, 2% lime
on a dry weight basis of grain was added and mixed thor-
oughly [21–23]. Glass bottles filled with 100 g (on a wet
weight basis) grain lime mixture were autoclaved at 121°C
for 60min and allowed to cool overnight in aseptic con-
dition. After cooling a quarter (1/4) of 9-days-old culture
from the Petri dish was inoculated and incubated at 28°C
until the substrate was fully colonized. )e mycelia invasion
rates were inspected every three days’ intervals.

2.1.2. Substrate Collection, Preparation, and Inoculation.
)ree substrates were collected from the following places:
coffee husk (CH) and sawdust (SD) from Addis Ababa
around Haile garment and Bagasse (Bg) from the Metehara
sugar factory. )ese substrates were selected due to their
abundance and local availability. )e average size of the
substrate was obtained by homogenizing it manually with a
scissor below 2 cm [24, 25], and other unwanted materials
such as plastics, metals, and stones were cleaned out from the
substrate manually.

About 10% Teff bran (on a dry weight basis) was added to
each prepared substrate as a supplement and to provide
adequate void space between substrate substances [9, 21, 25].
)e substrate-supplement mixture was soaked separately in
excess tap water overnight to soften the substrate. )en, the
soaked mixture was drained off the excess water until
moisture content become 60% to 70% [26, 27]. For moisture
measurement, about 40 g samples from each type were taken
randomly [9], and the result was analyzed according to
Equation (2) [21].

For the purpose of buffering, preventing substrate ad-
hesion and facilitating air circulation between substrates, 3%
of calcium sulfate (on a dry weight basis) was added to each
mixture and mixed thoroughly [22, 27, 28]. )e adequate
amount of substrate mixture was sterilized in an autoclave at
121°C for 60min and allowed to cool overnight under aseptic
conditions [22, 29]. Each substrate (1000 g) with 60 to 70%
moisture was inoculated with 10% spawn (100 g) [25, 30].
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)en, the sample bags were kept in a dark room at (22 + 1°C)
until mycelium fully colonized the substrate. )e mycelium
growth rate was inspected every five days to determine
mycelium quality and density.

2.2. Production Phase. Blocks were made after passing the
following three phases: molding, incubation, and denatur-
ation. About 200 g of fully colonized mycelium of each
substrate was added to 11 cm× 8 cm x 4 cm size plastic mold
for three incubation periods (7, 14, 21 days) [26, 31], under
aseptic conditions.)e incubation temperature was adjusted
to 22 + 1°C. At the end of each growth period, the sample was
taken out of the mold and ready for weight measurement
and denaturation. To terminate the mycelium overgrowth,
for dehydration, and decrease the toxicity level of the strain,
heat of about 50°C for 48 h was applied [32].

2.3. Physico-Chemical and Mechanical Characterization
Techniques

2.3.1. pH Level. pH was measured after taking 1 :10w/w of
the sample from the fully colonized substrate and control
and soaked for one hour (hr) [33, 34].

2.3.2.Water Content. To ensure mycelium development, the
moisture content of both inoculated substrate and control
were measured by taking a 40 g sample from each bag, and
the result was analyzed by (equation (2)) [35].

2.3.3. Elemental Analysis. )e substrate elemental content
was evaluated by a device EA 1112 Flash CHNS/O- analyzer
by taking 0.2 g of samples’ powder grinded with the size of
below 150 μm.

2.3.4. Scanning Electron Microscopy (SEM). )e surface
morphology of the mycelium fibers grown on PDA and
different substrates were analyzed using SEM (INSPECT F50,
Japan).

2.3.5. Fourier-Transform Infrared Spectroscopy (FT-IR).
)e chemical composition of fungi mycelium fiber grown on
different existed substrates was analyzed by FT-IR spec-
troscopy (Perkin Elmer, USA) in the range of 4000 to 500
cm1. )en, 0.5 g of sample grinded below ≤150 μm in size
was taken for analysis.

2.3.6. Water Absorption. After dry weight was obtained,
each block was submerged in excess water for 32 hrs. Weight
was recorded every 8, 24, and 32 hours until stable weights
were obtained [18, 36].)en, the data were analyzed with the
(equation (3)) [35].

2.3.7. Density. Densities were calculated by measuring the
weight and volume of each block after heating 50°C for 48 h
as per equation (4) [37].

2.3.8. Compressive Strength. A compressive strength test was
carried out by a compressive testing machine (3000 kN) with
a pace rate of 2.4 kN/s.)e samples were gently placed on the
lower beam and compressed till the specimens fractured
completely.

2.4. Statistical Analysis. )e experimental design was
completely randomized in a 3 x 3 factorial method with three
substrates and three cultivation periods. Each test was
triplicated and the result was taken from the mean:

Growthrate �
Df − Di

di
, (1)

moisturecontent(%) �
(Mw − Dw)

Mw
× 100, (2)

Waterabsorption(%) �
Wf − Wi

Wf
× 100 , (3)

Density �
m

y
. (4)

whereDf is diameter at the last evaluation day, Di is diameter
at the initial evaluation day, di is the evaluation day interval,
Dw is dry weight of the substrate, M is mass, Mw is
moistened weight of the substrate, V is volume, Wf is final
weight of the Mycoblock (after 24 hr submerged in water),
and Wi is initial weight of the Mycoblock (dry weight before
submerged to water).

3. Results and Discussion

3.1. Growth Conditions and Morphological Analysis of My-
celium Fibers. )e growth condition of P. ostreatus myce-
lium fibers on PDA, grains, and three substrates (CH, SD,
Bg) were illustrated in Table 1 and Figures 1(a)–1(c). )e
mean growth rate of mycelium grown on PDA was higher
than grain and substrates as indicated in (Table 2). )e color
of the cotton-like structure of mycelium fibers grown on
PDA covered the entire Petri dish (90mm in diameter)
within 9 days (Figure 2(a)), whereas that of the spawn takes
14 days for entire growth (Figure 2(b)), which showed
similar results with the study of [21]. )e mycelium growth
rate for culture and spawn decreased as incubation time
increased (Figures 1(a) and 1(b)); whereas the mycelium
growth rate between different substrates was varied
(Figure 1(c)). )is is might be due to nutrient limitations.

)e highest running rate was observed in coffee husk
followed by bagasse and sawdust numerically 25, 26, and 27
days, respectively. )ese growth differences might be due to
variation of aeration between substrate particles and nu-
tritional content [21]. )e mycelium growth rate of the
current study is comparable with the study of [22] which
took 25 and 27 days for full colonization of P. ostreatus
mycelium on the coffee bulb and wood chips supplemented
with Teff straw, respectively. Figure 3 shows the mycelium
growth condition on different substrates. )e figure illus-
trates that the growth rate was inversely proportional to the
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length of the incubation period and height of growing
materials and directly proportional to the density of my-
celium, which might be due to aeration difference across a
height [37] and difficulty in nutrient extraction out of
compacted substrates [18]. No mycelium growth was ob-
served in control samples.

Unlike the growth rate, the density of the mycelium at
each substrate was inversely proportional to the incubation
period which is in agreement with [38], which might have
happened due to substrate elemental content (Table 3). )e

elemental composition of the substrate has a high effect on
fungal mycelium development[39].

Mycelium-based blocks were formed at 7, 14, and 21
days of incubation with different physico-chemical char-
acteristics. )e skin on the surface of the block was formed
through growing radial direction and stimulated the
generation of the outer skin when the expanding biomass of
mycelium came in contact with the molds and formed a
fairly strong protective layer on the surface of the sample
[7] (Figures 4(a)–4(c)). In contrast, the block made with
control had no mycelium skin and had an indefinite
structure. Mycoblock with no heat applied was spongy in
texture, was white in color, and increased in size. Whereas
Mycoblock exposed to heat was strong, was brown in
color, and showed reduction in size. Block made with
coffee husk was fractured when exposed to heat, which
might be due to low mycelium density. A similar result was
reported in [40].

Table 1: Growth features of mycelium grown on PDA and different substrates.

Growth length (mm) Growth period (days) Growth rate (mm/day)
Plate culture 90 9 10.00
Spawn 120 14 8.19
Coffee husk 175 25 7.00
Bagasse 167 26 5.82
Sawdust 152 27 5.14
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Figure 1: Mycelium growth rate grown on (a) PDA, (b) grain (spawn), and (c) different substrates: CH (coffee husk), SD (sawdust), and Bg
(bagasse).

Table 2: Mean and standard deviation of mycelium growth rate at
different growth media.

Statistical measurements PDA Spawn CH SD Bg
Mean growth rate (mm/day) 10.00 8.19 7.00 5.14 5.82
Std. deviation 2.19 2.78 2.79 2.02 3.04
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3.1.1. Morphological Analysis. )e morphology of
P. ostreatus hyphae grown on PDA and different substrates
were identified by light microscope and SEM (Figures 5(a)

and 5(b)). Figure 5(a) illustrated that the light microscope
image of hyphae grown on PDA had septa, anastomosis, and
clamp connections in their filaments which is similar to [41]
study report. Clamp connections are more common in most
of Basidiomycota which is formed during cell division of
secondary hyphae [42], whereas anastomosis helps the hy-
phae to attach to one another [37]. SEM images of pure
mycelium clearly show the tubular hyphae and the inter-
woven network (Figure 5(b)).)e SEM image for the control
sample has more air voids in between the substrates

Day 0 Day 3 Day 6 Day 9

(a)

Day 0 Day 3 Day 6 Day 9 Day 12 Day 14

(b)

Figure 2: Mycelium growth on (a) PDA and (b) spawn.

Day 0 Day 5 Day 10 Day 15 Day 20 Day 25 Day 26/27

CH
Bg

SD

Figure 3: Mycelium growth conditions on Bg, SD, and CH at different growth periods.

Table 3: Elemental content of the substrates.

Substrates N (%) C (%) C/N ratio
SD 1.67 48.21 28.87
Bg 1.86 35.73 19.21
CH 1.87 35.21 18.83
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(Figure 5(c)). In contrast, SEM images for mycelium col-
onized substrates have interwoven hyphae networks be-
tween substrate particles with less air voids (Figures 5(d)–
5(f)). )e difference in voids spaces might be due to the
network of hyphae.

3.2. Physical and Chemical Characterization of Mycelium
Fibers. Mycelium development on each substrate was
evaluated through selected properties such as pH and water
content, as shown in Figures 6(a)and 6(b). )ere were
changes in pH and water content values in mycelium-de-
veloped substrates and the control [43, 44]. )e pH of the
control samples was higher than mycelium-developed
samples (Figure 6(a)), which is probably due to enzymatic
digestion [33]. Similarly, the water content of each substrate
inoculated with P. ostreatus had higher water content than

substrate without fungi (Figure 6(b)). )is variation might
be due to mycelium density variation between substrates
[44].

Mycelium chemical composition and the chemical na-
ture of different substrates were analyzed by FT-IR spectra.
Mycelium-based materials (MBm) made from selected
substrates are expected to inherit the microstructure and
properties of the feeding material [45]. All expected essential
biomolecules such as polysaccharides, proteins, lipids, and
Chitin were observed (Figure 7), which is in line with the
result reported in [18]. )e author’s report shows that all the
essential characteristic biomolecules such as proteins (1644
to 1546 cm−1), lipids (3000–2800 cm−1, 1740 cm−1), nucleic
acids (1255–1245 cm−1), chitin (1318–1415), and polysac-
charides (1200–900 cm−1) were observed from Mycoblock
made of agricultural wastes. )e presence of chitin in fungal
mycelia even at minor fractions is crucial for the material’s

(a) (b)

(c) (d)

(e)

Figure 4: Image showingMycoblock made from different substrates: (a) heat exposed, (b) nonheat exposed, (c) control, (d) block side view,
and (e) rectangular sheets.
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structural and mechanical properties [46, 47]. Chitin is a
long-chain polymer of N-acetyl glucosamine. )is long-
chain polymer forms into antiparallel chains and reinforces
by being crossed-linked to β (1, 3) glucan with covalent
bonds [35].

3.3. Physical Characterizations of Mycoblock. )e physical
properties of the current Mycoblock were affected by two
factors, incubation time and substrate type. As incubation

time increased, the density of the block had increased and
decreased water absorption up to 11.95% and 1.9% re-
spectively (Figure 8). )is result agrees with the previous
study made in [7] that the density of Myco block prepared
using sawdust mycelium composite increased from 195 kg/
m3 to 280 kg/m3 as the incubation period increased because
the voids between the fibers are filled as the mycelium
continues to grow and the substrate is bonded more strongly
together which in turn increases the density [46]. Similarly,
longer inoculation time increased mycelium composition
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c

a
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Figure 5: Microscopic images of mycelium grown on different substrates. (a) Electro microscopic image of pure mycelium. (b) SEM image
of pure mycelium. (c) SEM image of pure SD. (d) SEM image of inoculated SD. (e) SEM image of the inoculated coffee husk. (f ) SEM image
of inoculated Bg, where (A) fused hyphae, (B) mycelium, (C) substrate, (D) air voids, (E) hyphae septa, and (F) hyphae anastomosis under a
light microscope.
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such as chitin [48], which positively affects the compressive
strength of the materials [49]. On the contrary, an extensive

incubation period leads to complete degradation of the
feeding substrate, which causes a decrease in compressive
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Figure 6: Effect of mycelium development on pH and water content.
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Figure 7: FT-IR spectra band grown on different substrates (a) Bg, (b) CH, and (c) SD.
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strength [19, 50]. A study report done in [51] also strongly
agree with the current study that, as the incubation period
increases further, it causes more organic substrate degra-
dation, and results in less substrate and more hyphal
structures. Since most of the compressive strength of
Mycoblock is from the substrates, longer growth times result
in less compressive strength.

)e current study shows that the compressive strength of
Mycoblock increased up to 53.07% as the incubation period
increased depending on substrate type. )e strength of
Mycoblock prepared using both coffee husk (CH) and ba-
gasse (Bg) decreased from 309 kPa to 352 kPa, and 679 kPa to
511 kPa, respectively, as the incubation period increased
from 14 days to 21 days, while saw dust (SD) Mycoblock
remained increased from 352 kPa to 750 kPa. )e mean
strengths of CH, Bg, and SD were 283 kPa, 559.67 kPa, and
605.33 kPa, respectively.

)is result agrees with the work in [7]; the compressive
strength of Mycoblock increased from 350 kPa to 570 kPa as
incubation time increased from one week to three weeks.
Result reported in [19] also supports the current study re-
port; the authors conclude that an extensive growth period
of sawdust above 4 weeks resulted in decreased material
strength. )e main reason might be due to the physical

nature of the substrate [50] and its chemical contents [9].
Glucan-forming substrate (sawdust) is stronger than non-
glucans-forming (softwoods) substrates [9] due to a thick
layer of lignin that holds together laminates of cellulose
fibrils in cross-orientation [50].

)e maximum values in density and compressive
strength of Mycoblock for sawdust and bagasse were
343.44 kg/m3 and 750 kPa and 331.65 kg/m3 and 511 kPa,
respectively. )e current study finding is a better result in
compressive strength and density than the recent studies
report, which has the maximum compressive strength and
density of 498 kPa and 249 kg/m3 Mycoblock made from
mycelium substrate complex [51, 52]. In contrast, coffee
husk had lower density and compressive strength which was
about 292.35 kg/m3 and 283.00 kPa, respectively. )e vice
versa was true for water absorption. SD had minimum water
absorption capacity followed by Bg and CH, numerically
58.96%, 60.87%, and 68.07%, respectively. )e same study
also supports the current study that Mycoblock made from
mycelium and saw dust has higher compressive strength and
density than bagasse [18]. )e same author reported that the
lower strength and density of bagasse as compared to
sawdust was because it has maximum substrate size and low
mycelium penetration. )e overall mean and standard
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Figure 8: Mycoblock physical and mechanical characteristics with varying substrates and incubation period.
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deviation of physical properties of Mycoblock for three
substrates are illustrated in Table 4.

)e compressive strength of SD was 9.47% and 56.53%
higher than Bg and CH, respectively. Similarly, the density of
SD was 10.49% and 9.72% higher than Bg and CH, re-
spectively. Based on this, it can be concluded that the
compressive strength of Mycoblock is highly affected by
substrate type rather than incubation time differences. )e
variations between substrate types were due to particle size,
particle density, particle water holding capacity, and particle
nutritional content. Improving molding type and heat ap-
plication during the fabrication method could increase the
density and compressive strength of Mycoblock by 2 to 3
folds than cold press [50, 53].

Mycoblock obtained in the current study fulfills the
mechanical standards for applications in partition, archi-
tectural design, and insulation. It could replace polymer-
based materials such as expanded polystyrene; the most
widely used material for construction, which has the density
in the range of 16–48 kg/m3 [54] and compressive strength
in the range of 69–400 kPa [7]. )e current finding which is
about above two folds higher in compressive strength than
polystyrene could help in substituting conventional noneco-
friendly materials. )e mycelium-based block is 49 times
cheaper than cement and gypsum-based blocks [55]. It was
pointed out that only 18.92 USD is needed per m3 of
Mycoblock, whereas 936.87 USD per m3 was needed for
cement-based block [18, 55]. Even though it is below the
standard of cement-based materials in strength, density, and
water absorption, it has also additional, and most significant
benefits are the green synthesis approach, local availability,
and nontoxicity [13]. )e main challenge with Mycoblock
technology is the sensitivity issue. Because it is growing
rather than manufacturing, the life cycle of the selected
strain for the technology is affected by different environ-
mental factors. Know a day’s mycelium-based composite is
applied in a variety of applications such as packaging,
insulation, partition wall, design, and architecture [13].

4. Conclusion

In this study, three substrates such as sawdust, bagasse, and
coffee husk were used to produce Mycoblock using a fungal
strain Pleurotus ostreatus. Aseptic conditions were strictly
considered and pH and water contents were managed for the

growth of the mycelium and compared with the control.
Important parameters including substrate elemental anal-
ysis, SEM, FT-IR, density, compressive strength, and water
absorption were analyzed to confirm the standard of the
Mycoblock. )e values obtained from physico-chemical and
mechanical analysis varied with different substrates and
incubation time periods. Maximum compressive strength
and density were 750 kPa and 343.44 kg/m3, respectively,
with a 21 incubation period. Mycelium-based block most
significantly benefits due to its low cost, green synthesis
approach, nontoxicity, and low environmental emission.
Apart from this, mycelium-based blocks have the potential
to replace synthetic polymers used for construction mate-
rials. Furthermore, the development and expansion of the
current study could be used for several renewable and
sustainable applications such as wall insulating panels,
packaging material, and production of furniture materials,
as biodegradable and zero waste alternatives.
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[17] H. Vašatko, L. Gosch, J. Jauk, and M. Stavric, “Basic research
of material properties of mycelium-based composites,” Bio-
mimetics, vol. 7, no. 2, p. 51, 2022.

[18] K. Joshi, M. K. Meher, and K. M. Poluri, “Fabrication and
characterization of bio-blocks from agricultural waste using
fungal mycelium for renewable and sustainable applications,”
ACS Applied Bio Materials, vol. 3, no. 4, pp. 1884–1892, 2020.

[19] M. P. Matos, J. L. Teixeira, B. L. Nascimento, and S. Griza,
“Production of biocomposites from the reuse of coconut
powder colonized by Shiitake mushroom,” Agricultural Sci-
ences, vol. 10, p. 1590, 2019.

[20] J. S. Paul, K. L. Tiwari, and S. K. Jadhav, “Long term pres-
ervation of commercial important fungi in glycerol at 4°C,”
International Journal of Biological Chemistry, vol. 9, no. 2,
pp. 79–85, 2015.

[21] A. Tesfaw, A. Tadesse, and G. Kiros, “Optimization of oyster
(Pleurotus ostreatus) mushroom cultivation using locally
available substrates andmaterials in Debre Berhan , Ethiopia,”
Journal of Applied Biology & Biotechnology, vol. 3, pp. 15–20,
2015.

[22] Z. Tsegaye, “Growing of oyster mushrooms using agricultural
residues at Ethiopian Biodiversity Institute Addis Ababa,
Ethiopia,” Academia Journal of Microbiology Research, vol. 3,
no. 1, pp. 14–21, 2015.

[23] M. W. Khan, M. A. Khan, and A. Rehman, “Effect of different
levels of lime and pH on mycelial growth and production
efficiency of oyster mushroom (Pleurotus spp),” Pakistan
Journal of Botany, vol. 45, no. 1, pp. 297–302, 2013.

[24] A. Getachew, A. Keneni, and M. Chawaka, “Production of
oyster mushroom (Pleurotus ostreatus) on substrate com-
posed from wheat straw, waste Paper and cotton seed waste,”
International Journal of Microbiology and Biotechnology,
vol. 4, no. 2, pp. 38–44, 2019.

[25] C. Sánchez, “Cultivation of Pleurotus ostreatus and other
edible mushrooms,” Applied Microbiology and Biotechnology,
vol. 85, no. 5, pp. 1321–1337, 2016.

[26] J. L. Teixeira, M. P. Matos, B. L. Nascimento, S. Griza,
F. S. R. Holanda, and R. H. Marino, “Production and me-
chanical evaluation of biodegradable composites by white rot
fungi,” Ciencia E Agrotecnologia, vol. 42, no. 6, pp. 676–684,
2018.

[27] F. R. Vieira and M. C. N. de Andrade, “Optimization of
substrate preparation for oyster mushroom (Pleurotus
ostreatus) cultivation by studying different raw materials and
substrate preparation conditions (composting: phases I and
II),”World Journal of Microbiology and Biotechnology, vol. 32,
no. 11, p. 190, 2016.

[28] P. Stamets, “Growing gourmet and medicinal mushrooms,”
2000, https://www.amazon.com/Growing-Gourmet-
Medicinal-Mushroo%20ms-Stamets/dp/1580081754.

[29] F. Alemu and M. Fisseha, “Cultivation of pleurotus ostreatus
mushroom on Ficus vasta Leaves (Solid waste of plant) at Dilla
university, Ethiopia,” International Journal of Applied Sci-
ences, vol. 2, no. 1, 2015.

[30] R. J. J. Lelivelt, “)e mechanical possibilities of mycelium
materials,” 2015, https://research.tue.nl/en/student)eses/
the-mechanical-possibilities-of-mycelium-materials.

[31] B. S. Santhosh, D. R. Bhavana, and M. G. Rakesh, “Mycelium
composites : an emerging green building material,” Interna-
tional Research Journal of Engineering and Technology, vol. 5,
no. 6, pp. 3066–3068, 2018.

[32] L. Jiang, G. McIntyre, D. Walczyk, and R. Bucinell, “A new
approach to manufacturing biocomposite sandwich struc-
tures: mycelium-based cores,” in Proceedings of the ASME
2016 International Manufacturing Science and Engineering
Conference, pp. 1–11, ASME, Blacksburg, Virginia, USA, June
2016.

[33] N. Attias, O. Danai, N. Ezov, E. Tarazi, and Y. J. Grobman,
“Developing novel applications of mycelium based bio-
composite materials for design and architecture,” in Pro-
ceedings of the Building with bio-based materials: Best practice
and performance specification, Zagreb, Croatia, September
2017, https://tcode.net.technion.ac.il/files/2017/09/FP1303-
paper-Noam-Attias_31_7_17.pdf.

[34] I. A. Zakarya, S. N. B. Khalib, N. Mohd Ramzi, and
N.M. Ramzi, “Effect of pH, temperature andmoisture content
during composting of rice straw burning at different tem-
perature with food waste and effective microorganisms,” E3S
Web of Conferences, vol. 34, pp. 1–8, 2018.

[35] Y. Tsao, “Characterization of mycelium-based composites as
foam-like wall insulation material,” 2020, https://research.tue.
nl/en/student)eses/characterization-of-mycelium-based-
composites-as-foam-like-wall-i.

[36] W. Sun, M. Tajvidi, C. G. Hunt, G. Mcintyre, and
D. J. Gardner, “Fully bio-based Hybrid composites made of
wood, fungal mycelium and cellulose Nanofibrils,” Scientific
Reports, vol. 9, pp. 1–12, 2019.

Advances in Materials Science and Engineering 11

https://www.amazon.com/Growing-Gourmet-Medicinal-Mushroo%20ms-Stamets/dp/1580081754
https://www.amazon.com/Growing-Gourmet-Medicinal-Mushroo%20ms-Stamets/dp/1580081754
https://research.tue.nl/en/studentTheses/the-mechanical-possibilities-of-mycelium-materials
https://research.tue.nl/en/studentTheses/the-mechanical-possibilities-of-mycelium-materials
https://tcode.net.technion.ac.il/files/2017/09/FP1303-paper-Noam-Attias_31_7_17.pdf
https://tcode.net.technion.ac.il/files/2017/09/FP1303-paper-Noam-Attias_31_7_17.pdf
https://research.tue.nl/en/studentTheses/characterization-of-mycelium-based-composites-as-foam-like-wall-i
https://research.tue.nl/en/studentTheses/characterization-of-mycelium-based-composites-as-foam-like-wall-i
https://research.tue.nl/en/studentTheses/characterization-of-mycelium-based-composites-as-foam-like-wall-i


[37] E. O. Precious, “Design and testing of mycelium bio-
composite,” 2019, https://kth.diva-portal.org/smash/get/
diva2:1096048/FULLTEXT01.pdf.

[38] M. Haneef, L. Ceseracciu, C. Canale, I. S. Bayer, J. A. Heredia-
Guerrero, and A. Athanassiou, “Advanced materials from
fungal mycelium: fabrication and tuning of physical prop-
erties,” Scientific Reports, vol. 7, no. 1, Article ID 741292, 2017.

[39] H. T. Hoa, C. L. Wang, and C. H. Wang, “)e effects of
different substrates on the growth, yield, and nutritional
composition of two oyster mushrooms (Pleurotus ostreatus
and Pleurotus cystidiosus),” Mycobiology, vol. 43, no. 4,
pp. 423–434, 2015.

[40] F. V. W. Appels, “)e use of fungal mycelium for the pro-
duction of bio-based materials,” 2020, https://www.uu.nl/
agenda/the-use-of-fungal-mycelium-for-the-production-of-
bio-based-materials.
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In this work, wire cut electrical discharge machining (WEDM) is used for the material removing processes; it is utilized for
machining conductive parts where it is required to produce complicated shapes, new pro�les, new geometry, new product
development, and high-accuracy components.is machining process is best suitable for high-end applications such as aerospace,
automations, automobile, and medical devices. At present, most of the industrial sectors choose the WEDM process because it is
used to develop products in a very short development cycle and at a better economic rate. In this paper, the selected complex
geometry of the metal sample was eroded away from the wire during the WEDM process, which eliminates mechanical tensions
during machining. e e�ect of di�erent WEDM operation variables set as wire speed, wire tension, discharge current, dielectric
�ow rate, and pulse on and o� time on the parameter, stainless steel 304 material removing rate (MRR) using RSM, has been
studied. e MRR will be maximized if the optimum sets of operational variations are used and also achieve a superior
surface �nish.

1. Introduction

WEDM, also called as “spark,” is a machining technique that
employs electrical output to obtain a variety of shapes.
WEDM is a unique variation of the traditional EDM
technique that starts the electrical sparking process using an
electrode. e thin continuous brass, copper, or tungsten
made wire electrode with a diameter of 0.05-0.3mm moves
constantly, which makes use of that may attain a better tiny

corner radius of WEDM. Using a series of rapidly recurring
current outputs among the two electrodes separated by a
dielectric solution and placed at an electric voltage, the
material is removed from the workpiece. e tool-electrode,
or simply the “tool” or “electrode,” is one of the electrodes,
whilst the workpiece-electrode [1, 2], or just the “work-
piece”, is the other electrode.

As the distance between the electrodes decreases, the
intensity of the electric �eld in the volume between them
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exceeds the strength of the [3–5] dielectric (at least at few
point(s), that breakup the allowed current to flow among the
two electrodes). *is is analogous to the breaking of the
capacitor. From this, the material is removed from the two
electrodes [6].

When the current flow slows (or stops—based on the
generator), fresh solution-based dielectric is frequently in-
troduced into the internal-electrode volume, allowing solid
elements to be removed and the dielectric’s insulating
characteristics to be recovered [7]. Flushing is the process of
replenishing the interelectrode volume with a new liquid
dielectric. Additionally, following a current flow, the po-
tential differentiation among the two electrodes [8] is re-
covered to its prebreakdown state, allowing for another
liquid dielectric breakdown. Wire EDM is used in various
manufacturing industrial applications: soft armors shaping,
hybrid composite, and mainly in the coating industries
(thermal spray processes) for cutting the base materials into
the desired shape [9–20].

*emechanism of wire EDM process parameters is most
similar to conventional EDM. *e conventional EDM
process will create an erosion effect on the sample surfaces to
remove the material. *e basic mechanism involved in the
electric discharge machining (EDM) process is that the tool
electrode is the cathode and the sample material is the anode.
*e developed voltage is passed between the two electrodes,
and dielectric medium is passed between them to create a
strong electrostatic effect. *is effect produces a spark gap
between the tool and sample. Huge thermal energy is cre-
ated, and it melts material and vaporizes the material from
the sample. *e modification of pulse energy and current
durations in the dielectric medium can determine the di-
mensional accuracy and quality of the machining samples
[21–25].

To improve the dimensional accuracy and quality of the
wire EDM process, it has many working parameters: surface
roughness, metal removal rate, wire feed rate, pulse on time,
pulse off time, peak current, pulse current, applied voltage,
etc.

*ese all parameters mostly influence the performance
of wire EDM machining processes. *e proper selection of
optimal parameters plays a very important role in the wire
EDM machining process; it leads to dimensional accuracy
and a quality surface finish. *e improper selection of
process parameters will lead to dimensional inaccuracy,
poor quality, and surface finish; it also leads to wire breakage
in the continued machining process; and it affects the
performance of the process [26–29].

*e most accurate optimization technique is the re-
sponse surface methodology (RSM) based linear regres-
sion model is used in this work. *e popularity and
simplicity of this technique needed to control various
parameters in the wire EDM process. In the present work,
surface roughness, MRR, pulse on time, pulse off time, and
peak current values are chosen for performance mea-
surement. *e selected parameters are the most essential
things to get dimensional accuracy and quality finishing in
the WEDM process. Many researchers have proved that
using the RSM technique is most helpful in carrying out

experiments with this technique, which leads to minimal
experimental effort [30–33].

2. Experimentation

2.1. 304 Grade Stainless Steel. *emost popular stainless steel
is SAE 304, commonly known as A2 stainless steel (A2 steel
tool not to be confused) with or stainless steel (18/8), standard
1.4301. *e major noniron components of steel are chromium
(typically 18%) and nickel (usually 8%). Its steel is made of
austenite. It is nonmagnetic and not particularly electrically or
thermally conductive. It is extensively used because it is easy to
mold into different forms and has a better corrosion resistance
than ordinary steel. Screws, machinery components, textiles,
and other household and industrial items are made of stainless
steel 304. *ese SS 304 grade materials are also used in defense
applications like aircraft, armors, and shields as well. But the
machining operations performed with this material are very
difficult in traditional methods, and there are many proven
literature studies available [34–37]. *e experiment runs in the
WEDM process with various optimized parameter values fed
into the machine, and the machined sample design is shown in
Figure 1.

2.2. Stainless Steel: Grade 304 (Uns S30400). Standard
chemical formula: Fe, <0.08% C, 17.5-20% Cr, 8-11% Ni,
<2% Mn, <1% Si, <0.045% P, and <0.03% S. Detailed
chemical compositions are shown in Table 1.

2.3. Tool for Machining. *e experiment findings were
achieved using an Electronica Machine Tools Ltd wire-cut
EDM machine (ULTRACUT S2), as shown in Figure 2. *e
technical specifications of the ULTRACUT S2 WEDM are
shown in Table 2.

2.4. Performance Measures. WEDM performance is often
assessed using the following criteria, independent of the
electrode material and dielectric fluid used.

2.4.1. Material Removal Rate (MRR). Its greatest is a key
indicator of the WEDM process’ efficiency and cost-effective-
ness. However, increasing MRR is not necessarily desired for all
applications, since it may compromise the work piece’s surface
integrity. Fast removal rates result in a rough surface finish.

*e expression of material removal rate (MRR) can be
obtained from the WEDM. MRR� cutting velocity × wire
diameter × material thickness.

2.4.2. Roughness of the Surface (Ra). *e WEDM process
creates a huge number of craters on the surface, which are
created by the discharge energy. *e quality of the surface is
mostly determined by the amount of energy per spark.

2.5. Parts Programming in Machine. *e component pro-
gramming system receives the profile’s geometry and
the mobility of the wire electrode cutter along its
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keyboard, in terms of di�erent de�nitions of points, lines,
and circles as tool path elements, in a completely menu-
driven, conversational manner. Each path element’s
wire compensation and taper gradient may be customized

individually. After feeding the pro�le into the computer, all of
the path’s numerical information is automatically computed,
and a printout is produced. On the visual display panel, the
entered pro�le may be checked. e computer records the
successful pro�le de�nition, which is subsequently sent into
the generator for programmed execution. e machine input
data are detailed in Tables 3 and 4.

2.6. Surface Roughness Tester. e surface roughness value
for speci�ed experimental components is measured using

(a)

SIDE VIEW FRONT VIEW

TOP VIEW

3.5

5.5

10

3.5

2

ALL DIMENSIONS ARE IN "mm"

(b)

Figure 1: (a) Component 3D model and (b) detail 2D drawing.

Table 1: Chemical composition.

C% 0.017
Si% 0.41
Mn% 1.80
Cr% 18.08
Mo% 0.57
Cu% 0.56
Ni% 8.02
Co% 0.113
P% 0.031
S% 0.026
N% 0.087

Figure 2: Wire-cut EDM machine ULTRACUT S2.

Table 2: Technical speci�cation of the ULTRACUT WEDM.

Model ULTRACUT S2
Make Electrica, Pune
Generator El pulse 50 S
Travel range
Main table traverse (X, Y) X 600mm, Y 400mm
Auxiliary table traverse (Uv) U± 40mm, V± 40mm
Vertical Z 325mm
Max. table size 860× 580mm
Max. work piece size 1150× 810 x 300
Max. work piece weight 1000 kg
Feed
Main table feed rate 900mm/min
Resolution 0.001mm
Wire feed rate 0.15m/min
Max. taper cutting range ±15°/100mm
Dielectric supply unit
Dielectric �uid DM water
Dirty tank 900 ltr
Clean tank 300 ltr
Wire diameter 0.25mm
Program El cam V1.14 with hardware
Lock (USB-3049-2943)
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Taylor Hobson, Surtronic25 Roughness Testers. *e surface
roughness tester used is presented in Figure 3 and its
specifications are listed in Table 5.

2.7. Material Removal Rate: Calculations. *e MRR surface
finish has conducted 20 experiments with various param-
eters like cutting velocity, MRR, and surface roughness.
Various machining parameters were selected to perform this
work. *e obtained Ra value of all these experiments is
shown in Table 6.

Material Removal Rate(MPR)

� Vc xWireDia xMaterial Thickness

� 7.8 × 0.25 × 2.052.

� 3.933°
mm3

min
.

(1)

3. Results and Discussions

*ese experimental results were obtained using a specific
WEDM process. *e wire diameter is 0.25mm, the material
is brass, and the dielectric fluid is di-ionized water. *e
experimental design matrix results are displayed in
Tables 7–11. *e obtained results from experiments are
conducted with the specific input process parameters such as
pulse on time (T-on),µs; pulse off time (T-off), µs; and peak
current(IP), amps, with various levels of experiments shown
in Table 7.

From Table 8, it is evaluated that the coefficients of
estimated regression for surface roughness are very close to
the unity value of (R2 or R-Sq� 0.9860) and the adjusted
coefficient is (R2 or R-Sq Adj.� 0.9730). *is RSM model
indicates the estimators of acceptable values with the proper

Table 3: Input parameters and their levels.

Factor A B C

Input parameter Pulse ON,
(T-ON)

Pulse OFF,
(T-OFF)

Peak
current(IP)

Units µs µs Amps
Level 1 105 115 125
Level 2 43 53 63
Level 3 170 190 210

Table 4: Response surface methodology design.

Sl. no. X1 (T –ON) X2 (T- OFF) X3 (IP)
1 1 0 0
2 0 1 0
3 0 0 0
4 0 −1 0
5 −1 1 −1
6 0 0 1
7 1 −1 1
8 0 0 −1
9 0 0 0
10 0 0 0
11 0 0 0
12 −1 −1 −1
13 1 1 1
14 −1 0 0
15 1 −1 −1
16 −1 −1 1
17 0 0 0
18 0 0 0
19 1 1 −1
20 0 1 −1

Figure 3: Roughness tester.

Table 5: Taylor Hobson.

Model Surtronic25
Range 00-300 µm
Evaluation length 2.50mm–25.0mm
Cutoff 0.25mm–2.50mm

Table 6: Result of MRR and surface finish.

Wire diameter
(mm) 0.25 Material

thickness (mm) 2.052

Sl. no. Cutting velocity.
(mm/min) MRR (mm3/min) Ra,(µm)

1 7.8 3.933 2.711
2 8.2 4.303 2.939
3 8.9 4.557 2.92
4 9.2 4.507 2.802
5 8.6 4.214 2.919
6 9.4 4.474 3.012
7 8 4.325 2.807
8 9.8 4.716 2.946
9 9.6 4.523 2.922
10 8.3 4.572 2.968
11 8.4 4.567 2.926
12 7.6 4.104 2.848
13 7.9 3.807 3.021
14 8.8 4.209 2.784
15 7.4 3.687 2.352
16 9 4.565 2.894
17 9.1 4.557 2.92
18 8.9 4.572 2.938
19 7.8 4.326 2.915
20 7.2 3.736 2.707
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degree of freedom and ideal architecture for reactive ex-
traction process predictive simulations shown in Table 8.
*e ANOVA predicted results shown in Tables 9–11 give a
T-value of 0.324, −8.297; P-value of 0.753; and an F-value of
78.52, 36.46 in the RSM model outlined as significant.

*e significance to look at the obtained values in the
model is that they correspond to peak current, pulse on
time, and pulse off time. *e surface roughness values are
controlled with pulse on time and pulse off-time set input
mean values shown in Tables 8 and 9. *e material removal
rate will be controlled with peak current modifications
shown in Tables 10 and 11. *e optimized output responses
are shown in Figures 4 to 8.

3.1. Regression Analysis for Material Removal Rate. *e
findings of the experiments were used to create a mathe-
matical model that expressed the connection between
process parameters and MRR. Multiple regressions are used
to calculate the coefficients of mathematical models, as
shown in Figure 4.

MRR � −53.3033 + 0.986 × Ton + 0.2197 × Toff

− 0.042 × IP − 0.0046 × Ton2 − 0.0009 × Toff2

+ 0.0003 × IP2
+ 0.001 × TonxToff + 0.0001

× Ton x IP − 0.0013 × Toff x IP.

(2)

Table 7: Results obtained from experiment.

Exp. no.

Input process parameter

Pulse on
time(T-on),µs

Pulse off time
(T- off),µs

Peak
current(IP),

amps
Coded Actual Coded Actual Coded Actual

1 1 125 0 53 0 190
2 0 115 1 63 0 190
3 0 115 0 53 0 190
4 0 115 −1 43 0 190
5 −1 105 1 63 −1 170
6 0 115 0 53 1 210
7 1 125 −1 43 1 210
8 0 115 0 53 −1 170
9 0 115 0 53 0 190
10 0 115 0 53 0 190
11 0 115 0 53 0 190
12 −1 105 −1 43 −1 170
13 1 125 1 63 1 210
14 −1 105 0 43 0 190
15 1 125 −1 43 −1 170
16 −1 105 −1 43 1 210
17 0 115 0 53 0 190
18 0 115 0 53 0 190
19 1 125 1 63 −1 170
20 −1 105 1 63 1 210

Table 8: Coefficients of estimated regression for surface roughness,
Ra.

Term Coef SE coef T P
Constant 0.682524 2.10589 0.324 0.753
A 0.201951 0.03963 5.096 0.000
B −0.00411 0.02071 −0.198 0.847
C −0.099919 0.01431 −6.982 0.000
A ∗ A −0.001524 0.00017 −9.011 0.000
B ∗ B −0.000403 0.00016 −2.553 0.029
C ∗ C 0.000184 0.00003 5.286 0.000
A ∗ B 0.001104 0.00008 13.35 0.000
A ∗ C 0.000455 0.00004 10.638 0.000
B ∗ C −0.00379 0.00004 −8.86 0.000
S R-Sq R-Sq (Adj)
0.02419 98.60% 97.30%

Table 9: Variance analysis for surface roughness, Ra.

Source DF Seq-SS Adj-SS Adj-MS F P
Regression 9 0.413512 0.413512 0.04592 78.52 0.000
Linear 3 0.109886 0.03622 0.012134 20.63 0.000
Square 3 0.087207 0.10881 0.036395 61.99 0.000
Interactions 3 0.21642 0.21642 0.072064 123.29 0.000
Residual
error 10 0.005851 0.005851 0.000573 - -

Lack of fit 5 0.004096 0.004096 0.000807 2.33 0.187
Pure error 5 0.001755 0.001755 0.00034 - -
Total 19 0.419363 - - - -

Table 10: Coefficients of estimated regression for material removal
rate (MRR).

Term Coef SE coef T P
Constant −53.3003 6.42397 −8.297 0.000
A 0.986 0.1209 8.155 0.000
B 0.2197 0.06317 3.477 0.006
C −0.0424 0.04366 −0.971 0.354
A∗A −0.0046 0.00052 −8.963 0.000
B ∗ B −0.0009 0.00048 −1.901 0.087
C ∗ C 0.0003 0.00011 2.509 0.031
A ∗ B 0.001 0.00025 4.082 0.002
A ∗ C 0.0001 0.00013 0.652 0.529
B ∗ C −0.0013 0.00013 −10.043 0.000
S R-Sq R-Sq(Adj)
0.07379 97.00% 94.40%

Table 11: Variance analysis of material removal rate (MRR).

Source DF Seq SS Adj SS Adj MS F P
Regression 9 1.78682 1.78682 0.198536 36.46 0.000
Linear 3 0.09402 0.76464 0.254879 46.81 0.000
Square 3 1.0506 1.09863 0.366211 67.26 0.000
Interactions 3 0.6422 0.6422 0.214067 39.32 0.000
Residual error 10 0.05445 0.05445 0.005445 - -
Lack of fit 5 0.05275 0.05275 0.010549 31.03 0.001
Pure error 5 0.0017 0.0017 0.00034 - -
Total 19 1.84127 - - - -
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3.2. Regression Analysis for Surface Roughness. e �ndings
of the experiments were utilized to create a mathematical
model that expressed the connection between process pa-
rameters and surface roughness, as shown in Figure 5.
Multiple regressions are used to calculate the coe°cients of
mathematical models.

SR � 0.682524 + 0.201951xTon − 0. 00411xToff

− 0.099919x IP − 0.001524xTon20.000403xToff2

+ 0.000184x IP2 + 0.001104xTon xToff

+ 0.0004551xTon x IP − 0.000379xToff x IP.
(3)

–0.15
1

5

10

20
30
40
50
60
70

80

90

95

99

–0.10 –0.05 0.00
Residual

Normal Probability Plot of the Residuals
(response is MRR)

Pe
rc

en
t

0.05 0.10

Figure 4: Normal probability plot of the residuals of the MRR.
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Figure 5: Normal probability plot of the residuals of surface roughness. e wire EDM process completed the given input process
parameter. Shapes of component pro�le are shown in Figure 6.
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e response optimization plot for MRR and Ra is
shown in Figures 7 and 8.e ultimate goal of our research is
to increase MRR while reducing surface roughness.

Figure 7 shows the 2D contour response surface of MRR,
and Figure 8 shows the 3D response surface of Ra. e MRR
values vary with the changes in the discharge voltage and peak
current. e Ra value leads to an electrode spark energy gap
between the tool and the sample material. ere are many

combinations selected with MRR and Ra parameters, to opt
with the graphs. is graph shows the increasing MRR value
has a tendency to decrease surface roughness (Ra) [38–42].

In order to evaluate whether the maximum value of MRR
and Ra is minimum, the desirability method was utilized to
determine the optimal value of variables (Ra).e greatest values
of MRR=4.3198 and Ra=2.7117 are achieved for the following
combination of variables, as shown in the graph [43–45].

Figure 6: Wire EDM component pro�le.
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TOn � 121.2902(μs),

TOff � 43(μs),

IP � 196.182(amp).

(4)

4. Conclusion

(i) As a consequence, the tests were performed on a
WEDM machine, and the experimental research
findings were derived from the work completed.

(ii) *e pulse on time increases with respect to the
surface roughness.

(iii) To achieve a superior surface finish for the specified
test range in a 304 stainless steel material, utilize a
high pulse on time of 121.2902 (s), a low pulse off
time of 43.00 (s), and a peak current of 196.182
(amps) in the WEDM Process. *e surface
roughness optimal value is 2.7117, while the ma-
terial removal rate is 4.3198.

(iv) *e stainless steel 304 material has better corrosion
resistance, high strength in mechanical properties,
and is best suited for many chemical industries,
automobiles, and customized machine spare
manufacturing applications. *e hardened stainless
steel 304 work materials during re-machining is a
major problem in mechanical industries. *e wire-
cut electric discharge machining process will solve
that problem easily.
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[18] Ľ. Straka and S. Hašová, “Optimization of material removal
rate and tool wear rate of Cu electrode in die-sinking EDM
of tool steel,” International Journal of Advanced
Manufacturing Technology, vol. 97, no. 5-8, pp. 2647–2654,
2018.

[19] S. Deepak, K. P. Bhuvana, R. J. Bensingh, K. Prakalathan, and
S. K. Nayak, “Development of hybrid composites and joining
technology for lightweight structures,” Advances in Polymer
Sciences and Technology, pp. 123–131, 2018.

[20] S. Dinesh, A. G. Antony, K. Rajaguru, and V. Vijayan,
“Experimental investigation and optimization of material
removal rate and surface roughness in centerless grinding
of magnesium alloy using grey relational analysis,” Me-
chanics and Mechanical Engineering, vol. 21, no. 1,
pp. 17–28, 2017.

[21] V. Gaikwad and V. S. Jatti, “Optimization of material removal
rate during electrical discharge machining of cryo-treated
NiTi alloys using Taguchi’s method,” Journal of King Saud
University - Engineering Sciences, vol. 30, no. 3, pp. 266–272,
2018.

[22] P. M. Abhilash and D. Chakradhar, “Wire EDM failure
prediction and process control based on sensor fusion and
pulse train analysis,” International Journal of Advanced
Manufacturing Technology, vol. 118, no. 5-6, pp. 1453–1467,
2022.

[23] P. M. Abhilash and D. Chakradhar, “Failure detection and
control for wire EDM process using multiple sensors,” CIRP
Journal of Manufacturing Science and Technology, vol. 33,
pp. 315–326, 2021.

[24] K. Rajmohan and A. S. Kumar, “Experimental investigation
and prediction of optimum process parameters of micro-
wire-cut EDM of 2205 DSS,” International Journal of Ad-
vanced Manufacturing Technology, vol. 93, no. 1-4, pp. 187–
201, 2017.

[25] T. Bergs, U. Tombul, T. Herrig, M. Olivier, A. Klink, and
F. Klocke, “Analysis of characteristic process parameters to
identify unstable process conditions during wire EDM,”
Procedia Manufacturing, vol. 18, pp. 138–145, 2018.

[26] T. Muthuramalingam and B. Mohan, “A review on influence
of electrical process parameters in EDM process,” Archives of
Civil and Mechanical Engineering, vol. 15, no. 1, pp. 87–94,
2015.

[27] D. Jafari, T. H. Vaneker, and I. Gibson, “Wire and arc additive
manufacturing: opportunities and challenges to control the
quality and accuracy of manufactured parts,” Materials &
Design, vol. 202, Article ID 109471, 2021.

[28] A. Alias, B. Abdullah, and N.M. Abbas, “Influence of machine
feed rate in WEDM of titanium Ti-6Al-4V with constant
current (6A) using brass wire,” Procedia Engineering, vol. 41,
pp. 1806–1811, 2012.

[29] K. H. Ho, S. T. Newman, S. Rahimifard, and R. D. Allen, “State
of the art in wire electrical discharge machining (WEDM),”
International Journal of Machine Tools and Manufacture,
vol. 44, no. 12-13, pp. 1247–1259, 2004.

[30] A. Mandal and A. R. Dixit, “State of art in wire electrical
discharge machining process and performance,” International
Journal of Machining and Machinability of Materials, vol. 16,
no. 1, pp. 1–21, 2014.

[31] A. Chaudhary, S. Sharma, and A. Verma, “Optimization of
WEDM process parameters for machining of heat treated
ASSAB ‘88 tool steel using Response surface methodology
(RSM),” Materials Today Proceedings, vol. 50, pp. 917–922,
2022.

[32] B. Choudhuri, R. Sen, S. K. Ghosh, and S. C. Saha, “Mod-
elling and multi-response optimization of wire electric
discharge machining parameters using response surface
methodology and grey-fuzzy algorithm,” Proceedings of the
Institution of Mechanical Engineers - Part B: Journal of
Engineering Manufacture, vol. 231, no. 10, pp. 1760–1774,
2017.

[33] A. Çiçek, T. Kıvak, and E. Ekici, “Optimization of drilling
parameters using Taguchi technique and response surface
methodology (RSM) in drilling of AISI 304 steel with cryo-
genically treated HSS drills,” Journal of Intelligent
Manufacturing, vol. 26, no. 2, pp. 295–305, 2015.

[34] V. N. Gaitonde, M. Manjaiah, S. Maradi, S. R. Karnik,
P. M. Petkar, and J. P. Paulo Davim, “Multiresponse opti-
mization in wire electric discharge machining (WEDM) of
HCHCr steel by integrating response surface methodology
(RSM) with differential evolution (DE),” Computational
Methods and Production Engineering, , pp. 199–221, Wood-
head Publishing, 2017.

[35] K. Ishfaq, N. Ahmad, M. Jawad, M. A. Ali, and A. Al-Ahmari,
“Evaluating material’s interaction in wire electrical discharge
machining of stainless steel (304) for simultaneous optimi-
zation of conflicting responses,” Materials, vol. 12, no. 12,
p. 1940, 2019.

[36] G. Ugrasen, M. Bhagawan Singh, and H. V. Ravindra,
“Optimization of process parameters for SS304 in wire
electrical discharge machining using taguchi’s technique,”
Materials Today Proceedings, vol. 5, no. 1, pp. 2877–2883,
2018.

[37] T. Chaudhary, A. N. Siddiquee, and A. K. Chanda, “Effect of
wire tension on different output responses during wire electric
discharge machining on AISI 304 stainless steel,” Defence
Technology, vol. 15, no. 4, pp. 541–544, 2019.

[38] M. Ashokkumar, D. *irumalaikumarasamy, T. Sonar,
S. Deepak, P. Vignesh, andM. Anbarasu, “An overview of cold
spray coating in additive manufacturing, component
repairing and other engineering applications,” Journal of the
Mechanical Behavior of Materials, vol. 31, no. 1, pp. 514–534,
2022.

[39] P. M. Gopal and K. Soorya Prakash, “Minimization of cutting
force, temperature and surface roughness through GRA,
TOPSIS and Taguchi techniques in end milling of Mg hybrid
MMC,” Measurement, vol. 116, pp. 178–192, 2018.

[40] S. Karthik, K. S. Prakash, P. M. Gopal, and S. Jothi, “Influence
of materials and machining parameters on WEDM of Al/
AlCoCrFeNiMo0.5 MMC,” Materials and Manufacturing
Processes, vol. 34, no. 7, pp. 759–768, 2019.

Advances in Materials Science and Engineering 9



[41] P. M. Gopal, K. S. Prakash, and S. Jayaraj, “WEDM of Mg/
CRT/BN composites: effect of materials and machining pa-
rameters,” Materials and Manufacturing Processes, vol. 33,
no. 1, pp. 77–84, 2018.

[42] G. R, K. V, G. P.M, and S. D, “Multi-response optimization
and surface integrity characteristics of wire electric discharge
machining α-phase Ti-6242 alloy,” Process Integration and
Optimization for Sustainability, vol. 5, no. 4, pp. 815–826,
2021.

[43] R. Prasanna, P. M. Gopal, M. Uthayakumar, and S. Aravind,
“Multicriteria optimization of machining parameters in
WEDM of titanium alloy 6242,” Lecture Notes in Mechanical
Engineering, , pp. 65–75, Springer, 2019.

[44] M. Ashokkumar, D. *irumalaikumarasamy, S. Deepak et al.,
“Optimization of cold spray process inputs to minimize
porosity and maximize hardness of metal matrix composite
coatings on AZ31B magnesium alloy,” Journal of Nano-
materials, vol. 2022, Article ID 7900150, 17 pages, 2022.

[45] R. Pradeep Raj, D.*irumalaikumarasamy, C. Ramachandran
et al., “Optimisation of HVOF spray process parameters to
achieve minimum porosity and maximum hardness in WC-
10Ni-5Cr coatings,” Coatings, vol. 12, no. 3, p. 339, 2022.

10 Advances in Materials Science and Engineering



Research Article
Green Synthesis of Datura stramonium (Asaangira) Leaves
Infusion for Antibacterial Activity through Magnesium Oxide
(MgO) Nanoparticles

Abel Saka ,1 Leta Tesfaye Jule ,1,2 Lamessa Gudata ,1 Adugna Gindaba,3

Soressa Shuma Abdisa,4 N Nagaprasad ,5 and Krishnaraj Ramaswamy 2,6

1Dambi Dollo University, College of Natural and Computational Science, Department of Physics, Dembi Dolo, Ethiopia
2Centre for Excellence-Indigenous Knowledge, Innovative Technology Transfer and Entrepreneurship, Dambi Dollo University,
Ethiopia
3College of Natural and Computational Science, Department of Biology, Dambi Dollo University, Dembi Dolo, Ethiopia
4Department of Animal Science, College of Agriculture and Veterinary Medicine, Dambi Dollo University, Dembi Dolo, Ethiopia
5Department of Mechanical Engineering, ULTRA College of Engineering and Technology, Madurai 625 104, Tamilnadu, India
6Department of Mechanical Engineering, Dambi Dollo University, Dembi Dolo, Ethiopia

Correspondence should be addressed to Abel Saka; latiyejesus@gmail.com, Leta Tesfaye Jule; laterajule@gmail.com, and
Krishnaraj Ramaswamy; prof.dr.krishnaraj@dadu.edu.et

Received 30 April 2022; Revised 16 June 2022; Accepted 30 July 2022; Published 25 August 2022

Academic Editor: Pudhupalayam Muthukutti Gopal

Copyright © 2022 Abel Saka et al. �is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

�e biosynthesized magnesium oxide nanoparticles were pigeon-holed with X-ray di�raction (XRD), ultraviolet-visible (UV-Vis)
spectrophotometer, scanning electron microscope (SEM), and photoluminescence spectrometer (PLs) and antibacterial activity.
Datura stramonium leaves extract has been used in the present work,; which has medicinal value, and we have synthesized
magnesium oxide nanoparticles from both chemical and biosynthesis techniques. �e XRD result indicates the realization of
crystalline magnesium oxide nanoparticles, and again it is also inveterated with an ultraviolet-visible (UV-Vis) spectropho-
tometer. �e super�cial morphology expresses that magnesium oxide nanoparticles have a bulbous morphological shape for both
biosynthesis and chemosynthesis. �e antibacterial activity of magnesium oxide nanoparticles obtained fromDatura stramonium
leaves against E. coli and S. aureus was studied.�e antibacterial activity also shows a good zone of inhibition. Both techniques are
promising for the preparations of MgO nanoparticles in antibacterial activity and show the same result. �is outcome dem-
onstrates that the biosynthesized nanoparticles originate from having some medicinal uses and are biodegradable.

1. Introduction

Microbial infection endures enticement municipal consid-
eration. It is predicted that almost 48 million gears of
pathogenic ailments arise in the US [1]. Consequently, in
demand to resolve this delinquency, it is essential to grow
e�ective antimicrobial proxies to control the bacteriological
populace [2]. Mostly, antibacterial proxies can be classi�ed
as carbon-based or mineral antibacterial proxies. Biological
antibacterial proxies such as carbon-based acids, vital oils,
bacteriocin, and enzymes have been extensively considered.

Nevertheless, they have particular limitations, such as little
confrontation to dispensation situations, which provides
their solicitations. �e foremost compensations of mineral
antibacterial proxies, associated with carbon-based anti-
bacterial proxies, are the enriched steadiness under exacting
dispensation situations [3].

Nanotechnology is mostly apprehensive about the
production of nanoparticles of ¡exible sizes, characters,
chemical con�gurations, and controlled disproportion and
possible use for human welfare [4]. �e application of bi-
ological creatures such as microbes, plant extracts, or plant
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biomass could be a substitute for biochemical and physical
techniques for the fabrication of nanoparticles in a sus-
tainable way [5, 6]. /e organic production technique of
nanoparticles is easy, effective, and biodegradable in contrast
to a chemical-mediated combination [7].

Metallic nanoparticles have been prepared using dif-
ferent approaches comprising physical, chemical, and bio-
synthesis techniques that involve the use of microbials like
bacteria, yeast, and fungi [8] and plant extracts [9]. /e
physical and chemical techniques of metal nanoparticle
synthesis use very large amounts of energy, toxic solvents,
and dangerous chemicals [10]. /e biological techniques of
using microbials in the metallic nanoparticle approach are
eco-friendly and cost-effective because of the intricate lab-
oratory procedure of preparing and upholding the microbial
cultures, complex extractions, and purification procedures
[11].

It is important to pay special attention to metallic oxides
such as NiO, zinc oxide, and CuO because not only are they
reliable under harsh method conditions, but they are also
widely perceived as safe materials [12]. However, several
chemical approaches exist for metallic nanoparticle pro-
duction; abundant reactants and rawmaterials are applicable
in the reactions that are poisonous and theoretically dan-
gerous. Nanostructured mesoporous zinc oxide is also of
study interest due to its miscellaneous characteristics, which
initiate from its structural appearances [13]. Nowadays,
there have been some approaches for the production of
nanostructured mesoporous zinc oxide, e.g., gel template
method [14], modified citrate precursor method [15], mi-
crowave plasma torch method [16], and burning method
[17]. Currently, certain mineral antibacterial constituents in
specific mineral metallic oxides like titanium oxide (TiO2),
zinc oxide (ZnO), magnesium oxide (MgO), and calcium
oxide (CaO) have been investigated [18].

Among the researched mineral metallic oxides, zinc
oxide, magnesium oxide, and calcium oxide are of specific
attention due to harsh procedure circumstances and are
largely observed as nontoxic resources to mortals [19].
Furthermore, they have antimicrobial action deprived of
sunlight activation, associated with titanium oxide that
needs sunlight [20]. Lately, nanosciences, as well as nano-
technology, have been foremost to a scientific rebellion in
the biosphere, which is apprehensive with resources with
meaningfully new as well as developed physical (somatic),
chemical, and organic characteristics [21]. In this esteem,
nanoparticles are renowned as antibacterial proxies because
of their sizes, configuration, and superficial behaviours [22].
/erefore, nanotechnology compromises a way to upgrade
the action of mineral antibacterial proxies. Metallic oxide
nanoparticles like zinc oxide, magnesium oxide, and calcium
oxide have been studied as mineral antibacterial proxies
[23].

Magnesium oxide (MgO) is a significant mineral sub-
stantial with a widespread energy bandgap [24]./ismetallic
oxide has been applied in numerous ways such as catalysis,
catalyst supports, poisonous wastes remediation, headstrong
constituents as well as adsorbents, preservatives in weighty
petroleum oils, shiny and antireflecting coverings,

superconducting and ferroelectric thin films as the substrate,
and superconductors and lithium-ion batteries [25]. In
medical fields, magnesium oxide is used for the respite of
indigestion, painful stomach, and bone renewal. Magnesium
oxide nanoparticles also have an extensive perspective as an
antibacterial proxy. So, in this work, the main preparation
techniques, antibacterial action, and antibacterial types of
using magnesium oxide nanoparticles are argued.

In this current work, we have used the Datura stra-
monium leaves extract which has therapeutic value and we
have manufactured magnesium oxide nanoparticles from it
by green deposition production technique. /ese green
synthesized nanoparticles were tested by X-ray diffraction
(XRD) characterization to calculate their magnitude and
properties. /e antibacterial activity of magnesium oxide
nanoparticles obtained from Datura stramonium leaves is in
contradiction to E. coli, S. aureus, and bacillus studied. /e
antibacterial activity also illustrates a good zone of
inhibition.

2. Materials and Methods

2.1.Materials. All the reagents utilized in this research were
of analytical grade. Magnesium nitrate (Mg (NO3).3H2O)
and NaOHwere obtained from Sigma-Aldrich. All solutions
were prepared from double-distilled water.

2.2. Groundwork of Datura stramonium Foliage Extraction.
Datura stramonium leaves of about 30–35 g were collected
from East Wollega Zone, Gudaya Bila District, carefully
washed away with double-distilled water, and cut into slight
pieces; then, the foliage was heated in 250ml cut-glass beaker
with 150ml of double-distilled water for 45min at 300°C
using a magnetic stirrer through the hot dish. After
reheating, the pigment of the aqueous mixture was trans-
formed from waterlogged to chocolate color and then the
solution was allowed to refrigerate at 37°C.

/e aqueous extract of Datura stramonium (Asaangira,
Oromo) foliage was unglued by percolation with Whatman
No. 50 filter paper. /e deposits were cast off for the
preparation of magnesium oxide (MgO) nanoparticles.
Datura stramonium flowers, leaves, and fruit were taken
from East Wollega Zone, Gudaya Bila District, Darbes
Kebele, Oromia, Ethiopia, as illustrated in Figure 1.

2.3. Synthesis of Magnesium Oxide Nanoparticles. /e
sources utilized for the deposition of magnesium oxide
nanoparticles are magnesium nitrate (Mg(NO3).3H2O) and
NaOH. /e magnesium oxide nanoparticles were produced
by the chemosynthesis technique. 30ml of Mg(NO3).3H2O)
0.2M was dissolved with a volume of 30ml of 0.2M NaOH
in a 150ml beaker. Double-distilled water was added to fill
the total volume required./e pH value of the solution was 2
(pH= 2), which is categorized under an acidic bath. /en,
the solution was kept on the heater and stirred for 2 hr at a
temperature of 50°C./en, after it was allowed to cool down,
the powder form of MgO nanoparticles was formed. /en,
the powder was transferred to a plate and reserved for
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application. /e deliberation of (Mg(NO3).3H2O) 0.2 mo-
larity, aqueous were dissolved with capacity (30millilitres) of
the Datura stramoniumfoliage except for the preparation.
After some minutes, 30ml of 0.2M sodium hydroxide
(NaOH) was added drop by drop to the solution. /en, the
mixture is maintained for a few hours. /e pigment of the
compound transformed from chocolate to yellow, repre-
senting the development of MgO nanoparticles.

/e compacted manufactured goods were cleaned, and
then, the separate precipitate was bare to return to the
situationby placing it in the furnace at 50°C for about 60min;
then, it was allowed to cool at room temperature, and we
obtained the crushed powder using a motor and pestle,
before adding Mg (NO3).3H2O, and after adding Mg
(NO3).3H2O, respectively.

3. Results and Discussion

3.1. X-Ray Diffraction. /e XRD pattern of MgO nano-
particles derived from the sol-gel technique is illustrated in
Figure 2. For biosynthesis or Datura stramonium extract
MgO nanoparticle, few peaks but the longest peaks were
observed; the presence of prominent and sharp diffraction
peaks positioned at the 2θ values of 30, 32, 35, 37, 48, 56, 64,
and 69 corresponding to (211), (110), (111), (200), (100),
(210), (220), and (320) planes, respectively, indicated the
formation of MgO with bulbous crystalline shape. For
chemosynthesis MgO nanoparticles, many peaks were the
same except no peak formed at 2theta values of less than 30
and some crystalline impurities were detected that fluctuated
the intensities of peaks; this result shows the prepared
nanoparticle formation with a spherical (bulbuls) shape. /e
findings demonstrated that the structure resembled cubic
shape in nature. /ese results agreed with reported works
[26, 27]. Debye–Scherrer’s formula was used to compute the
crystalline size of zinc oxide, as shown in Table 1:

D �
0.94λ
βcos θ. , (1)

where D� crystalline size (nm), K� 0.9 (Scherrer constant),
λ� 0.15406 nm (wavelength of the X-ray sources),
β� FWHM (radians), and θ� peak position (radians).

/e average crystalline size of magnesium oxide nano-
particles was revealed to be 0.17 nm.

3.2. Scanning Electron Microscopy (SEM). An instrument
used for the analysis of surface morphology was scanning
electron microscope (SEM). A well-established method for
investigating the topography, texture, and surface

Figure 1: Datura stramonium flowers, leaves, and fruit are taken from East Wollega Zone, Gudaya Bila District, Darbes Kebele, Oromia,
Ethiopia.
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Figure 2: X-ray diffraction pattern of (a) biosynthesized magne-
sium oxide (MgO) from Datura stramonium leaves extract and (b)
chemosynthesized nanoparticles.

Table 1: XRD data and calculation of peaks parameters: 2theta,
FWMH, and crystalline size (nm).

Sl. no. 2theta (degree) FWMH (radians) D (nm)
1 30 6.86465 0.337219
2 32 8.93974 0.295582
3 35 0.87978 0.285169
4 37 1.01812 0.173284
5 48 0.69772 0.148195
6 56 0.62852 0.134706
7 64 0.00513 0.136776
8 69 0.00513 0.13690
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characteristics of powders has been developed. /e scanning
electron microscope (SEM) generates a three-dimensional
picture of the specimen, which is extremely useful when
evaluating the shape and structure of a sample. /e SEM
images were analyzed, and a topographical analysis was
carried out on the basis of the surface study results. /e
morphology of both biosynthesized and chemosynthesized
magnesium oxide nanoparticles was determined by scanning
electron microscopy. As shown in Figures 3(a) and 3(b), the
SEMmicrographs of thesematerials at differentmagnification
designate a wood cracked-like structure and no agglomera-
tion was found. /is shape is relatively spherical or bulbuls;
this result is in good agreement with reported works [28–30].

3.3. UV-Visible Spectrophotometer Analysis. UV-visible
spectroscopy shows the preoccupation spectroscopy in the
ultraviolet-visible phantom area [31]. It customs sunny in
the noticeable region and head-to-head near-infrared (NIR)
arrays. In this section of the electromagnetic spectrum,
molecules experience electronic changeovers. Nanoparticles
have convinced optical assets such as sizes, shapes, con-
centrations, and accumulation state, as well as a refractive
index which can be acknowledged with a UV-vis spec-
trometer. Nanoparticles prepared from certain metals
powerfully interrelate with a convinced wavelength of light
as well, as their sole optical characters indicate a singularity
known as surface plasmon timbre [32, 33]. In the current
research, UV-vis is used for both biosynthesized and che-
mosynthesized magnesium oxide nanoparticles prepared
from Datura stramonium leaf extracts. Figures 4 and 5 show
the absorbance and transmittance spectra of biosynthesized
MgO nanoparticles and chemosynthesized MgO nano-
particles between wavelengths of 250 nm to 800 nm,
respectively.

Broad peaks were perceived at 325 nm, as shown in
Figure 5, for biosynthesized and chemosynthesized ones. As
it can be seen, a black line shift occurs because of leaf extracts
and chemical grounded variation. Broadening and shift are
attributed to agglomeration or an upsurge in the size of the
particles [34].

/e transmittance spectra which are shown in Figure 5
were evaluated from the absorbance. /e outcomes show
that the optical transmittance of the MgO nanoparticles
prepared by biosynthesis MgO nanoparticle with blue colour
is greater than that of chemically prepared MgO nano-
particle with red colour, for wavelength greater than 450 nm.
/e higher transmittance also indicates a lower defect
density of the MgO nanoparticle since absorption of light in
the longer wavelength region (>500 nm) is frequently caused
by crystalline faults such as grain boundaries and disloca-
tions [35, 36].

(i)

(a)

(ii)

(b)

Figure 3: Scanning electron microscopy of (a) biosynthesized magnesium oxide (MgO) from Datura stramonium leaves extract at 20000
magnification and (b) chemosynthesized nanoparticles at 10000 magnification.
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Figure 4: Absorbance measured by UV-Vis of biosynthesized
magnesium oxide (MgO) nanoparticles derived from Datura
stramonium leaves extract.

4 Advances in Materials Science and Engineering



3.4. Photoluminescence (PL) Analysis. /e PL continuum of
magnesium oxide nanoparticles was chronicled at 37°C
through a Xe spotlight as an excitation sunlit foundation at
an excitation wavelength of 450 nanometers. Photo-lumi-
nescence emanation continuums are portrayed in Figure 6.
Fleabags from the valence posse and electrons (e-) from the
electronic states composite with each other, and this is
accountable for the emanation properties of conversion
metals [37]. /e recombination of photo-excited electron
(e-) and hole (h) sets at the energy situations would persuade
the photo-emission [38]. /e natural surroundings of the
imperfections cause light emanation. Photo-luminescence
stretches the evidence around the froths and imperfections
in nanoparticles. /e defect middles create changed elec-
tronic states in the widespread bandgap. /e emanation
variety shows emission at different techniques because of
their different colour centres on the magnesium oxide
nanoparticles shown in Figure 6. It is evident from the
highest emission spectrum that the magnesium oxide
nanoparticles emit at several wavelengths due to the pres-
ence of multiple colour centres on the particles. It has risen
to the UV-visible region. PL spectra revealed UV (389 nm),
violet (390 nm, 391 nm), blue (451 nm), green (455 nm), and
orange (462 nm) emissions. /e presence of oxygen va-
cancies in MgO nanoparticles causes them to glow in the
ultraviolet (389 nm) area (surface defects). If there is a lot of
imperfection, there will also be a lot of strength. Because of
the F centres, there has been an increase in green emissions
[39, 40].

3.5. Antibacterial Activity Analysis. /e antibacterial com-
motion of biosynthesis and chemosynthesis MgO nano-
particles resulting from Datura stramonium (Asaangira)
leaves extracts was applied for Gram-negative(G−) Escher-
ichia coli and Gram-positive (G+) bacteria Staphylococcus
aureus and bacillus by tabloid discuss dispersal procedure
[41]. Nutrient agar cultures were cast off to develop bacteria.

3.6. Preparation of Inoculums. /e bacterial investigation
concerns were shifted away from the conventional beliefs
represented by the nutrient culture (NC) dishes and also

hatched for a period of forty-eight hours. After that, more
discrete bacteriological groups that were not connected were
used as inoculums [42]. /e bacteriological ring was used to
transfer the microorganisms to the autoclaved nutrient
culture, which was then moderately whirled while being
heated to approximately 500 degrees Celsius in a distilled
water bath with a variety of other miscellaneous ingredients.
After that, the culture was transferred to sterile Petri plates,
where it was given time to coagulate and was also subjected
to a biological evaluation.

A new instance was created by marking inoculums from
each of the existing media on nutrient agar means in a Petri
dish. Aliquots of magnesium oxide were freshly synthesized
in the following volumes: 25 μL, 45 μL, 65 μL, 85 μL, and
100 μL. On tabloid discusses, with a radius of 2.5millimetres,
nanoparticles were saturated with the help of a micropipette
[39].

3.7. Development Sketch of Bacteria. After that, new groups
began occupying the incubation space and were used to
research the development of inoculations using
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from Datura stramonium leaves extract.
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microorganisms. We made sure the media potage solution
was checked for turbidity, and we kept the OD (optical
density) at 500 nm between 0.08% and 0.10% throughout the
process.

3.8. Preparation of Media Culture. Both nutrient culture
agar, as well as nutrient potage, was used as components of
the development media that were investigated in this study.
/e nutrient agar was sterilised for the purpose of pas-
teurisation by being subjected to 15 Ibs pressure at 120°C for
20minutes and then maintaining at 37°C.

3.9. Evaluation of Antibacterial Properties. Before the in-
vestigation, the plates were sterilised in an autoclave and
dehydrated in a dry furnace overall. Kirby–Bauer’s discus-
sion of a dissemination method that uses the postponement
of microorganisms feasting on nutrient culture agar pro-
vides evidence that antibacterial negotiator has the potential
to estrange the microbial cell [43]. Bacterial activities of
biosynthesized MgO nanoparticles are listed in Table 2. /e
examinations were done for both biosynthesized MgO and
chemosynthesized MgO NPs set for an outstanding result.
Utilizing two different methods produces the same outcome

for all of the bacterial types that were tested. So, under the
right conditions and in the right environment, eco-friendly
biosynthesis is safe and promises antibacterial activity. After
vaccination, the plates were kept in an incubator at a
temperature of 30 degrees Celsius for a period of 48 hours.
/e antibacterial action was achieved by measuring the
embarrassment zone. /e antibacterial bustle of genuine
MgO Nanoparticles was powerful by the Kirby–Bauer disc
dispersal methodology, which is demonstrated in
Figures 7(a) and 7(b). Bacterial activities of chemo-
synthesized MgO nanoparticles are listed in Table 3.

As it is seen from Tables 2 and 3 concerning Figures 7(a)
and 7(b), the antibacterial activities (E. coli, bacillus, and
Streptococcus) are analyzed. /e biosynthesized MgO
nanoparticle shows a high inhibition zone, which is
promising for antibacterial applications. /e result also
agrees with reports [44, 45].

4. Conclusion

/e biosynthesis and chemosynthesis of MgO nanoparticles
were studied in an aqueous medium using Datura stra-
monium leaves extract for biosynthesis. /e prepared bio-
synthesized nanoparticles of magnesium oxide are

Table 2: Bacterial activities of biosynthesized MgO nanoparticles.

Treatment Concentration(μg/mL) Percentage of inhibition

Magnesium oxide nanoparticles

25 17.16± 1.02
45 25.12± 1.30
65 26.43± 1.23
85 38.46± 1.32
100 58.67± 1.09

(a) (b)

Figure 7: (a, b) Antibacterial activity of biosynthesized and chemosynthesized MgO nanoparticles derived from Datura stramonium
(Asaangira), respectively.

Table 3: Bacterial activities of chemosynthesized MgO nanoparticles.

Treatment Concentration (μg/mL) Percentage of inhibition

Magnesium oxide nanoparticles

25 14.23± 1.12
45 18.14± 1.25
65 19.43± 1.00
85 28.24± 1.14
100 38.54± 1.05
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established by colour variations, and it has been tested by
XRD, SEM, PL, UV-Vis, and antibacterial activity. Its size,
approximately 0.17 nm, was definitely by X-ray diffraction
analysis. /e different peaks confirm the presence of dif-
ferent functional groups and bonding. SEM shows that the
biosynthesized nanoparticles had rod-like structure, PL
analysis reveals that the prepared material was crystalline,
and it has strong peaks at a higher wavelength for the
biosynthesis of MgO nanoparticles derived from Datura
stramonium , and UV-Vis also confirmed this output. /e
antibacterial activity shows that the biosynthesized nano-
particles show the bacterial activity against Gram-negative
Escherichia coli and Gram-positive bacteria Staphylococcus
aureus and bacillus by the paper disc diffusion method and
show a good zone of inhibition. Both techniques are
promising for the preparations of MgO nanoparticles in
antibacterial activity and show the same result./is outcome
demonstrates that the biosynthesized nanoparticles origi-
nate from having some medicinal uses and are
biodegradable.
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e enhancement of composites’ mechanical characteristics (tensile, compressive, and hardness) is a constant demand for
technological advancement.e stir casting process is used to make the hybrid aluminium alloy metal matrix composites Al 6061-
SiC-AlN in our present study. To create mechanical qualities such as tensile, compressive, and hardness, silicon carbide and
aluminium nitride (both 3% and 6%) were utilized as the reinforcement. e tensile strength, compressive strength, and hardness
of the Al 6061-SiC-AlN hybrid composites samples were determined. e tensile, compressive, and hardness parameters of Al
6061-SiC-AlN hybrid composites are estimated and evaluated to those of the matrix Al 6061 alloy. With the inclusion of silicon
carbide and AlN nanoparticles, the tensile strength, compressive strength, and hardness increased from 328 to 385MPa, 145 to
178Mpa, and 302 to 724 VHN, respectively.

1. Introduction

Aluminum and alloy hybrid nanocomposites (AAHNCs) are
industrialized materials with desirable properties including
strong tensile, compressive, hardness, and sti�ness. In
comparison to unreinforced alloys, these materials have a
higher abrasion resistance. ese materials are used in a
variety of structural applications in a variety of sectors,
including marine, aircraft, and automobiles [1, 2]. Rail

coaches, towers, pylons, military and commercial bridges,
aerospace applications, shipbuilding operations rivets, truck
frames, and transportation are just a few of the heavy-duty
structural uses for aluminium alloy 6061 [3]. Al 6061 is the
repeatedly utilized matrix material owing to its low density
and electrical resistance, high and good strength, superior
corrosion resistance, and greater machinability [4].

Aluminium oxide (Al2O3), tungsten carbide (WC), ti-
tanium diboride (TiB2), silicon carbide (SiC), zirconium
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boride (ZrB2), titanium carbide (TiC), and boron carbide
(B4C) are commonly utilized as nanoscale reinforcements in
aluminium hybrid composites to improve mechanical
properties like tensile, compressive, and hardness [5]. )e
current investigation used two reinforcements, one is SiC
and another one AlN. Silicon carbide nanoparticles are
possible a nano reinforcement for aluminium alloy 6061
matrix owing to its high hardness, low density, high wear,
impact resistance, high melting point, and good chemical
and thermal stability [6]. Aluminium alloy 6061 composites
containing silicon carbide nanoparticles have improved
toughness, machinability, and self-lubricating properties [7].

AlN is a high-hardness refractory compound with ex-
cellent corrosion and wear resistance, a low coefficient of
thermal expansion, and high electrical resistivity. It has a
wide range of applications in electrical and semiconductor
devices, as well as corrosive and molten metal handling [8].
In recent years, the tribological and mechanical properties of
nanoparticles and fiber-reinforced Al 6061 composites are
greatly enhanced. Sun et al. investigated Al1060/Al6061-
0.5SiC/Al1060 laminates with a hot roll bonding process and
heat treatment. After heat treatment, the Goss and R
components dominated the texture of the Al6061-0.5SiC
composite. )e tensile strength of the as-rolled laminates
increased as the rolling reduction was lowered, but the
elongation first increased and then decreased [9]. Using the
powder metallurgy approach and the effect of SiC clusters,
Mulugundam Siva Surya developed Al6061/SiC composites
with high interfacial bonding between Al6061/SiC com-
posites. It was discovered that diffusion-controlled grain
formation had a detrimental influence on mechanical
characteristics and resulted in improved features [10]. For
the aerospace sector, Ishfaq et al. specified the Al6061-7.5%
SiC composite. Although the SiC reinforcement in the Al-
substrate greatly improves mechanical properties, it makes
difficulties machining as the Al6061-7.5% SiC composite
allows outstanding hardness and strength [11]. Halil et al.
explored and improved the mechanical characteristics of
Al6061-SiC-B4C hybrid composites made via powder
metallurgy extrusion. Wear resistance, tensile strength,
transverse rupture strength, hardness, and density of the
Al6061-SiC-B4C hybrid composites were evaluated. Al6061-
SiC-B4C hybrid composites with SiC particle reinforcement
had the highest tensile strength [12]. Bhat and Kakandikar
customized the Al6061-5% SiC-50mm sized composite by
the stir casting process and investigated hardness and wear
characteristics of the new composite. )e output of the new
composite was obtained with a lower wear rate and superior
hardness [13]. Veeresh Kumar et al. used particulate SiC
with the Al6061 composite prepared by the liquid metallurgy
route. )e particulate SIC used in Al6061 enhanced the
mechanical and tribological properties. Especially hardness,
ultimate tensile strength, wear resistance, and density of the
composites augment with the augmented SiC content [14].

)e aluminium matrix with aluminium nitride particle
composites is frequently employed in electrical and elec-
tronics equipment. Chemically, aluminium nitride is more
stable than SiC, however, it has a poorer thermal conduc-
tivity. Aluminum does not react with aluminium nitride

[15], but when Al interacts with SiC in Al–SiC composites,
the Al4C3 phase forms, which affects the tensile, com-
pression, and hardness properties of the aluminium silicon
carbide composite [16, 17]. AlN has an excellent combi-
nation with aluminium alloys, outstanding heat treatment
and physical properties, high thermal conductivity, high
specific strength and stiffness, high electrical resistivity, low
dielectric constant, a tailorable coefficient of thermal ex-
pansion [15]. As a result, the Al–AlNp composite is a
fantastic material for electronic packaging [18, 19]. Ashok
Kumar and Murugan developed the Al6061 (T6)-AlNp
composite by the stir casting process and improved wet-
tability, ultimate tensile strength, yield strength, micro-
hardness, andmacrohardness [20]. SiCp/Al composites were
created by Xie et al., who also studied how the phase
composition, densification behaviour, and mechanical
characteristics of the composites were related. )e findings
showed that raising the laser power density improved the
density, microhardness, and friction resistance of the SLM
produced SiCp/Al composites. )is improvement may be
attributed to the higher molten pool temperature at higher
laser power densities [21].

In generally aluminium alloy hybrid composites are
prepared by stir casting [22, 23], squeeze casting [24, 25] and
powder metallurgy [26, 27]. Stir casting has a number of
advantages, including being trouble-free, supple, and af-
fordable, as well as producing multifunctional, bulk-
manufacturing, and contour composite components that are
free of dangerous reinforcing particles. Due to these dis-
tinguishing characteristics of the stir casting technique, a
slew of new efforts has been made to create a variety of
composites using this method [28, 29]. )e tensile, com-
pression, and hardness properties of the stir cast Al-SiC-AlN
hybrid composites with varied reinforcements have received
only a cursory examination. )is paper describes the me-
chanical properties of an Al-SiC-AlN hybrid composite
made in a static ambiance utilizing a stir casting process.

2. Experimental Work

2.1. Materials. Nice Chemicals Limited, Telangana, India,
provided the aluminium 6061 matrix alloy, and the rein-
forcements of aluminium nitride (50 nm) and silicon carbide
(50 nm) nanoparticles used in this work. )e SEM mor-
phology of aluminium 6061, aluminium, and nitride silicon
carbide powders is shown in Figures 1(a)–1(c).)e chemical
composition and mechanical characteristics of the matrix
(Al6061 alloy) and reinforcements are shown in Tables 1 and
2. (AlN & SiC).

)e distribution of aluminium nitride, silicon carbide,
and aluminium 6061 matrix alloy is studied morphologically
using a scanning electron microscope because this, in a
sequence, resolves significantly to affect the mechanical
characteristics of the composites and determination and also
to verify their effective manufacturing. Aluminium nitride
and silicon carbide nanoparticles have a stone-like shape and
are 50 nm in size. )e distribution of reinforcement and the
matrix alloy is in uniform distribution. )e distribution of
aluminium nitride and silicon carbide in the aluminum 6061
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matrix alloy, which determines the substantial impact on the
composites, and in addition, substantiate the victorious
fabrication of composites.

2.2.CompositePreparations. )ematrix AA6061 aluminium
alloy was melted in a graphite clay crucible in a stir casting
furnace and heated to a temperature of around 750°C. )e
nano particles of aluminium nitride (AlN) and silicon
carbide (SiC), with a particle size of 50 nm were chosen as
the reinforcement. )e molten AA6061 was continually
agitated at 500 rev/min to integrate the known amounts of
preheated AlN and SiC filler components. )e Al-AlN-SiC
molten mixture was put into cast iron moulds when the
procedure was completed. Castings were made using the Al
6061 alloy, with AlN and SiC filler percentages of 3% and 6%,
respectively. Figure 2 shows experimental illustrations of a
stir casting setup. )e fashioned hybrid composites were cut
and prepared into the desired forms. To prepare samples for
FESEM and mechanical testing, they were machined. )e

prepared samples were polished and etched with Keller’s
reagent using normal metallographic procedures.

)e casted samples, one matrix Al 6061 alloy sample, and
two other samples with different wt. % SiC-AlN nano re-
inforcements were utilized to construct test specimens for
tensile, compression, hardness, and FESEM examination
analysis, and their dimensions are shown in Table 3.

3. Result and Discussion

3.1. Tensile Test. )e tensile test was performed in accor-
dance with the ASTM–E8 standard, using the tensile test.
)e digital tensometer setup is depicted in Figure 3. )e
specimen dimension was 14mm diameter and 10mm length
as shown in Figure 4. )e tensile test experiments were
performed at the atmospheric temperature. )e readings of
Al 6061 alloy, 3% Al 6061-SiC-AlN hybrid composites, and
6% Al 6061-SiC-AlN hybrid composites sample were taken.
)e difference in tensile strength with an increase in SiC/
AlN microparticle entitlement is shown in Figure 5. )e

200 μm

(a)

200 μm

(b)

200 μm

(c)

Figure 1: SEM morphology of (a) Al 6061, (b) AlN, (c) SiC.

Table 1: Chemical composition of the matrix (Al6061 alloy) [7, 9, 13].

Elements Mg Si Fe Mn Cu Cr Zn Ni Ti Al
Wt (%) 0.85 0.65 0.26 0.22 0.20 0.04 0.06 0.02 0.01 Balance

Table 2: Mechanical properties of the matrix (Al6061 alloy) and reinforcements (AlN & SiC) [3, 10, 20].

Properties Ultimate tensile strength (Mpa) Hardness (HRB) Melting temperature (°C) Modulus of elasticity (GPa) Density (g/cm3)
Al6061 alloy 320 80 650 70 2.7
AlN 270 1100 2,200 310 3.26
SiC 250 2800 2730 410 2.52
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tensile strength of the Al 6061-SiC-ALN hybrid composite
material augments by a quantity of 90% as the substance of
SiC/AlN nano particulates augment from 3 to 6 wt%. )e
SiC/AlN nano particulates reinforcement arrangement and
properties regulate the mechanical characteristics of hybrid
composites, resulting in a highly strong interface that
transfers and relocates stress from the Al 6061 matrix to the
SiC/AlN microparticle reinforcement, exhibiting improved
strength and elastic modulus [30]. )e elastic modulus,
tensile strength, and fatigue strength of Al 6061-SiC-AlN

hybrid composites reinforced by SiC/AlN nanoparticles are
all greater than monolithic alloys [31]. By raising the volume
proportion of the nano phase and lowering the size of the
nano reinforcement at the price of concentrated ductility,
the strength of SiC/AlN nanoparticles reinforced Al 6061-
SiC-AlN hybrid composites is improved [32].

3.2. Compression Test. )e compression test specimen
samples were produced according to ASTM E9, as stated in
Table 3. )e compression testing machine was used to test
the samples, as illustrated in Figure 6. It depicts the effects of
varying compression strength with a weight percent of re-
inforcements. An Al 6061 alloy sample has a compressive
strength of 145MPa. )e Al 6061-SiC-AlN hybrid com-
posites sample with 3 percent SiC-AlN reinforcement and 6
percent SiC-AlN reinforcement has compressive strengths of
165MPa and 178MPa, respectively (Figure 7). When con-
trasted to the original matrix of the Al 6061 alloy, the or-
ganized Al 6061-SiC-AlN hybrid sample demonstrates an
increase in compressive strength. )is indicates that the
aluminum ductile character has been gradually giving way to
brittleness. )is transformation was made possible through
the absorption of hard nanoparticles into the soft and ductile
aluminium metal matrix [33, 34].

3.3.Hardness. )emicrohardness of complicated samples of
the Al 6061 alloy and its Al 6061-SiC-AlN hybrid composites
(Figure 8) was examined using an ASTM-approved standard
testing approach. )e hardness of the Al 6061-SiC-AlN
hybrid composites was determined using a Vickers micro-
hardness tester in accordance with ASTM: E384-10. A
weight of 1 kgf was applied on all of the samples for 15
seconds. )e test was carried out at three different locations
to avoid the indenter resting on the hard reinforcement
particles. All ten measurements’ averages were computed
and reported. Figure 9 displays the hardness value in relation
to the weight percent of nano reinforcements and sum-
marizes the findings of the hardness tests.

Figure 2: Experimental setup of the stir casting process.

Table 3: ASTM for tensile, compression, hardness, and FESEM.

S.No ASTM Test Dimensions (in mm)
1 ASTM E8 Tensile test Dia 14× length 100
2 ASTM E9 Compression test Dia 14× length 20
3 ASTM: E384-10 Hardness test Dia 14× length 10
4 ASTM E3-11 FESEM Dia 14× length 10

Figure 3: Tensile test-digital tensometer setup.

Figure 4: Tensile specimen.
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In comparison to the Al 6061 matrix material, the
hardness of composite specimen-2 was found to be higher
than that of the Al 6061matrix material.)is might be due to
a lack of nano reinforcement dispersion mixed with extra
porosity. When compared to other test specimens, the
hardness of composite specimen-3 was found to be larger
than that of the matrix Al 6061 alloy[35], with a maximum
hardness of 724 VHN. )is might be due to the Al 6061
matrix material having the fewest holes and shrinkage

cavities, as well as a better distribution of nano reinforce-
ments. As a result, combining a hybrid composite of the Al
6061 alloy reinforced with 6% SiC-AlN proved to be themost
effective way to achieve maximal hardness.

3.4. Fractured Surface Analysis. A FESEM is an electron
microscope that uses a focused stream of electrons to create
images of a substance. Electrons react with atoms in the
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Figure 5: Tensile strength of the Al 6061 alloy and Al 6061 alloy-SiC-AlN hybrid composites.

Figure 6: Compression specimen.
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Figure 10: (a–c) FESEM of alloy and composites. (a) Al 6061 alloy; (b) 3% (AlN+ SiC) with Al 6061 alloy; (c) 6% (AlN+ SiC) with the Al
6061 alloy.

Figure 8: Hardness test specimen.
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sample to produce a variety of signals that convey infor-
mation about the sample’s topography and composition. To
create the image, the electron beam is scanned in a raster
scan pattern and the location of the beam is combined with
the signal received. FESEM has a resolution of over 1.5
nanometers.

Figure 10 shows the FESEM pictures of the aluminium
composite. It is plain to see that the fracture is ductile. )e
grains are easily visible, and they are evenly scattered. As a
result of this finding, it may be deduced that the fracture
begins at the corroded area mentioned in the optical mi-
crograph. )e ductility of the material is marginally reduced
as the amount of boron carbide increases, resulting in a
considerable rise in hardness.

)e dispersion of particles throughout the matrix was
found to be very homogeneous as a black zone, as seen by
these FESEM pictures. )e uniform dispersion of AlN-SiC-
reinforced particles with aluminium alloy can easily be seen
in these pictures. )e consistency of the cast composites can
also be seen in these photos. )e matrix particle and weight
percentage, as well as the distribution of reinforcing particles
and the particle-matrix interface bonding, determine the
properties of aluminium MMCs [36, 39].

4. Conclusion

Stir casting was used to effectively cast Al 6061- AlN-SiC
hybrid composites in this study. )e impacts of aluminum
nitride (AlN) and silicon carbide (SiC) on the composites
tensile, compression, hardness, and FESEM characteristics
were planned and reported. According to the tensile test,
increasing the volume fraction of the nano phase and low-
ering the size of the nano reinforcement at the price of focused
ductility improves the strength of SiC-AlN nanoparticles-
reinforced Al 6061-SiC-AlN hybrid composites. )e com-
pression test, compressive strength of the Al 6061-SiC-AlN
hybrid composite sample with 3% SiC-AlN reinforcement
and 6% SiC-AlN reinforcement is 165MPa and 178MPa,
respectively. When compared to the original matrix Al 6061
alloy, the organized Al 6061-SiC-AlN hybrid sample dem-
onstrates an increase in the compressive strength. )e
hardness test combining a hybrid composite of Al 6061 alloy
reinforced with 6% SiC-AlN proved to be the most effective
way to achieve maximal hardness. )e dispersion of particles
throughout the matrix was found to be very homogeneous as
a black zone, as seen by these FESEM pictures. )e uniform
dispersion of AlN-SiC reinforced particles with the alumin-
ium alloy can easily be seen in these pictures.
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Productivity and cost-e�ectiveness are essential components of any long-term manufacturing system. While quantity and quality
are linked to productivity, the economy focuses on energy-e�cient processes that produce a high output-to-input ratio. Hard-to-
cut materials have always been di�cult to machine because of more signi�cant tool wear and power losses. Inconel 625 is a hard
material used in aerospace and underwater applications and is milled using biolubricants with nanoparticles. Palm oil is
considered a biolubricant, and titanium dioxide (TiO2) and copper oxide (CuO) are selected as nanoparticles. When the
combination of biolubricants and nanoparticles is added to the workpiece’s surface, it enhanced some properties while machining.
Experiments involving four factors with four levels were carried out using the Taguchi design of experiments (DoE). �e feed,
depth of cut, speed, and coolant with nanoparticle additives were all factors. �e responses were surface roughness, spindle
vibration along X, Y, and Z axes, and material removal rate. Technique for Order of Preference by Similarity to Ideal Solution
(TOPSIS) was used to alter the multiresponse optimization problem to a single-response optimization problem. �e S/N of
TOPSIS closeness coe�cients was calculated, and the optimal machining conditions were determined. Surface roughness,
material removal rate, and spindle vibration were reduced by 3.10%, 6.14%, 7.54% (Vx), and 6.78% (Vz), respectively, due to the
TOPSIS optimization.

1. Introduction

Inconel 625’s enhanced mechanical properties, outstanding
weldability, and high oxidation and corrosion resistance,
nickel-based aerospace alloys have gained popularity.
Inconel 625 is widely used in manufacturing, especially for
aircraft structures, springs, turbine blades, submarine bel-
lows, steam power plants, and oceanographic devices [1].
Due to its meager thermal conductivity, the formation of
built-up edges, and a greater sticking or welding propensity
to cutting edges, Inconel 625’s machinability is considered
poor [2] and classi�ed as a di�cult-to-machine material.
Furthermore, due to Inconel 625’s low heat transfer rate, a
large portion of the cutting energy is converted into heat
during machining, which remains in the tool-workpiece
interface for a longer time. High localized temperatures in

the machining region result from heat generation, causing
tool material softening and rapid tool wear, decreasing tool
life, and compromising machined surface integrity. �e use
of cutting ¥uids is required to solve these issues. Most
traditional machining ¥uids contain hazardous chemical
constituents that can pollute the environment, cause bio-
logical problems for workers, contaminate soil, and pollute
water during disposal [3, 4]. Furthermore, cutting ¥uids
account for roughly 17% of machining costs, while tooling
costs account for only 8% [5, 6]. Many attempts have been
made to reduce cutting ¥uids to make material removal
processes more environmentally friendly [7]. �e growing
interest in tracking all elements of the material removal
process has resulted from the metal-based industry’s main
challenge of increasing the quality and productivity of
machined parts [8].
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Dry cutting, or machining without the need for any
cutting fluid, is one of the best machining options for
achieving green manufacturing. However, when dry-ma-
chining Inconel, the work material bonds firmly to the tool
surface, resulting in early tool failure and poor surface
quality. Furthermore, Inconel’s high mechanical strength
and poor thermal conductivity result in unfavorable residual
stresses, surface irregularities, and burning/overheating in
the cutting zone when machining without coolant [9]. )e
surface roughness of the machined product can affect var-
ious areas of its operation, including gentle friction, heat
generation, the ability to distribute and hold a lubricant,
wear, and a material’s ability to withstand fatigue [10]. Dry
cutting also necessitates using unique cutting tool materials
such as ceramic, PCD, PCBN, and careful tool geometry and
specific coatings. )erefore, to facilitate heat transfer from
the tool–chip interface, these tacky alloys are typically
machined under wet cutting conditions, which results in
high manufacturing costs, worker health risks, and severe
environmental problems [11]. Due to the specific inherent
properties and their capacity to biodegrade, vegetable oils
are seen as alternatives to mineral oils in lubricant
formulations.

Vegetable oils have a high flash point, viscosity index,
lubricity, and lower evaporative loss than mineral oils [12].
Plant oils are extracted by applying pressure to the pertinent
part of a plant and squeezing the oil out [13]. Plant oils
(edible and nonedible) can also be extracted by dissolving
plant parts in water, distilling the oil, or infusing plant parts
with a base oil. Various studies have demonstrated the value
of edible vegetable oils such as coconut oil [14], palm oil [15],
soya bean oil [16], and canola oil [17] as an environmentally
friendly lubricant for machining. )e novelty was premised
on the fact that using cooling/lubrication circumstances and
depth of cut as input variables improved the manufacturing
system’s sustainability and efficiency. )is study is based on
the idea that productivity results from quality, utilization,
and efficiency working together.

)e utilization of nanoparticles in various base fluids
has received a lot of interest in the last decade [18]. )e
nanoparticles dispersed in water, for instance, can improve
the thermal conductivity, and it is a suitable heat transfer
fluid, especially for solar collectors [19]. Nano coolants
(the dispersal of nanoparticles in water or ethylene glycol)
have been studied for real-world problems since the early
2000s [20]. Nanoparticles added to the lubricant are
thought to provide antifriction and antiwear properties.
On the other hand, the improved characteristics are en-
tirely determined by nanoparticle characteristics like
shape, size, and concentration. Moreover, it has been
reported that adding a suitable amount of nanoparticles to
lubricating oil improves antifriction and antiwear char-
acteristics [21]. )ese terms cover the manufacturing
process, including surface roughness, material removal
rate, and spindle vibration. )ese responses are optimized
by combining constructive process parameters like feed
speed and cutting depth. Taguchi design of experiment
(DoE) is used to optimize the input parameters collec-
tively, as they would alternatively behave differently in

different responses. )e goal is to optimize the input
parameters based on the responses that are both sus-
tainable and constructive at the same time.

Taguchi’s DoE is an excellent tool for optimization
because it is simple and efficient. Taguchi assists in
selecting a control variable combination that significantly
reduces the impact of noise. Minimizing tool costs is
necessary to be cost-effective in manufacturing [22].
Variations recommended that machining irregularity
could be reduced if appropriate values and requirements
were used [23]. Technique for Order of Preference by
Similarity to Ideal Solution (TOPSIS) selects the alterna-
tive closest to the ideal solution and farthest from the ideal
negative alternative. It is helpful in cases where there are a
lot of requirements and substitutes [24]. It is based on the
theory of an optimum moving solution from which it tries
to negotiate the result that is the closest. )e smallest
distance from the positive ideal solution (PIS) and the
greatest distance from the negative ideal solution (NIS) are
used to rank the options. TOPSIS explores the ranges of
both PIS and NIS, ranking candidates based on their
relative proximity and combining the two distance mea-
surements [25]. Taguchi’s DoE was combined with the
TOPSIS to identify the processing parameters for milling
the Inconel 625 alloy. Surface roughness, spindle vibration,
and MRR were all taken into account. )ey discovered
that, after optimization, machining performance improved
[26]. )e novelty of this research lies in the combination of
biolubricants and nanoparticles that are used. Inconel 625
has not been machined with the current choice of bio-
lubricants and nanoparticles. )e responses such as sur-
face roughness (Ra), material removal rate (MRR), and
vibration have not been recorded for this particular
combination.

2. Materials and Method

2.1. Oils and Nanoparticles. After carefully considering the
literature review and availability of the materials, palm oil
has been chosen. )e nanoparticles chosen are TiO2 and
CuO. )e nanoparticles are biocompatible with oils and do
not cause adverse effects on the lubricant. )e properties of
palm oil are given in Table 1.

2.2. SEM Images. SEM image was used to examine the
surface morphology of the nanoparticles. SEM images of the
nanoparticles TiO2 and CuO have been observed and shown
in Figure 1. It ensures that the nanoparticles are in the
nanometer size range and that the size is marked on the
image. Figure 1(a) shows that CuO nanoparticles are in the
range of 124 to 215 nm. According to the SEM image, as

Table 1: Properties of palm oil.

Oils Color Density
(g/cm3)

Dynamic viscosity
(mPa·s)

Palm oil Light
yellow 0.89 77.19
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shown in Figure 1(b), the TiO2 nanoparticles are 60 to
100 nm in size, and the TiO2 nanoparticles have a homo-
geneous spherical morphology.

2.3.EDXofCuOandTiO2. �eenergy dispersive X-ray (EDX)
analysis is used to characterize the elemental composition and
chemical composition of a specimen with an atomic number.

Elemental mapping is a technique for obtaining high-resolu-
tion imaging by accumulating detailed elemental composition
data across a sample area. Every pixel in the image is examined
to preserve the rudimentary spectrum.

�e EDX spectrum of CuO Nanoparticles is shown in
Figure 2. �e spectrum depicts the chemical components of
the sample.�e dissemination of Cu (red dots) and O (green
dots) components, which make up the whole body of the

500 nm
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124.8 nm

215.6 nm

214.8 nm

146.5 nm

150.8 nm

158.9 nm

124.8 nm

EHT = 10.00 kV Signal A = SE2 Date: 23 Apr 2022
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ZEI ZZ
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Figure 1: (a) SEM image of CuO. (b) SEM image of TiO2.

EDS Layered Image 2 Cu Lα1,2

10 µm 10 µm

O Kα1

10 µm

Figure 2: EDX analysis and elemental mapping of CuO.
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processed sample, is homogeneous in Figure 2. For each
element, the corresponding �ndings are shown separately.
�e presence of oxygen and copper is demonstrated by the
change in the distribution of both elements. Figure 2 in-
dicates that 81.1% of Cu and 18.9% of O were presented in
the sample. �e elemental mapping shows that elements are
correctly dispersed in aggregated Cu and O nanoparticles
[27]. Figure 2 shows no CuO nanoparticle impurities, and
only Cu and O elements are present [28, 29].

Figure 3 shows EDX analysis of TiO2 nanoparticles.
Figure 3 reveals that 63.2% of Ti and 36.8% of O were
presented in the sample.�e distribution of Ti (red dots) and
O (green dots) elements, which make up the entire body of
the processed samples, is homogeneous [30, 31]. �e results
of EDS revealed that no other impurities were present in the
nanoparticles. From Figure 3, it was observed that there is no
impurity in the TiO2 nanoparticle, and only the elements Ti
and O were present [32, 33].

2.4.Methodology. �e ¥owchart of the methodology for this
research is given in Figure 4.

2.4.1. Experimental Setup. Milling operations were com-
pleted on a high-rigidity Computer Numerical Control
(CNC) BMV35 T12 with a machine with speci�cations:
maximum spindle rpm 8000, spindle power 5.5 kW, and

EDS Layered Image 1 Ti Lα1,2

1 µm 1 µm

O Kα1

1 µm

Figure 3: EDX analysis and elemental mapping of TiO2.

Taguchi`s DoE, L16 OA 

Palm Oil and Nanoparticles
(CuO and TiO2) 

Milling Process

Parameter Optimization

Single response
optimization

(Taguchi`s S/N) 

Multi-response
optimization

(TOPSIS)

ANOVA for
induvidual
responses

ANOVA for
multi-response

Parameter Optimization

Figure 4: Flowchart for methodology.
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maximum traverse distance in x-y-z axis are 450-350-
350mm, respectively. Commercially available Inconel 625
block (150× 50× 50mm) was used as the workpiece material
for machining. End milling operation was selected as the
machining process. )e cutting tool used for machining
Inconel 625 was PVD-coated carbide (Grade: VP15TF;
designated as SEMT13T3AGSN-JM).

2.4.2. DoE. Feed rate, spindle speed, cut depth, and palm oil
are process parameters. At the same time, the surface
roughness, spindle vibration, and material removal rate are
considered responses. An orthogonal array (OA) matrix
helps the machine operator decide the best parameters with

the fewest possible experiments. )e four-parameter system
has a total of 15 degrees of freedom. An OA’s Degree of
Freedom (DoF) should be equal to or larger than the total
DoF. As a result, L16 OA was used in this study because it has
a DoF of 15 and allows fewer experiments to identify the best
milling parameters. )e selected parameters and their levels
are shown in Table 2. )ere are sixteen experiments in total.
Experiments are carried out after the OA has been defined,
and the S/N for every experiment is calculated [34].

2.4.3. Preparation of Coolant. A beaker of 200ml was taken,
and 99.5ml of palm oil was poured into it. 0.5 g of nano-
particles was measured using a highly sensitive electronic

Table 2: Factors and their levels.

Levels Spindle speed (rpm) Feedrate (mm/min) Depth of cut(mm) Coolant
Level 1 1500 125 0.10 1 (palm oil)
Level 2 2000 150 0.15 2 (palm oil with 0.5 wt% of CuO)
Level 3 2500 175 0.20 3 (palm oil with 0.5 wt% of TiO2)
Level 4 3000 200 0.25 4 (palm oil with 0.25 wt% of CuO and 0.25wt% of TiO2)

(a) (b)

(c)

Figure 5: (a) 0.5wt% of CuO, (b) 0.5wt% of TiO2 nanoparticles, (c) hybrid (0.25 wt% of CuO+ 0.25wt% of TiO2).
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balance. )e electronic balance was air-tight to ensure
minimal error. )e nanoparticle was poured into the beaker,
and constant stirring was done for thirty seconds using a
spatula. )e stirring ensures that the oil has 0.5 wt% of
nanoparticles uniformly [35]. )e nanoparticles and prep-
aration of nanolubricant are shown in Figures 5 and 6.

2.4.4. Milling Procedure. )e CNC machine BMV35 T12
was used for all milling operations on Inconel 625, as shown
in Figure 7. )e vibration sensor MPU 6050 has been sol-
dered to the Arduino UNO board using jumper cables. )e
Arduino UNO board acts as an interface between the sensor
and the system and is connected to a laptop using a USB-A
cable.

)e vibration sensor MPU 6050 has been attached to the
spindle using double-sided tape. Using the Arduino IDE,
vibration in the spindle’s x-, y-, and z-axes during the milling
process has been recorded. )e workpiece is cleaned with a
neat cloth before fitting inside the CNC machine. Facing the
workpiece has been done to 0.1mm. After facing the ma-
terial, the tool holder is removed and replaced with milling
inserts. )e mixture of oils and nanoparticles has been
poured uniformly over the material using a dropper (10ml).
)e end milling operation has been carried out according to
the DoE design matrix. After machining, the surface
roughness was measured using a surface roughness testing
instrument (Make- Carl Zeiss. Model- E-35B). )ree surface
roughness values were recorded, and the average surface
roughness was noted. )e material removal rate (MRR) was

Palm oil

Palm oil+TiO2 (0.5 wt.%)

Palm oil+CuO (0.5 wt.%)

Palm oil +TiO2 (0.25 wt.%)
+CuO (0.25 wt.%)

Post stirring

Post stirring

Post stirring

Figure 6: Preparation of nano lubricant.
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computed using the weight-loss method, and the weight of
the material was recorded before and after each pass. �e
formula for the weight-loss method has been given as
follows:

Loss of material weight(g) � original weight

−measuredweight,

Volume ofworkpiece �
mass(Loss of material)

density
,

MRR �
Volume ofworkpiece

machining time
.

(1)

�e density of Inconel 625 is 8.4 g/cc. �e same pro-
cedure is repeated for all experiments.

2.5. Process Parameter Optimization

2.5.1. Taguchi’s S/N. Using Taguchi signal-to-noise (S/N),
the optimal factors were analyzed. Larger is better (LB) and
Smaller is better (SB) are the two characteristics available for
optimization. LR characteristics were applied for MRR and
SR characteristics for Ra and Vx, Vy, and Vz. Using the
formula, S/N values for di�erent responses were recorded
[36–38].

SB: η � −10log
1
n
∑
n

i�1
y2i ,

LB � −10log
1
n
∑
n

i�1
y2i .

(2)

�e S/N ratio was used to determine the best conditions
for each response.�e ideal situation is the level at which the
maximum S/N is reached.

2.6. TOPSIS. To turn a multiresponse optimization problem
into a single-response optimization problem, TOPSIS is
used. �e steps involved in the TOPSIS approach are
depicted below. A normalized matrix is utilized in TOPSIS.
Calculate the PIS and NIS using normalized weighted values
and Euclidean distance using formulae [39, 40]. �e S/N for
closeness coe�cient was computed from that the optimal
parameter for multiresponse was identi�ed.

(1) Normalization matrix rij is calculated out using

rij �
xij�������
∑  mi�1x

2
ij

√ , (3)

where i� 1, 2, 3, . . ., m, j� 1, 2, 3, . . ., n and aij
represent the ith value of the jth experimental run. rij
represents the normalized data for the correspond-
ing test.

(2) Compute the weight wij of each response.
(3) �e weighted normalized data is computed by

multiplying the normalized data with its equivalent
weight. �e weighted normalized data Vij is com-
puted using

Vij � wi ∗ rij, (4)

where i� 1, 2, . . .,m, j� 1, 2, . . ., n and wj represents
the weight of the jth criterion

∑
n

j�1
wj � 1. (5)

(4) �e PIS (V+) and NIS (V−) are estimated from the
weighted normalized data:

V+ � V+1 , V
+
2 , . . . , V

+
n( )max values, (6)

V− � V−1 , V
−
2 , . . . , V

−
n( )max values. (7)

(5) �e separation value of the PIS and NIS is computed
from (6) and (7):

S+i �

������������

∑
n

j�1
Vij − V

+
j( )

2

√√
,

S−i �

������������

∑
n

j�1
Vij − V

−
j( )

2

√√
,

(8)

where i� 1, 2, . . ., m.
(6) �e closeness coe�cient to the ideal solution is es-

timated using equation (11):

Inconel 625

Machine vice

Tool holder

Milling inserts

Arduino UNO

MPU 6050
sensor 

Figure 7: Machining process.
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Table 3: Surface roughness, spindle vibration, and MRR for palm oil.

Speed Feed DoC Coolant Ra MRR ax ay az
1500 125 0.1 1 0.103 1.191198 0.173359 0.417925 0.396441
1500 150 0.15 2 0.149 1.435532 0.166886 0.406583 0.358339
1500 175 0.2 3 0.159 3.361345 0.176182 0.442583 0.396144
1500 200 0.25 4 0.229 3.494976 0.213174 0.406836 0.375259
2000 125 0.15 3 0.076 2.021427 0.164513 0.422058 0.393962
2000 150 0.1 4 0.163 2.436054 0.178955 0.414779 0.391988
2000 175 0.25 1 0.161 7.510504 0.114595 0.42088 0.377286
2000 200 0.2 2 0.35 7.809087 0.180548 0.435534 0.406443
2500 125 0.2 4 0.103 1.155101 0.220654 0.432775 0.409345
2500 150 0.25 3 0.081 1.392031 0.200459 0.429581 0.381369
2500 175 0.1 2 0.12 3.571429 0.166229 0.425354 0.386759
2500 200 0.15 1 0.111 3.713412 0.184046 0.427508 0.39247
3000 125 0.25 2 0.108 1.010714 0.179596 0.416428 0.36319
3000 150 0.2 1 0.11 1.218027 0.178492 0.43709 0.393807
3000 175 0.15 4 0.07 2.258403 0.148024 0.422805 0.367047
3000 200 0.1 3 0.107 2.348187 0.191256 0.437669 0.384296

Table 4: S/N values for individual responses.

Level Speed Feed DoC Coolant
Smaller is better

Ra

1 16.26 20.3 18.33 18.47
2 15.78 18.32 20.28 15.85
3 19.77 18.34 16 19.9
4 20.25 15.11 17.46 17.85

Delta 4.47 5.19 4.28 4.05
Rank 2 1 3 4

Vx

1 14.82 14.73 15.03 15.93
2 16.08 14.86 15.63 15.23
3 14.34 16.52 14.51 14.77
4 15.21 14.34 15.28 14.52

Delta 1.73 2.18 1.12 1.4
Rank 2 1 4 3

Vy

1 7.572 7.489 7.456 7.416
2 7.468 7.497 7.542 7.518
3 7.355 7.375 7.191 7.272
4 7.363 7.397 7.569 7.552

Delta 0.217 0.122 0.378 0.28
Rank 3 4 1 2

Vz

1 8.376 8.16 8.182 8.193
2 8.146 8.42 8.448 8.446
3 8.184 8.396 7.912 8.25
4 8.459 8.19 8.623 8.277

Delta 0.314 0.261 0.711 0.253
Rank 2 3 1 4

Larger is better

MRR

1 6.515 2.244 6.931 8.035
2 12.303 3.865 6.931 8.020
3 6.644 11.544 7.837 6.733
4 4.074 11.883 7.834 6.733

Delta 8.229 9.638 0.906 1.303
Rank 2 1 4 3
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3. Results and Discussion

3.1. Single Response Optimization Using Taguchi’s S/N.
)e surface roughness, MRR, and spindle vibrations are
tabulated in Table 3.

Taguchi’s S/N values were used to find the best pa-
rameters for individual responses. )e SB characteristics
were used for surface roughness and vibration signals.
Maximizing the MRR is a critical criterion in metal removal

processes [41]. )e MRR must be determined to attain
excellent machinability. As a result, for MRR, the LB
characteristic was used. From Table 4, it can be seen that the
highest S/N value produces the best results. For palm oil, the
minimum surface roughness can be obtained when the
spindle speed is 3000 rpm, feed rate of 125mm/min, depth of
cut (DoC) of 0.15mm, and palm oil, with CuO nanoparticles
being used as a coolant. Minimal vibration on the x-axis
during the machining operation was obtained with the
spindle speed of 2000 rpm, feed rate of 175mm/min, DoC of
0.15mm, and palm oil without nanoparticles. Similarly, for
the y-axis and z-axis speeds of 1500 rpm and 3000 rpm, a
feed rate of 150mm/min for both DoC of 0.25mm for both

Table 5: Analysis of variance.

Source DF Adj SS Adj MS F-Value P-Value % Contribution
Surface roughness
Speed 3 0.02259 0.007529 21.92 0.015 31.02
Feed 3 0.02261 0.007535 21.94 0.015 31.04
DoC 3 0.0136 0.004534 13.2 0.031 18.68
Coolant 3 0.01298 0.004326 12.59 0.033 17.82
Error 3 0.00103 0.000344
Total 15 0.0728
S R-sq R-sq(adj) R-sq(pred)
0.018534 98.58% 92.92% 89.74%
MRR
Speed 3 24.28 8.0932 21.08 0.016 37.06
Feed 3 31.03 10.3433 26.94 0.011 47.36
DoC 3 3.98 1.3267 3.46 0.168 6.07
Coolant 3 5.065 1.6883 4.4 0.128 7.73
Error 3 1.152 0.384
Total 15 65.506
S R-sq R-sq(adj) R-sq(pred)
0.61964 98.24% 91.21% 49.98%
Vx
Speed 3 0.00235 0.000784 16.72 0.022 25.66
Feed 3 0.00388 0.001292 27.57 0.011 42.31
DoC 3 0.00107 0.000356 7.6 0.065 11.65
Coolant 3 0.00173 0.000575 12.27 0.034 18.83
Error 3 0.00014 0.000047
Total 15 0.00916
S R-sq R-sq(adj) R-sq(pred)
0.006846 98.47% 92.33% 86.35%
Vy
Speed 3 0.00029 0.000096 10.26 0.044 16.48
Feed 3 0.00011 0.000037 4.01 0.142 6.43
DoC 3 0.00086 0.000288 30.81 0.009 49.56
Coolant 3 0.00045 0.00015 16.12 0.024 25.90
Error 3 2.8E-05 0.000009
Total 15 0.00174
S R-sq R-sq(adj) R-sq(pred)
0.0030549 98.39% 91.96% 84.27%
Vz
Speed 3 0.00073 0.000243 9.64 0.048 22.54
Feed 3 0.0003 0.000099 3.93 0.145 9.20
DoC 3 0.00182 0.000607 24.04 0.013 56.23
Coolant 3 0.00031 0.000104 4.13 0.137 9.66
Error 3 7.6E-05 0.000025
Total 15 0.00324
S R-sq R-sq(adj) R-sq(pred)
0.0063477 96.66% 85.31% 83.06%
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and y-axis palm oil with both nanoparticles and z-axis palm
oil, with TiO2 being used as the coolant. For MRR, the
optimal parameters are a speed of 2000 rpm, 200mm/min
feed, 0.20mm DoC, and palm oil without nanoparticles.

3.2.ANOVA. Analysis of Variance (ANOVA) is used to find
the most significant parameter influencing the response.
When using ANOVA, the method is quite beneficial for
determining the level of risk and the effect of milling pa-
rameters on a specific response. It is utilized to determine
each control factor’s relative influence in the response
evaluation to ensure that the quality of the most critical
aspects of the product should be carefully monitored
[22, 42].

3.2.1. Surface Roughness. From Table 5, both speed and feed
rate have the same level of contribution of 31% to surface
roughness, followed by DoC of 18.68% and coolant of
17.82%, respectively. From the P-value (P< 0.05), it was
found that all parameters have significantly impacted ma-
chining. )e average surface roughness for the speed of
1500 rpm is 0.16 μm, and when the speed increases to
2500 rpm, the surface roughness is reduced by 18.75%.
Similarly, for the speed of 3000 rpm, there is a 38.75% de-
crease in surface roughness. As the spindle speed increases,
the built-up edge advancement slows down, and heat in the
shear zone rises, making it more straightforward for ma-
chining and improving surface quality [43].With an increase
in feed, the surface roughness steadily increased, generating
force on the machined surface that causes vibration, which
raises the roughness. An identical pattern was observed in
the literature [21, 44].

It is observed that when CuO and TiO2 (hybrid mode)
nanoparticles are mixed with palm oil, the lowest surface
roughness is obtained when compared to all other combi-
nations [45]. )e mechanism could involve rolling CuO
nanoparticles rather than forming a layer or repairing
surfaces [46]. CuO nanoparticles act as a third body between
the two mating parts, preventing metal-metal contact and
thus reducing surface roughness, as evidenced by the lower
coefficient of friction and roughness values observed [47].

3.2.2. MRR. From Table 5, it was observed that feed has a
significant impact on the MRR, contributing 47.36%.
Moreover, the speed gives 37.06% of the contribution to the
machining process. DoC and coolant have an insignificant
impact of 6.07% and 7.73%. )e feed has more impact than
speed and as the feed increases, machining the material to
the desired length takes less time, increasing the MRR [48].
When palm oil is mixed with the hybrid combination of
nanoparticles at a speed of 2000 rpm, a feed of 175mm/min,
and 0.15mm DoC, the optimal results are obtained. )e
hybrid mode of nanoparticles formulates a third layer be-
tween the workpiece and the tool.)e surface is slippery, will
be long-lasting, and is ideal for machining for extended
periods [49].

3.2.3. Spindle Vibration. From Table 5, it can see that x-axis
feed can have a significant impact of 42.31%, followed by a
speed of 25.66%, and coolant of 18.83%. DoC also has a
minimal impact of 11.65%. All parameters will have a sig-
nificant impact on the machining process. For the y-axis, the
DoC had a significant contribution of 49.56%, followed by
coolant with 25.9% and speed with 16.48%, and feed had an
insignificant impact of 6.43% [50]. For the z-axis, DoC had a
significant impact of 56.23%, followed by a speed of 22.54%,
and both the coolant and depth of cut had an insignificant
impact of 9.6% and 9.2%, respectively. )e spindle moves in
the same direction as the z-axis. As a result, the contribution
of the DoC is more on the z-axis [34, 51].

It is observed that when using vibration on the x-axis, the
values are lower when TiO2 is mixed with palm oil [52].
Similarly, for the z-axis, the values are lower when TiO2 is
mixed with palm oil [53]. Similar research discovered that
adding nanoparticles to the lubricant can decrease friction and
wear, increase allowable bearing capacity, and remove heat
under higher temperatures and high load conditions, reducing
bearing wear and achieving vibration suppression [54].

4. Multiresponse Optimization Using TOPSIS

TOPSIS can be used to conduct multiresponse optimization.
Table 6 displays the normalized data. (3) can be used to
conduct data normalization. Table 7 shows the weighted
normalization and separation measures. (4) is used to cal-
culate the weighted normalization. Equations (8), (9), and (11)
calculate the separationmeasures and the closeness coefficient
CCi. Table 8 shows the S/N values of CCi. From Table 8, it can
see that the optimal parameter can be identified. )e optimal
parameters are the speed of 2000 rpm, feed of 175mm/min
feed, DoC of 0.15mm, and palm oil with 0.25 wt% of CuO and
0.25wt% of TiO2 nanoparticles. From Table 9, it can be seen
that the feed had a contribution of 43.93%, followed by a
speed of 25.10%, the coolant of 23.3%, and DoC of 6.08%.
Speed, feed, and coolant significantly impacted the machining
process. From this, it can be observed that the multiresponse
characteristics are impacted by feed speed and coolant.

Table 6: Normalization table.

S. No. Ra MRR Vx Vy Vz

1 0.168131 0.084796 0.242232 0.245895 0.256665
2 0.243218 0.102189 0.233188 0.239221 0.231997
3 0.259541 0.23928 0.246177 0.260403 0.256473
4 0.373805 0.248793 0.297865 0.23937 0.242951
5 0.124058 0.143897 0.229872 0.248327 0.25506
6 0.266071 0.173412 0.250051 0.244044 0.253782
7 0.262806 0.534641 0.160123 0.247633 0.244264
8 0.571318 0.555896 0.252278 0.256255 0.26314
9 0.168131 0.082227 0.308317 0.254632 0.26502
10 0.132219 0.099093 0.280098 0.252753 0.246907
11 0.19588 0.254235 0.232269 0.250266 0.250397
12 0.181189 0.264342 0.257165 0.251533 0.254094
13 0.176292 0.071948 0.250947 0.245014 0.235137
14 0.179557 0.086706 0.249405 0.257171 0.25496
15 0.114264 0.160766 0.206832 0.248766 0.237635
16 0.17466 0.167158 0.267239 0.257512 0.248802
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4.1. Confirmation Test. A calculation test was used to verify
the significance of the solution parameters. )e experiments
were repeated three times, with the average result used for
the analysis. For further investigation, the value was used.
Table 10 showed the confirmation test results and discovered
that the surface roughness decreased by 3.10%.)eMRRwas
increased by 6.14%. )e spindle vibration in the x & z-axis

decreased by 7.54% and 6.78%. On the other hand, vibration
in the y-axis increased by 5.44%.

)e consumption of nanoparticles (0.25 to 0.5 wt%)
along with palm oil is significantly less, and the overall cost is
also reasonably minimum. Further, it enhances the surface
roughness, MRR, and vibration features. )is will signifi-
cantly enhance the life span of the machine.

Table 7: Weighted normalization. Measures of separation and closeness coefficient values.

Ra MRR Vx Vy Vz S+ S− CCi

0.033626 0.016959 0.048446 0.049179 0.051333 0.096381 0.081822 0.459152
0.048644 0.020438 0.046638 0.047844 0.046399 0.09546 0.068043 0.416158
0.051908 0.047856 0.049235 0.052081 0.051295 0.072057 0.071872 0.499357
0.074761 0.049759 0.059573 0.047874 0.04859 0.085033 0.053413 0.385803
0.024812 0.028779 0.045974 0.049665 0.051012 0.083742 0.092004 0.523504
0.053214 0.034682 0.05001 0.048809 0.050756 0.084362 0.065501 0.437072
0.052561 0.106928 0.032025 0.049527 0.048853 0.030158 0.115207 0.792536
0.114264 0.111179 0.050456 0.051251 0.052628 0.09352 0.097441 0.510264
0.033626 0.016445 0.061663 0.050926 0.053004 0.100111 0.080672 0.446237
0.026444 0.019819 0.05602 0.050551 0.049381 0.094613 0.088256 0.482618
0.039176 0.050847 0.046454 0.050053 0.050079 0.064289 0.084919 0.569133
0.036238 0.052868 0.051433 0.050307 0.050819 0.0631 0.087642 0.581406
0.035258 0.01439 0.050189 0.049003 0.047027 0.099266 0.080116 0.446623
0.035911 0.017341 0.049881 0.051434 0.050992 0.096586 0.079316 0.45091
0.022853 0.032153 0.041366 0.049753 0.047527 0.079607 0.095493 0.545362
0.034932 0.033432 0.053448 0.051502 0.04976 0.081696 0.082064 0.501122

Table 8: S/N for TOPSIS.

Level Speed Feed DoC Coolant
1 −7.17 −6.749 −6.392 −5.215
2 −5.281 −7.012 −5.803 −6.339
3 −5.887 −4.666 −6.602 −6.176
4 −6.477 −6.388 −6.018 −5.085
Delta 1.889 2.347 0.799 1.871
Rank 2 1 4 3

Table 9: ANOVA for CCi.

Source DF Adj SS Adj MS F-value P-value % contribution
Speed 3 0.02949 0.009828 15.94 0.024 25.10
Feed 3 0.05159 0.017197 27.89 0.011 43.93
DoC 3 0.00715 0.002382 3.86 0.148 6.08
Coolant 3 0.02737 0.009122 14.8 0.027 23.30
Error 3 0.00185 0.000617
Total 15 0.11744

Table 10: Confirmation test results.

Responses Optimal parameters Measured values TOPSIS Measured values Variation % improvement
Ra A4-B1-C2- D3 0.170975

A2-B3-C2-D4

0.16567 0.00530 3.10
MRR A2-B4-C3-D1 3.58 3.80 0.22 6.14
Vx A2-B3-C2-D1 0.176825 0.16348 0.0133 7.54
Vy A1-B2-C4-D4 0.42075 0.44364 −0.02289 −5.44
Vz A4-B2-C4-D2 0.38335 0.35735 0.026 6.78
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5. Conclusion

Inconel 625 was machined with SEMT-13T3AGSN-JM
VP15TF with palm oil and CuO and TiO2 nanoparticles as
additives. Taguchi’s DoE was applied to design the experi-
ments. Taguchi’s DoE coupled with TOPSIS was used to
optimize the process parameters. )e following conclusions
have been drawn from the experimentation:

(i) Surface roughness was measured as a feed and
speed function and depended on it.

(ii) Both the speed and feed significantly impact MRR.
(iii) )e spindle speed vibration in the x-axis depends

on the speed and feed. Similarly, the y-axis depends
on the DoC and coolant, and the z-axis depends on
the depth of cut and speed.

(iv) Taguchi’s S/N analysis was used to find the best
parameters for individual responses.

(v) TOPSIS was used to perform the multiresponse
optimization, with the best parameters being
2000 rpm, 175mm/min feed, 0.15mm depth, and
coolant of palm oil with 0.25 wt% of CuO and
0.25wt% of TiO2 nanoparticles.

(vi) According to ANOVA for the closeness coefficient,
speed and feed have physical significance, with
25.10% and 43.93%, respectively.

(vii) Surface roughness, material removal rate, and
spindle speed vibration were reduced by 3.10%, 6.14
percent, 7.54% (Vx), and 6.78%(Vz) due to TOPSIS
optimization. )is will significantly improve the
machining performance.
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Electrical discharge machining (EDM) is a cost-e�ective unconventional machining method used for machining any composites
materials. EDM is based on the thermoelectric energy between the electrode and workpiece. In this work, boron carbide particles
of 50 nm (6wt.%) are reinforced with aluminum 7075 (94wt.%) prepared using stir casting method. �e stir casting process is
carried out at speed of 700–800 rev/min. �e fabricated aluminum-boron carbide nanometal matrix composites are used as
workpiece (anode); copper electrode is used as tool (cathode). �is work investigates the in�uence of EDM process parameters
such as current (I), pulse on-time (ton), and tool diameter (d) during machining of Al-B4C composite on metal removal rate
(MRR) and tool wear rate (TWR). �e design of experimental plan is executed by Taguchi approach, and the responses of each
parameter are in�uenced by analysis of variances (ANOVA). Response table for average value of MRR and TWR shows that the
current is the signi�cant parameter a�ectingMRR and TWR. From this work, it was observed that material removal rate increased
with increasing the current, and the tool wear rate decreases.

1. Introduction

�e input parameters were optimized by Box Behnken
method, and quadratic model was suggested for output
responses. �e prepared specimen is machined using elec-
trical discharge machining (EDM). �e presence of graphite
nanopowders in dielectric �uid notably improved the sur-
face �nish and enhanced MRR (material removal rate) and
EWR (electrode wear rate) [1, 2]. �e input process pa-
rameters were optimized using L18 orthogonal array of
Taguchi Method on AISI D2 steel specimen machined by

electrical discharge machining (EDM). �e electrical spark
vaporized on work material there after it has been �ushed
out through �uid medium. It has been observed that in-
creasing current leads to increasing the surface roughness,
and CuW electrode prepared through powder metallurgy is
better than conventional Cu electrode [3, 4]. �e silicon
powder mixed in dielectric �uid gives more MRR and better
surface roughness. EDM is a very important machining
method that is extensively and e�ectively used for the
machining of such materials, exactly and cost-e�ectively
within the high advance in business [5]. �e experimental
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investigation has different characteristics to reduce ma-
chining time and cost. Dry EDM milling obtained superior
function compared to oil EDM milling and oil die sinking
EDM. *is paper work is about the reduction of tool wear
rate using boron doped CVD-diamond (B-CVD) and
polycrystalline diamond (PCD). *e results show lack of
knowledge in the process behavior of B-CVD and PCD in
micro-EDM as well as wear on tool electrode with surface
formation process [6, 7]. It is clearly evident that it is the
toughest material, specifically having high magnetic per-
meability and being difficult to make microhole. Moreover,
severe tool wear rate can be observed using conventional
machining compared to micro-EDM process [8].

Rotation of tools provides adequate flushing in the
machining zone compared to nonrotational tools. In gen-
eral, the classical experiment is too difficult to optimize and
very complex. *is can be overcome using Taguchi method
[9, 10]. MRR by sterilization conductor polarity on a zir-
conia-based composite offers the foremost stable machining
conditions and terminates that negative polarity with a
perceptibly lower risk of arcing. *is experimental investi-
gation brought a new concept such as mixing of micro-MoS2
powder in dielectric fluid along with ultrasonic vibration
using μ-EDM processes. However, the most significant
process needs to increase MRR without degrading the
surface finish [11, 12]. Al7075 is employed within the
production of M16 rifles for the army vehicles. *eM16 rifle
prime quality has lower and higher receivers. Moreover,
extension tubes, square measure, are usually made of 7075-
T6 alloy. Due to its greater strength, superior hardness,
thermal properties, and potential to be extremely polished,
7075 is widely utilized in molding tool. Boron chemical
compound (B4C) is one amongst the toughest materials
known, ranking third behind diamond and cubical com-
ponent compound. It is the toughest material created in
tariff quantities. Boron chemical compound powder is
created by reacting carbon with B2O3 in an electrical arc
chamber, through carbothermal reduction or by gas section
reactions. Nowadays, although metal matrix composites
have more advantages, they are not widely used as their
plastic counterparts. *is paper presents getting precision
machining obtained by smaller overcut dimensions of crater
resulting in low MRR with less energy desirable [13, 14].
Many combinations of metals, ceramics, and compounds are
often used with matrices of low temperature alloys. In most
of the cases, Taguchi approaches were broadly used to find
optimized result performed by different characteristics
through significant parameters and reduced sensitivity of the
system performance to design a top-quality system. *e
improvement is to select the required parameters for ma-
chining Ti-6Al-4V superalloy on micro-EDM by victimi-
zation of the Taguchi technique with different responses on
MRR, TWR, overcut, and taper. *ey conjointly know
optimum combination levels of victimization ANOVA and
S/N quantitative relation graphs. *e Taguchi technique
spots the optimal value to extend the removal rate of ma-
terial in which fluid containing micropowder in micro-EDM
victimization associates degree L18 orthogonal array. *e
different results were observed on EDM machining with

multiple characteristics of MRR value and surface rough-
ness. Analysis of variance is employed to review the im-
portance of variables method on gray relative grade showing
discharged current and duty cycle being the most needed
parameters [15, 16].

*e mechanical properties of composite material have
been improved by introducing fly ash material. Filler ma-
terial such as potassium titanium chloride is used to avoid
wettability issues. Modern composite materials attract sig-
nificant attention compared with aluminum alloys due to
their high specific properties, reduced weight, corrosion
resistance, and cost reduction used for aircraft structural
parts [17, 18]. Aluminum alloy 6063 reinforcement of TiB2
shows lower wear rate by increasing the % of TiB2 particles
improving the peak hardness and good interfacial bond in
situ composites method. A new stir caster setup is intro-
duced in this experimental work to get homogeneous dis-
persion of aluminum-based SiC composite used by four
bladed 45° angular, and its position is 35% of material below
and 65% of material above the stirrer. Aluminum alloy
AA7075 is reinforced with different ratio of TiB2 fabricated
using in situ reaction of organic salts K2TiF6 and KBF4 to
molten aluminum. It also increases the exothermic reaction
holding time which improves wear resistance [19–21].
Aluminum-TiB2 composite material specimens were pre-
pared by powder methodology, and the experiment was
conducted through hipping treatment to improve CTE re-
sults. *ree different particle sizes of B4C (56.9 μm, 4.2 μm,
and 2.0 μm) are investigated to study the morphology be-
haviour using Al7075/B4C composites by plasma activated
sintering. A high performance of light weight composite
armor is produced with B4C composite metal foams having
adequate potential applications prepared by PM technique
[22, 23]. *e MMC material is prepared with Al6061 and
different % of rice husk to improve the wear resistance
because it reduces the plastic deformation on the worn
surface and size of wear debris generated. *e results of this
investigation showed the superiority of Al7075/Al2O3/5wt%
of graphite composites for gaining their wear reduction [24].
*e influence of plasma-activated sintering parameters was
studied using Al7075/B4C precipitating smooth interparticle
bonding. Tribological and mechanical properties were
studied on Al7075/graphite composites for the optimum
wear rate. *e manufacturing of low-cost material is always
in demand and needed in most of the engineering fields.
*ose demands are overcome by using fly ash material taken
from industrial waste, agricultural waste, etc. *is rein-
forcement of MMC obtained superior mechanical properties
[25]. *e fabrication of aluminum with B4C occurs poor
wetting condition during liquid stage. It can be avoided by
introducing flux material such that K2TiF6 improves good
interfacing bonding and wettability due to the presence of
TiC and TiB2. Mechanical, tribology, and microstructure of
Al7075 reinforced with nanoparticles were studied. It has
been observed that the porosity level and hardness increase
by increasing the wt% of nanoparticles [26].

From the previous research, it was noticed that current,
pulse on-time, and pressure were selected as electrical dis-
charge machining parameters to obtain response parameters
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like material removal rate (MRR), tool wear rate, and surface
roughness. As far as the optimization techniques related to
Al-B4C is concerned, researchers have mainly used response
surface method. But the capability of other optimization
techniques like Taguchi and ANOVA should also be ex-
amined. *e present work is thus focused on EDM ma-
chining of aluminum-boron carbide composite. Stir casting
method is used for fabricating aluminum-boron carbide
(6wt.%) with the particle size of 50 nm in Al7075 metal
matrix. *e effect of current, pulse on-time (Ton), and
electrode diameter on MRR and TWR is investigated using
Taguchi and ANOVA techniques. Experiments are per-
formed as per L16 orthogonal array of Taguchi. *e optimal
setting of different process parameters is also found to
maximize MRR and minimize EWR.

2. Experimental Setup

*e experiments are conducted on the fabricated aluminum
7075 nano boron carbide metal matrix composites using
EDM as shown in Figure 1. A mix between two propelled
materials which are MMC of Al7075T6 as workpiece and
copper I as terminal has been chosen in this investigation.
*e copper impregnated graphite is considered as a cross-
breed material for the cathode, exponentially utilized as a
part of hardware and shape making industry. *e workpiece
or occupation is secured and braced at a proper area on the
x-y table [27]. *e area of little gaps or fine profound
openings to be penetrated might be set apart at work. *e
activity might be set with the assistance of dial stand and
DRO. A reasonable anode of specific size and additionally a
proper guide bramble are chosen, and the cathode is em-
bedded into the hurl for holding it. *e cathode is then tried
for coolant stream at a weight of around 100Kg/sq·cm. *e
cathode may now be positional on to occupation to begin
drilling process.

2.1. Stir Casting of Al-B4C Composite. *e composite ma-
terials were fabricated by stir casting process route [28].
Commercially available aluminum Al7075 was chosen as the
matrix and B4C 50 nm selected as reinforcement. By liquid
casting technique, the aluminum metal matrix is melted in
the temperature of 850° about 1 kg. *e preheated stirrer is
introduced in the melt when the temperature of the melt is
about 30°C above the pouring temperature. Agitation of the
melt is started, and the preheated B4C of 6wt.% is added as
reinforcement. Aluminum requires a temperature as high as
1100°C for wetting the B4C surface completely. Aluminum
alloy 7075T6 (94wt.%) reinforced with boron carbide (6 wt.
%) with the size of 50 nm is used in the current investigation.
For the stir casting process, 470 grams 27×10× 06 cm chunk
of aluminum 7075 and 30 grams of nano boron carbide are
taken in two cauldrons. *e aluminum 7075 is cut into a
pack of little pieces with the goal that it can fit into the
cauldron no 4. Boron carbide is the hardest conventional
abrasives. Its Mohs hardness is 9.36, melting point is 2350°C,
and density is 2.51 g/cm3. *e boron carbide is taken in a
different way, and both cauldrons are put in the muffle

furnace. *e most extreme warming capacity of the suppress
heater is 900°–950°C considering 7075 at 635°C for softening
purpose of aluminum and the boron carbide nanopowder at
2763°C.*emute heater is exchanged, and it begins to warm
the metal and the clay powder. *e stirrer turns at the very
least to the most extreme speed of 750 to 1000 rpm. *e
stirrer measurements are 200mmwith neck length of 10mm
diameter, and wing/cutting-edge measurements are 15mm
width, 25mm length, and 10mm breadth. After the liquid
fluids are blended in the cauldron utilizing stirrer, it was
warmed to accomplish liquid state in the suppress heater to
950°C. *en, it is removed from the heater, and a pink hued
powder named coverall is included over the best so the blend
holds its temperature. At that point, the blend is made in to
specific shape for testing with dimensions of
100mm× 100mm× 10mm; before the charge is filled in the
die, the die is heated to around 32°C. Figure 2 shows the
surface of aluminum-boron carbide nanometal matrix
composites using stir casting method. *e fabricated
composite material is having superior mechanical strength
due to having more flexural strength and improved hard-
ness. It can be used for several applications such as aero-
space, transport, and automobile industries. It is the least
expensive and high-performance material because it is more
flexible and reliable in the fabricated part.

2.2. Experimental Investigation. In this work, 16 holes were
made on aluminum T6 alloy using EDM machine with the
parameters of discharge current (7.5, 10, 12.5, 15 amps),
pulse on-time (1, 2, 3, and 4micro sec), and the tool diameter

Figure 1: Electrical discharge machine used for this investigation.
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(4, 6, 8, and 10mm). Table 1 shows the electrical discharge
machine input parameters and their levels. Figure 3 shows
the machined samples and Figure 4 shows the tools used for
this investigation [29].

2.3. ANOVA Method. In this work, it was embraced to
decide the critical parameters impacting the unpleasantness
in the MRF forms. *e ANOVA is acquired by separating
the deliberate aggregate of the squared deviations from the
aggregate mean S/N proportion into commitments by every
one of the control factors and the blunders. Table 2 dem-
onstrates the outline of ANOVA for S/N proportions. Ex-
amination about the estimation of variety proportion (F),
which is the fluctuation of the elements separated by the
blunder difference for all control factors, demonstrated a
considerably higher impact of pivoting speed and sub-
stantially less impact of cutting-edge by materials explora-
tion infiltration profundity. *e level of each factor
commitment, P, on the aggregate of squared deviations from
the aggregate mean S/N proportions delineated the level of
impact on the outcome [30].

2.4. Mathematical Modelling and Optimization. *e mate-
rial removal rate and tool wear rate are conducted using
fabricated composite material. *e results of MRR as a
function of tool diameter, current, and on-time were
consolidated for machining optimization. *is experi-
ment is designed according to the selected 4 levels and 3
factors through the tools of Minitab software, and it is
given in Tables 2–7. All the experimental results were
analyzed by means of response surface methodology
(RSM). RSM is the combination of mathematical and
statistical technique which is used to model and analyze
the problem. *e main objective of the RSM is to optimize
the response with respect to the given set of independent
variables. ANOVA is a statistical tool which is used to

investigate the nature of the input parameter and also
identify which input parameter most significantly affects
the output parameters. *e mathematical expression for
MRR and TWR for the composite material is shown in
equations (1) and (2), respectively [31].

Metal removal rate(MRR) �
W1 − W2

Td

, (1)

where W1 is the weight of workpiece before machining, W2
is the weight of workpiece after machining, and Td is the
time taken for machining.

Tool wear rate(TWR) �
T1 − T2

Td

, (2)

where W1 is the weight of tool before machining, W2 is the
weight of tool after machining, and Td is the time taken for
machining. *e effects of input parameters of tool diameter,
current, and pulse on-time and output parameters such as
MRR and TWR are obtained during machining process and
different outputs are found for different inputs.

3. Effect of Process Parameters on MRR

Electrical discharge machining was done on aluminum
70775 boron carbide nanometal matrix. Material removal
rate was estimated, and the results were recorded in
Table 8.

Figure 2: SEM images of fabricated aluminum (7075) B4C nanocomposites.

Table 1: Electrical discharge machining process parameters and
their levels.

Electrical discharge process parameters
Levels

L1 L2 L3 L4
Tool diameter (mm) 4 6 8 10
Current (amps) 7.5 10 12.5 15
Pulse on-time (micro sec) 1 2 3 4
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3.1. Effect of Tool Diameter on MRR. *e material removal
rate (MRR) has been increased by increasing current which
is shown in Figure 5. Initially, there is no more effect on
MRR in current 7.5 amps; thereafter, MRR rapidly increased
from 0.039mm to 0.252mm obtained by increasing current
in the range between 7.5 amps and 15 amps. In addition to
this, MRR is more in the effect of current ranging between 10
amps and 15 amps [32].

3.2. Effect of Tool Diameter on MRR. TWR seems poor by
using current in the range of 7.5–15 amps, as shown in
Figure 6. *e variations in tool diameter produced different
MRR values. It was observed that there is no MRR by 2mm
diameter of tool due to more hardened precipitation matrix,
and the MRR is attempted by 4mm tool diameter [17, 18].
Again, the MRR value has effectively increased by increasing

Figure 4: Tools used for EDM process.

Table 2: Larger S/N ratio Taguchi method.

Level Tool diameter (mm) Current (amp) On-time (µ sec)
1 −53.10 −51.59 −50.09
2 −52.22 50.71 50.71
3 48.58 50.09 −51.59
4 48.58 50.09 −50.09
Delta 4.52 1.51 1.51
Rank 1 2 3

Figure 3: Holes made on T6 aluminum alloy.

Table 3: Response table for means.

Level Tool diameter (mm) Current (amp) On-time (µ sec)
1 0.002250 0.002750 0.003250
2 0.002500 0.003000 0.003000
3 0.003750 0.003250 0.002750
4 0.003750 0.000500 0.003250
Delta 0.001500 0.000500 0.000500
Rank 1 2 3
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Table 4: General linear model: MRR versus tool diameter, current, and on-time.

Factor Type Levels Values
Tool diameter (mm) Random 4 4, 6, 8, 10
Current (amp) Random 4 1, 2, 3, 4
On-time (µ sec) Random 4 1, 2, 3, 4

Table 5: Analysis of variance for MRR, using adjusted SS for tests.

Source DF Seq SS Adj SS Adj MS F P
Tool diameter (mm) 3 0.0536962 0.0536962 0.0178987 46.62 0.000
Current (amp) 3 0.0010337 0.030816 0.0010272 2.68 0.141
On-time (µ sec) 3 0.0073486 0.0073486 0.0024495 6.38 0.027
Error 6 0.0023035 0.0023035 0.0003839 — —
Total 15 0.0643819 0.0941643 0.0217593 55.68 0.168
S� 0.0195936, R-Sq� 96.42%, and R-Sq (adj)� 91.06%.

Table 6: Smaller S/N ratio response for the Taguchi method.

Level Tool diameter (mm) Current (amp) On-time (µ sec)
1 25.50 19.17 19.08
2 20.04 19.25 21.86
3 19.08 20.94 18.92
4 13.57 18.83 18.34
Delta 11.94 2.11 3.53
Rank 3 1 2

Table 7: Means response for the Taguchi method.

Level Tool diameter (mm) Current (amp) On-time (µ sec)
1 0.05325 0.11775 0.12550
2 0.09950 0.12425 0.09075
3 0.12050 0.11100 0.13725
4 0.2125 0.13275 0.13725
Delta 0.15925 0.02175 0.04650
Rank 3 1 2

Table 8: MRR and TWR obtained during EDM of Al-B4C.

S.
no.

Tool diameter
(mm)

Current
(amps)

On-time
(micro sec)

Wt. of W/P
before (gm)

Wt. of W/P
after (gm)

Wt. of tool
before (gm)

Wt. of tool
after (gm)

MRR
(m3/min)

TWR
(m3/min)

1 4 1 4 118.69 118.08 9.27 9.25 0.061 0.002
2 4 2 3 118.08 117.59 9.25 9.23 0.049 0.002
3 4 3 1 117.59 117.07 9.23 9.21 0.052 0.003
4 4 4 2 117.07 116.56 9.21 9.19 0.051 0.002
5 6 1 3 116.56 115.50 11.38 11.36 0.10 0.002
6 6 2 4 115.50 114.52 11.36 11.33 0.098 0.003
7 6 3 1 114.52 113.51 11.33 11.31 0.10 0.002
8 6 4 2 113.51 112.50 11.31 11.28 0.10 0.003
9 8 1 4 112.50 110.98 14.16 14.12 0.15 0.004
10 8 2 3 110.98 109.49 14.12 14.09 0.14 0.003
11 8 3 2 109.49 108.97 14.09 14.05 0.052 0.004
12 8 4 1 108.97 107.50 14.05 14.01 0.14 0.004
13 10 1 2 107.50 105.82 36.25 36.22 0.16 0.003
14 10 2 1 105.82 103.72 36.22 36.18 0.21 0.004
15 10 3 3 103.72 101.32 36.18 36.14 0.24 0.004
16 10 4 4 101.32 98.91 36.14 36.10 0.24 0.004
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tool diameter 6mm to 10mm. �e middle range of the
current is more e�ective in gaining very less TWR. It can be
obtained that the TWR values are having more variations
with the current input.

3.3.E�ect ofOn-TimeonMRR. �eMRRwas also a�ected by
on-time, as indicated in Figure 7 in the range from 100
to1000 µ·sec. MRR increases more between 400 and 600 µ·sec
with increasing on-time sharply in the range from 200 to
500 µ·sec. �e middle range of the on-time is more e�ective
in gaining the high MRR than the �rst and last value [33]. It
is shown that the MRR value is proportional to the on-time.

4. Effect of Process Parameters on TWR

Electrical discharge machining was done on the fabricated
composites, and the electrode wear rate was calculated and
recorded in Table 8.

4.1. E�ect of Current on TWR. �e e�ect of current on
tool wear rate (TWR) is shown in Figure 8. TWR has been
decreased at initial stage when the current ranged from
7.5 amps to 10 amps. �e TWR was drastically increased
(0.002mm to 0.004mm) by keeping on increasing current
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effect from 10 amps to 15 amps. It has been observed that
one of the significant parameters was the current to
control TWR [34].

4.2. Effect of Tool Diameter on TWR. *e TWR was also
affected by tool diameter as indicated in Figure 9. *e
variations of TWR have been observed by different tool
diameters in the range from 4mm to 10mm. *e less TWR
was observed at 6mm tool diameter, and more TWR was
obtained in 10mm tool diameter [23, 24]. Initially, it was

noted that TWR decreased between 4mm and 6mm and
after that increased. *e middle range of the tool diameter
was less effective and also gained less TWR, and the variation
of TWR may be dependent on tool diameter [30].

4.3. Effect of On-Time on TWR. It was observed that TWR
was also affected by on-time as represented in Figure 10
(ranging from 100 to 1000 µ·sec). TWR decreased with on-
time ranging from 100 to 220 µ·sec. Moreover, it has been
noted that TWR increased after decreasing as the function of
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on-time was in the range from 100 to 220 µ·sec. �e middle
range of the on-time was less e�ective and gained less TWR.
It was shown that TWR obtained no signi�cant result with
the function of on-time at 220 µ·sec [19].

4.4. Optimization of Process Parameters. �e analysis is
based on S/N ratio andmeans as shown in Figures 11 and 12.
�is experimental work draws the e�ect of independent
variables of tool diameter, current, and on-time for
depending variables of MRR and TWR. Tables 2–7 provide
the rank for the independent variables based on the response
of MRR and TWR obtained in the prepared specimen. It is
evident that the factors mainly considered are MRR and
TWR. �e concept of “larger is better” shows that the

optimal parameter e�ect represents maximum MRR on the
composite [27, 29]. According to this concept, the tool
diameter plays a signi�cant role in obtaining maximum
material removal rate compared to factors in�uenced as
current and pulse on-time. F-test value at 95% con�dence
level is used to indicate the independent parameters a�ecting
the process. Analysis of variance for MRR using adjusted SS
for tests provided that F-value is higher for tool diameter
than other factors of machining. Under this optimal con-
dition for minimum TWR, on-time plays a signi�cant role
followed by current then tool diameter.

It is evident that the optimum machining parameter is
in�uenced by on-time with dependent parameters such as
tool diameter as shown in Figures 11 and 12. Initially, the
material removal rate is gradually increasing by varying tool
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diameter from 4mm to 8mm; after that, it maintains
constant material removal rate from 8mm to 10mm.
Furthermore, the MRR gets increased by keeping on in-
creasing current up to a certain range; after that, it obtains
constant current ranging from 3 amps to 4 amps. It has been
observed that the MRR gradually decreases to the 1, 2,
3 µ·seconds ranges of pulse on-time; then, it increases by
increment of 4 µ·sec as shown in Figures 13 and 14. For
TWR, the requirement is to minimize in order to improve
the machining efficiency. *e criterion selected using the
Minitab statistical software is “smaller is better,” which states
that the output must be as low as possible. *e TWR is
gradually decreasing by the increment of tool diameter, and
also it has been observed that there is less tool wear in the
parameter of pulse on-time followed by current obtained by
ANNOVA results [33, 34].

5. Conclusion

In the present work, the machining optimization parame-
ters, MRR and TWR, were carried out on Al7075T6 rein-
forcement of B4C composite. *e fabricated specimen
reveals uniform distribution of B4C particles and very low
agglomeration and segregation of particles and porosity.
Based on the experimental results, the following conclusions
can be observed:

(i) MMC specimen prepared from reinforced particles
of nano boron carbide and AL7075T6 weight
fraction ranged between 6wt.% and 94wt.% using
stir casting process.

(ii) *e optimized machining parameters were found
by Taguchi method in order to increase productivity
and minimize production cost. *e optimized pa-
rameters are tool diameter (10mm), on-time
(3 µ·sec), and current (3 amps) for greater MRR
considered as larger value is better.

(iii) *e optimum machining parameters were found by
Taguchi method in order to reduce tool wear rate
with adequate material removal rate which helps to
improve modern manufacturing era. Two more
combinations provided minimum tool wear rate
during machining. Tool diameter (6mm), pulse on-
time (1 µ·sec), and current (3 amps) were considered
among the significant factors for minimized TWR.

(iv) *e mathematical model was used to determine the
MRR and TWR on the fabricated composite ma-
terial Al7075T6 with B4C being in the combination
of independent factors like tool diameter, current,
and on-time.

(v) *e analysis of variance (ANOVA) was used to
analyze the experimental results to know the per-
centage of contribution of each parameter on MRR
and TWR. *e main effect plots for means were
used to study the effect of input process parameters
on EDM responses, while the S/N plots helped to
decide the optimal level of process parameters and
their values.*emost significant parameter was tool

diameter compared to other influenced factors for
better metal removal rate, and the specified current
range and pulse on-time were important for tool
wear rate.

(vi) Under this optimum condition, the prepared MMC
was subjected to homogeneous mixing and had
superior mechanical properties. MRR was affected
due to increase in the pulse off-time, which is de-
pendent on the proportional to the pulse on-time.
Increase in pulse on-time for all peak current set-
tings led to increase in MRR and decrease in TWR.
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With the high rise in population and a huge level of unwanted materials, conventional methods of waste disposal are becoming
outdated as it involves more manual scavenging work and unwanted human potential. In order to overcome the above manual
issues, there is a need to design a machine that can clear the litter and leftover wastes without much involvement of human
indulgence. To overcome the above issues, the smart garbage collector was designed and implemented. It consists of a vacuum
machine that sucks out leftover trash on the ground. �en, it is lifted to a certain height by servo motors to drop it into the
shredding area. �e shredder then cuts the waste into very tiny pieces. �en, the waste pieces are transferred to the storage box.
�is box is placed at an inclined angle to support the disposal of waste without human intervention. �e box opening and closing
actions are controlled by a servo motor that is placed outside the box and the slide opens vertically to avoid any unwanted residual
waste in the storage box. �e storage box consists of an ultrasonic sensor to notify the level of waste accumulated inside the box,
and when the maximum threshold value is attained, the proposed machine has to dispose of the crushed waste. All the actions of
the controller are monitored by a private server hosted on the Blynk platform that can be accessed only by the user.�e server can
be controlled through a mobile interface that acts as a remote control for the proposed machine. �e Local Server is set up using
Raspberrypi which enables ease of access to the Blynk server hosted in our home router IP.

1. Introduction

Currently, plastic waste crushers are available in many
places, but they are large sized and their usage is best suited
for waste processing centers or public places such as railway
stations, malls, busy places, and so on. Although e�ective in
plastic waste management, such crushers primarily serve the
purpose of recycling the plastic waste that has been manually
collected and brought to waste processing centers. For
closed-area waste management, their e�ectiveness is limited
because of their costly, bulky nature as well as maintenance
requirements. Moreover, if there is no manual labor to

collect and deposit waste due to a lack of resources, it
presents a cleanliness hazard to the nearby environment.

Already portable waste bottle crusher is designed [1] but
it is not moveable and we cannot control it with our mobile
phone. For an e�cient, a�ordable solution for plastic waste
management in small spaces, a miniature low-cost mobile
crusher will be the ideal option, and in this paper, we aim to
design a prototype mobile crusher robot that will have the
main features of reduced cost, small in size, and move in any
direction with user friendly in maintaining plastic wastes.
Hence, it provides an attractive design for waste collection in
domestic areas. Many problems are arising due to plastics
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even for the sea creatures like fish. %ough our government
is banning one-time use of plastic bags, most countries have
made official announcements and warnings, to control the
pollution caused by plastic materials.

So, this compact mobile crusher robot will be very
valuable to society because of its affordable costs, autono-
mous functioning, and prevention of manual collection of
waste thereby promoting a clean environment. At the na-
tional level, in India, used PET bottles are recycled into other
useful products like polyester fibers which will be utilized in
textiles. %e Indian government is now keen on eliminating
all single-use plastics from our country by 2022. At present, a
common way to recycle plastic waste is mechanical recycling
[2] only. At the International level, a documentary on
National Geographic depicted a report [3] highlighting
plastic waste; only 9% of the plastic has been recycled.

In India, the foremost thing is, in metropolitan cities and
in small towns, we have to Install solid waste recycling units
[4]. Types of solid plastic waste (SPW) and their origins are
discussed [5]. Indian Railways [6] installed a ‘PET bottle
crushing machine’ at many railway stations to minimize
plastic waste. %e railway authorities announced that if a
passenger drops a bottle into the machine, they will avail of a
cashback of Rs. 5 in their Paytm accounts. In this paper, we
have designed a low-cost machine for a plastic waste crusher
that can be utilized for recycling.%ere are somany products
that are also there in the market designed by other inventors
which are discussed here.

Once the dustbin is filled, immediately an interrupt
signal is sent to a controller which switches on the moving
system using RFID tags. And once it is activated, the current
system stops and automatically the servo system starts its
function to dispose of the collected waste material in some
other place [7]. We know that GSM is advantage over ZigBee
for short-range communication; here, author [8] uses GSM
MODEM, and they used an Infrared (IR) sensor for garbage
detection. Another smart bin [9] consists of observing the
level of the bin, and it will automatically dispose the waste in
the prescribed area and back to its original place. %is au-
tomatic bin also contains a gas sensor to alarm the nearby
people if harmful gas leaks. Multiple dustbins [10] from the
various places of the city are connected through IOT. A
mathematical formulation technique is introduced to
maintain the whole system.

%e work related to the current system [11] which was
referred in this paper emphasis on dynamic models for
collecting unwanted materials. Based on fuzzy credibility
theory, the model is created. %e author’s [12] aim is to
achieve a centralized real-time management system. Both
the municipal and the residents thus benefit from an inte-
grated program resulting in substantial cost savings and less
urban emissions. %e planned system would be able to
simplify the cycle of solid waste disposal and the monitoring
of the total collection method utilizing the IoT. In this paper
[13], authors introduced 2 routing methods so as to fulfill
solid waste disposal in a smart city. For detecting the level of
the garbage, IR sensors are used in this [14] system. %e pH
sensor is also utilized to detect degradable or nondegradable
material. Every such dustbin [15] is provided with a light

sensor part at several distances from the base of the dustbin.
Hence, as soon as the bin is completely filled, the GCV
comes and such that there is no chance for spillage. In this
paper [16], author has designed an electronic model to
empty the bin as soon as it is filled. Hence, the waste can be
managed efficiently using the proposed system. To manage
the waste problem, IOT-based approach is proposed [17] by
the author. To connect the sensor and the IOT module, an
advanced microcontroller is utilized as a visual connecting
device. %is is also implemented in the native village of the
author.

In order to overcome the difficulties such as the absence
of channelization of collected waste and a mechanism to
separate waste, in this paper, we proposed a wirelessly
controlled garbage collector that operates only through a
private server hosted in Raspberry Pi by using the Blynk
controlling software. All the commands to the micro-
controller are sent through the mobile user interface. %e
trash is sucked out by using a vacuum, and the servo motors
navigate it to the crusher where the trash is crushed to fine
pieces and dropped into the storage chamber beneath the
board. %e storage chamber consists of a sensor to monitor
the level of trash accumulated in the storage and consists of a
servo motor to open and close the cover of the chamber to
get out the trash. %e collector transports by 4 DC motors
controlled by a motor driver given a power supply by 12V
batteries. %e Smart Garbage Collector can be used in places
of mass waste gathering such as railway stations, malls, and
theatres.

2. Design Methodology and Implementation

Figure 1 shows the process diagram of the current device
using an Arduino microcontroller. Initially, the plastic
bottles are sucked by the garbage suction, and for this, most
of the power is needed. %ese wastes are crushed in the
shredder section and collected in the storage section. A
plastic shredder shown in Figure 2 is a mechanical device
that is used to cut the plastic into small pieces for recycling
process. It consists of numerous steel blades which are
capable of cutting the plastic pieces. %ere are two shafts
structure in it. Each shaft consists of an equal number of
blades in it. Both the shafts rotate towards them or away
from them. %e blades are correctly fixed perfectly so that
they will not strike each other. %e shafts are controlled by
the ACmotor. We power the motor using a single-phase AC
power supply (240V–50/60Hz). Using many gears, the
shafts andmotor will be connected. In general, the shredding
method produces raw material to be utilized further for
manufacturing, at the same time finished products like
landscape protection. Distinct terms are used to define size
reduction devices, such as grinders, chippers, granulators,
and hammer mills. %e main motto is to reduce the size of
the given input material.

Any automated systemmakes use of a microcontroller or
digital signal processor to control the real-time signals re-
ceived from the inputs. It is converted into appropriate data
and controlled accordingly. %e microcontroller used in this
investigation is Arduino uno which is clearly shown in
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Figure 3 and has fourteen input and output pins. Out of
these fourteen pins, six are utilized as pulse width modulated
outputs, and six can be used as analog inputs.%is board also
contains a sixteen megahertz ceramic resonator, a universal
serial bus connection, and a provision for reset function. In
this Arduino board, there are two receivers and transmitter
Light Emitting Diodes which can be flashed when required.
i.e., when internally when data are transmitted via the USB
to the serial chip and from the USB to the computer system.
%rough the Arduino digital pins, serial communication is
made possible through the software serial library. It also
supports the interintegrated circuit and serial peripheral
interface protocol for serial data transfer. As we know, IIC is
slower than SPI since it uses four wire protocols for data
transfer.

Another microcontroller unit shown in Figure 4 is
ESP8266 which can be automatically controlled through our
local Wi-Fi network or from the Internet. %e above ESP-01
module has general purpose input and output pins which
will be suitably programmed to operate an LED or a relay via
the Internet.%emodule will be programmed by an Arduino

USB to TTL converter via the serial pins. %e ESP8266
module works with 3.3V only so that higher than this supply
will damage the circuit.

Blynk shown in Figure 5 is a new platform that allows us
to quickly build interfaces for controlling and monitoring
our hardware projects from our iOS and Android device.
After downloading the Blynk app, we can create a project
dashboard and arrange buttons, sliders, graphs, and other
widgets onto the screen. Using the widgets, we can turn pins
on and off or display data from sensors. Blynk supports
hardware platforms such as Arduino, Raspberry Pi, and
similar microcontroller boards to build hardware for our
projects.

%e user mobile controller and the garbage collector
will be connected to the same network. A private server is
created using the desired microprocessor (Raspberry pi).
%e Raspberry pi will act as the private domain of the server
(local server). We can also use a separate mobile application
in order to give the control signals to the garbage collector.
Once the garbage is detected by the user, they send the
control signal from the mobile controller to this waste
crusher unit using the desired mobile application. %e
signal will be detected by the transceiver module in the
garbage collector. First, the user will send the moving
commands to the crusher to move to the desired position
and send the control signal for the movable handle which
carries the suction pipe. %e handle will move downwards
making the suction pipe nearer to the garbage. %en, the
user will send the control signal for the suction module
such that the garbage will get stacked to the mouth of the
suction pipe. By sending the signal to the suction pipe, the
garbage will correctly fall in the area of the shredder. %e
shredder will be activated by the user control, such that it
will move in a forward direction so that the garbage will be
cut into small pieces. %e output of the garbage will get

SHREDDER STORAGE

RESIDUE
COLLECTOR

WITH ULTRASONIC
SENSOR

MOBILE

DEVICE
CONTROLLERWIRELESS DATA PATH

POWER SUPPLY
(DIESEL OR SOLAR

POWER)

Microcontroller
(ATMEGA328p)

GARBAGE
SUCTION

MOTORS FOR
MOVING

DATA PATH

POWER SUPPLY

WASTE PATH

Figure 1: General process diagram of the smart garbage collector.

Figure 2: Front view of the shredder.
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Figure 3: Arduino board.

Figure 4: Node MCU ESP8266.

Blynk Server

Blynk app Blynk Libraries

Internet Access of your choice
Ethemet, Wi-Fi, 3G …

No laptop required

Figure 5: Front panel of Blynk app.
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stored in the waste storage box below the crusher unit.
Hence, our main motto will be completed. Once the waste
storage box will get filled, the user will get a notification on
the mobile device because we have employed an ultrasonic
sensor in the waste storage box. So, the user can give the
control signal to the waste storage box lid, which will be
controlled by the servo motor. So that the lid will open and
the wastes will fall outside, especially in the recyclable area.
%en, the waste will be recycled into newer things. Spec-
ification of the proposed garbage collector device is given as
follows:

(i) Suction power: 800W
(ii) Waste storage: 0.45–1 kg of plastic
(iii) Shredder capacity: it can crush up to 0.25mm to

1.5mm bottle wall thickness
(iv) Weight machine can carry up to 20 kgs
(v) Battery power: 12 v 1.3 A

3. Results and Discussion

%e input to the shredder consists of plastic, paper, and chart
board materials that can be crushed to small pieces by the
metal shredder, for example, paper cups, water bottles,
broken chart boards, and plastic cans.

Any one of the trash shown in Figure 6 is first absorbed
by a vacuum cleaner guided by a servo motor and it is lifted
up to the level of falling into the shredder.%e shredder then
crushes the trash into pieces and drops it down on the
storage box below the surface of the holder board. %e
controls are all manually monitored to avoid any situation
that leads to accidental crushing up of any other materials
not specified. %e complete process is shown step by step in
Figures 7–9. %e minimum power to be used in the suction
pump is 800W.

%e storage box below the surface of the holder board is
placed at an angle such that when the door of the box is
opened vertically upwards, the trash slides out of the
chamber without any residual deposits.

%e box also contains an ultrasonic sensor to measure
the amount of trash deposited into the storage box. Once the
threshold level is reached, the system disposes of the waste
into a baggage area. %e method of disposal comprises of
disposing the trash into a garbage area that arises after the
microcontroller is notified of a threshold level of waste in the
storage box.%en, it again returns to the left-off position and
continues to clean off the remaining disposed wastes. To

Figure 6: Suitable materials for crushing.

Motor Module

Controller Module

Shredder

Power supply

Figure 7: Shredder pickup path.

Transceiver

Suction pump

Battery

Robotic Arm

Figure 8: Full view of mobile crusher.
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increase the capacity of the existing garbage collector, the
following modifications can be done. (i) Normal Gear
motors can be changed to planetary gear motor which will
increase the torque so it can carry up to 100 kgs. (ii) Battery
capacity needs to be increased from 1.2A to 7.5 A and lead
acid battery is changed to a lithium-ion battery. (iii) Storage
capacity can also be increased. (iv) Advanced micro-
controllers can be utilized to increase the processing speed.

4. Conclusion

%is prototype model for waste collection is the order of the
day. Last year only our government banned all plastic
materials. However, for the current situation, again large
number of plastic covers, masks, and virus protective dresses
made the environment worse. So, this prototype is not just a
hobby but a real-time useful environment-friendly device
that will be utilized for real-time waste collection which will
be made automatic with additional features in near future.
Real-time application examples of the proposed compact
mobile crusher are individual homes, small community
areas, and small institutions such as temples, rural, or
semiurban areas that are present within out-of-city limits. In
order to fetch the waste in the interior places also, automatic
control switch is provided, and whenever the machine is in
on condition, it will move to the particular place and collect
the waste. Hence, the proposed crusher behaves as a robot in
cleaning the waste provided we can adjust the capacity
according to our purpose. If we utilize the same for domestic
purposes, it completely picks up the waste thereby reducing
the burden of the manual workers. Initially, a prototype is

designed to clean the plastic waste which will be extended to
other materials also.
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%e data used to support the findings of this study are in-
cluded in the article.

Disclosure

%is study was performed as a part of the Mettu University,
Mettu, Ethiopia.

Conflicts of Interest

%e authors declare that they have no conflicts of Interest.

Acknowledgments

%e authors would like to thank the K. Ramakrishnan
College of Technology for their excellent support for the
submission of their papers.

References

[1] R. Darshan and S. Gururaja, “Design and fabrication of
crusher machine for plastic wastes,” International Journal of
Mechanical and Production Engineering, vol. 510 pages, 2017.

[2] 2022, https://greencleanguide.comindia-to-eliminate-single-
use-plastic-by-2022.

[3] D. Oliver and A. Prieto, “Plastic Waste Management, a Matter
for the Community,”Microbial Biotechnology, vol. 12, pp. 1–3,
2018.

Waste Storge Box

Crushed Plastic Waste

Figure 9: Sample of crushed output.

6 Advances in Materials Science and Engineering

https://greencleanguide.comindia-to-eliminate-single-use-plastic-by-2022
https://greencleanguide.comindia-to-eliminate-single-use-plastic-by-2022


[4] R. Joshi and S. Ahmed, “Status and challenges of municipal
solid waste management in India: a review,” Cogent Envi-
ronmental Science, vol. 2, no. 1, Article ID 1139434, 2016.

[5] K. Ragaert, L. Delva, and K. van Geem, “Mechanical and
chemical recycling of solid plastic waste,”Waste Management,
vol. 69, pp. 24–58, 2017.

[6] 2019, https://swachhindia.ndtv.com〉PlasticWaste.
[7] S. %iyagesan, R. Shankaran, and V. Kumar, “Smart garbage

collector and disposer,” International Journal Of Current
Engineering And Scientific Research, vol. 5, no. issue 2, 2018.

[8] P. Morajkar, V. Bhor, D. Pandya, and A. Deshpande, “Smart
garbage management system,” International Journal of En-
gineering Research and Technology, vol. 4, no. 3, 2015.

[9] S. Sreejith, R. Ramya, and A. Sanjay kumar, “Smart BIN for
waste management system,” in Proceedings of the 5th Inter-
national Conference on Advanced Computing & Communi-
cation Systems (ICACCS), Coimbatore, India, March 2019.

[10] H. Saha, S. Auddy, S. Pal et al., “Waste management using
internet of things (IOT),” in Proceedings of the 8th Annual
Industrial Automation and Electromechanical Engineering
Conference (IEMECON), Bangkok, %ailand, August 2017.

[11] T. Anagnostopoulos, A. Zaslavsky, and A. Medvedev, “Robust
waste collection exploiting cost efficiency of IOT potentiality
in smart cities,” in Proceedings of the 1st IEEE International
Conference on Recent Advances in Internet of 5ings, RIoT,
Seoul Republic of Korea, June 2015.

[12] M. S. U. Maheswari, V. Rohini, G. Surdeep, and M. Varshini,
“Smart waste management and predicting BINS with high
waste index,” International Journal of Innovative Technology
and Exploring Engineering, vol. 9, no. 7, pp. 482–485, 2020.

[13] T. Vasileios, “Anagnostopoulos and arkady zaslavsky “effec-
tive waste collection with shortest path SEMI-STATIC and
dynamic routing” 4,” LNCS, vol. 8638, pp. 95–105, Depart-
ment of InfocommunicationS Technologies, ITMO Univer-
sity, St. Petersburg, Russia, 2014.

[14] C. Ishwarya, S. Jayashree, and P. Yesodha, “Microtronics
technologies,” GSM based garbage and waste collection BINS
overflow indicator, vol. 32 pages, 2017.

[15] K. G. Narendra, C. Swamy, and K. N. Nagadarshini, “Efficient
garbage disposal management in metropolitan cities using
VANETs,” Journal of Clean Energy Technologies, vol. 2, no. 3,
pp. 258–262, 2014.

[16] I. R. Khan, M. Alam, and A. Razdan, “Smart garbage mon-
itoring system using IoT,” SSRN Electronic Journal, 2021.

[17] A. Maheshwari, A. Tyagi, and N. Joshi, “To improve efficiency
of garbage collection system for smart cities: review paper,” in
Proceedings of the International Conference of Advance Re-
search & Innovation (ICARI), Punjab, India, March 2020.

Advances in Materials Science and Engineering 7

https://swachhindia.ndtv.com›Plastic Waste


Research Article
Hybrid RSA-ROA Scheduling Algorithm for Minimization of
PowerLoss and Improving theRenewablewithSustainableEnergy
Harvesting in Power System

Cuddapah Anitha ,1 Virendra Swaroop Sangtani ,2 Ajay Kumar Bansal ,3

Mahaveerakannan R. ,4 R. Rajesh Sharma ,5 and Saravanan M. S. 6

1Department of Computer Science and Systems Engineering, Sree Vidyaniketan Engineering College, Tirupati,
Andhra Pradesh, India
2Department of Electrical Engineering, Swami Keshvanand Institute of Technology, Management & Gramothan, Jaipur,
Rajasthan, India
3Department of Electrical Engineering, Central University of Haryana, Mahendergarh, Haryana, India
4Department of Computer Science and Engineering, Saveetha School of Engineering, Saveetha Institute of Medical and
Technical Sciences, Chennai, Tamil Nadu, India
5Adama Science and Technology University, Adama-1888, Ethiopia
6Department of Arti�cial Intelligence, Saveetha School of Engineering, Saveetha Institute of Medical and Technical Sciences,
Chennai, India

Correspondence should be addressed to R. Rajesh Sharma; sharmaphd10@gmail.com

Received 21 June 2022; Accepted 16 July 2022; Published 16 August 2022

Academic Editor: Vijayananth Kavimani

Copyright © 2022 Cuddapah Anitha et al. �is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Recently, it has been very common for wireless sensor networks (WSNs) to be used in several applications (surveillance, home
automation, and vehicle tracking), as well as in environmental monitoring and wildlife tracking. A typical sensor node has a
limited amount of battery life. To overcome this, one method is to use an energy harvesting device to recharge the batteries of
sensor nodes. Energy reaping WSNs still lack intelligent strategies for intelligently using both energy organization and harvesting
systems, though. To maximize the harvesting of renewable energy sources (RES) and minimize power scheme losses, this study
provides an optimal generation scheduling strategy for a power scheme combined with distributed generation (DG) and
sustainable energy storage systems (ESSs). �e major goal of this work is to make it possible to use RES in a power system while
still maintaining a pro�t. By using ESS management, we are able to get the most out of our renewable energy resources and
maximize our harvesting potential. It is also possible to reduce operating losses in the power system by scheduling ESS and
controlled generation at the optimal times. Near global optimal solutions are sought using a hybrid algorithm combining Reptile
Search Algorithm and Remora Optimization Algorithm (RSA-ROA). �e power system operational restrictions are taken into
account when formulating and evaluating the optimization issue. It has been tested in a variety of circumstances to see if the
proposed strategy is e�ective. �e proposed model has 0.260 J of remaining energy, when the number of rounds is 5000, but the
existing techniques have only 0.110 J and 0.045 J for the same number of rounds.

1. Introduction

WSNs are made up of a limited sum of low-cost and low-
power sensors. Multiple tasks such as data sensing and
simple computing can be performed by the network, as well

as short-distance transmission and storage for temporary
data [1, 2]. In addition to health monitoring, transportation
tracking, environmental monitoring, and border surveil-
lance, it is employed in various uses of Internet of�ings [3].
Energy consumption in sensor networks is closely connected
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to their longevity because of the battery’s major role in
supplying power. Sensor nodes in traditional sensor net-
works have been batteries with a finite capacity. Although
the sensor nodes have a partial battery life, the normal
application will have a limited battery life as well. It takes a
long time to replace the batteries of sensor nodes and
making the network sustainable is often a challenging task,
because they are often located in remote locations. As a
result, prolonging the life of a network is a difficult task when
faced with energy restrictions [4].

Researchers have found a way around the restrictions of
energy harvesting technologies by adopting this method. An
energy collecting technology can be used to power nodes
indefinitely. &e network’s energy consumption can be
optimized for maximum efficiency. Increasing the sampling
frequency or duty cycle of a sensor node, for example, or
increasing the transmission power to reduce the energy
harvesting device is more favourable. Renewable energy
resources include the energy gathering system [5]. A re-
source’s ability to be replenished over time by natural
processes is what is meant by the term “ambient energy
resources.” Sensor nodes are powered by a variety of sources,
including photovoltaics, wind turbines, heat pumps, and
other mechanically driven devices such as batteries [6–8].
Photoelectric cells transform the solar radiation into elec-
trical energy, which is then used in an outdoor system during
the daytime rather than at night or in overcast conditions
[9]. Wind energy is rehabilitated into power energy by
turbines in the wind energy-based system. &ere are two
ways to shift the turbines: horizontally and vertically. It also
uses piezoelectric or electrostatic devices to turn heat into
electricity, as well as TEGs to convert mechanical electricity.
As a result of the unpredictable nature of energy collecting,
managing energy supplies is a difficult endeavour. Wind and
solar energy harvesting systems [10–13] use prediction as a
well-known approach of managing renewable resources. In
contrast, several contemporary WSNs that harvest energy
lack a smart approach for judiciously utilizing the man-
agement and harvesting systems. Energy harvesting and
battery replacement will be discussed in detail in the fol-
lowing paragraphs.

Battery Replacement. An efficient and successful operating
system requires regular battery replacement. &e central
remote station constantly monitors the battery’s condition.
Maintenance personnel or a team may be dispatched to the
remote location to replace a low-battery device. To avoid this
problem, an additional battery or energy source should be
added to the sensor node. &is solution is either practical,
cost-efficient, or flexible for effective and sustainable WSNs
because of the high energy consumption of sensor nodes in
dynamic operations.

Energy Harvesting in Sustainable Manner. Wind, solar,
water, and other natural energy bases can all be used to
generate electricity, as well as pressure, heat, and vibration.
Low-power sensor nodes can now last an indefinite amount
of time thanks to energy harvesting, which has to be done in
a sustainable manner. Single-source energy harvesting is a

superior option for long-term WSN sustainability. When
adopting single-source energy harvesting, however, irregular
and insufficient battery charging might have a negative
impact on the system’s stability [14–16].

With the hybrid technique of energy harvesting, it is
possible to build and execute an enhanced WSN that can
increase the lifespan data collection, actuation, and pro-
cessing, and transmission is another option for aWSN that is
effective, long-lasting, and sustainable. We therefore need
clever solutions. Optimal generation scheduling is the focus
of this research, which examines the best way to maximize
renewable energy gathering while minimizing power losses.
It is possible to identify the most important variables in RES-
based electricity generation with DG and ESS using the
proposed method. In practice, however, DG accommoda-
tions and dimensions cannot be modified due to producer
capacity restrictions and economic benefit. DGs, in partic-
ular, are always situated in a certain location that cannot be
controlled. Producers expect maximum DG outputs, while
the power system’s loss may rise because of this. &e output
power of DGs is therefore adjusted in a way that maximizes
the gathering of renewable energy. &us, enough power can
be given to the loads, and extra power can be stored in ESS
(Excessive Power Storage).

1.1. Organization of 8is Paper. &e related study of the
existing technique, which is related to our research study is
mentioned in Section 2. &e brief explanation of the pro-
posed model is depicted in Section 3, and the validation
analysis is presented in Section 4. Finally, the conclusion of
the research work is given in Section 5.

2. Related Works

WSN generation depends on duty cycle, deployment type,
and battery state-run of charge (SoC), according to Sharma
[17]. Using ambient energy reaping to charge WSN node
batteries, we provide a novel solution to the design challenge
of low energy availability (LEA). Nevertheless, solar energy
harvesting is fraught with difficulties, such as the incon-
sistency of the power supply and the inability to accurately
estimate the sun’s output, as well as problems related to
temperature and the efficiency of the solar panels.&e goal of
this research is to extend the lifespan of WSNs by gathering
solar energy. As shown by our simulations, the sensor
network lifetime can be extended to an indefinite level, with
an optimum duty cycle of 100%, up to 115.75 days. SEH-
WSNs also saw an increase in network speed from 100 to 160
kilobits per second.

Liu [18] suggests a two-stage strategy for dealing with the
dynamics of renewable energy. As part of the network
preparation phase, we apply the primal cut approach to
resolve an RO (two-stage) problem and build an efficient
data gathering tree. With minimum overhead, we offer an
algorithm that may maximize the sample rates of nodes
based on the observed recharge rates. Network performance
is maximized under renewable energy uncertainty by not
having to reconfigure routing structure during operational
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phase. &e proposed strategy is shown to be successful and
robust in coping with the fluctuation of renewable energy
through numerical findings.

According to Gupta [19], there is an adaptive. Multi-
sensing solutions based on network and node-level part-
nerships are proposed to boost energy efficiency. Instead of
relying on cross-correlation among the recorded strictures at
each node, the latter relies on nodes with active sensors (as
determined by MS). MS-sensing SP’s quality can be im-
proved by using a retraining logic. Multisensor data fusion is
presented to estimate all parameters across field nodes
utilizing undersampled signals from the MS-CC active
sensors.

A new protocol was proposed by Sah [20] for energy
harvesting clusters (NEHCP). An algorithm called hierar-
chical clustering routing is used to implement the NEHCP,
which employs solar EH. It is the cluster head’s job to convey
data collected from the sensor nodes back to the central
station. &e beginning phase, setup phase, and data trans-
mission phase are all parts of the NEHCP algorithm. &e
EH-WSN feature gives better results in terms of network
longevity because it is unique. &e EH-WSNs’ energy
consumption is balanced and network efficiency is increased
by the simulation element of this technology.

Two-port hybrid diodes and an adaptive supercapacitor
buffer energy management technique are presented by Qi
[21] to accomplish combined optimization. In the hybrid
diode semiactive topology, the bidirectional DC/DC con-
verter is replaced by a unidirectional DC/DC converter and
two diodes instead of the current two. As a result, 15.5
percent less energy is lost, and the control system’s cost, size,
and complexity are all reduced. Adaptive supercapacitor
buffer energy organization is also being developed using the
novel architecture to reduce battery degradation. &ere is a
minimum threefold increase in battery life compared to the
current hybrid energy storage devices in simulations and
experiments. Sensor nodes powered by sunlight for the first
time have been made possible.

A wearable medical sensor device was designed by
Mohsen for long-termmedical use [22].&e acceleration of a
human body can all be monitored in real time using this
method. &ere are two sensors in this system: one for
temperature and one for pulse oximetry. &ere is also a
microprocessor and a Bluetooth low energy module in there.
Batteries are required to power this sensor system, but they
only last so long. An energy harvester that can power an
array of wearable medical sensors is therefore being de-
veloped.&e sensor system's lifespan can be extended thanks
to this harvester, which generates enough energy to run the
scheme.&e suggested hybrid energy harvester is made up of
two supercapacitors, a DC-DC boost converter and two
flexible solar panels. For a total of 46 hours of operation, the
sensor system was put to the test in active-sleep mode, where
it consumed an average of 2.13mW over a single hour.
Finally, the findings of the experiments show that the
medical sensor system may be monitored for an extended
period of time.

A multihop data forwarding algorithm and decision-
making model for the selection of data forwarding nodes

were developed by Wu [23] for WSN powered by solar cells
and batteries. &e Pareto optimal collection of solutions can
be found using the particle swarm optimization method.
Energy supply models are developed after an investigation of
solar energy acquisition aspects. An algorithm for for-
warding information in response to changes in network
energy consumption and delay has been demonstrated in
simulated results.

3. Proposed System

In this section, first mathematical models for sustainable ESS
and RES are explained.

3.1. Mathematical Ideal. Equations (1) and (2) describe the
optimal generation preparation problem for maximizing
energy gathering and reducing losses.

Maximizef1 � max PDGdispatch , (1)

Maximizef2 � min PLossline( . (2)

&ere are two sets of proposed goal functions:
f1 an d f2. &e power system’s P (DG dispatch) harvests
renewable energy. In a transmission line, P (Loss line)
represents the amount of power lost (MW).

3.1.1. Renewable Energy Harvesting Model. It is a fact of life
that DGs are continuously run at their supreme rated power
production. &is could lead to unfavourable conditions for
the power system, such as increased power losses. On the
other hand, DG power cannot be directly controlled by the
utilities. Renewable energy harvesting includes two com-
ponents: DG dispatch of power and storage of power, which
is the amount of power that can be stored between P (DG
dispatch) and the maximum power that can be generated.
ESS will store the extra power. &e following is the function
for gathering renewable energy sources:

PDG dispatch � PDG dispatch − Pstorage. (3)

Excess power is stored in ESS, where it is closely linked to
power loss.&ese losses can be broken down into battery and
converter losses, respectively [24], for the electric energy
storage system (ESS). &e following formula can be used to
compute the ESS’s loss:

PLossESS � PLossbatter + PLossconverter,

PLossbatter � I
2
battery × Rbattery,

PLossconverter � Psb + k% × Pstorage ,

(4)

where the battery and converter losses are denoted by
PLossbatter and PLossconverter, respectively. &e internal resis-
tance of the battery is Rbattery. Power storage (Pstorage) de-
termines Ibattery charging current. Standby power loss due to
components is known as Psb (continuous standby loss).
Losses in semiconductors and filters account for k percent of
the total.
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&is research, on the other hand, examines the direct link
of the highest amount of renewable energy gathering. As a
result, ESS loss is treated as if it were a property of Pstorage
rather than Ibattery. As shown in (3), Pstorage has a consid-
erable impact on ESS’s power loss. &erefore, the ESS losses
can be expected to be stowed power and ESS as follows:

Pstorage � PDG output − PDG dispatch,

PLossESS � (1 − η)Pstorage.
(5)

3.1.2. Power Loss in Line Ideal. &e generalised power flow is
used in this study to determine the power losses in the power
system's line. When analyzing the steady state of a real, the
power flow equation can be expressed as follows [25]:

Si � Pi + jQi,

Pi �  k � 1n Vi


 Vk


 Yik


 cos θi − θk − αik( , i � 1, 2, . . . , n,

Qi �  k � 1n Vi


 Vk


 Yik


 sin θi − θk − αik( , i � 1, 2, . . . , n.

(6)

Net apparent power injections to bus I are represented by
Si, Pi, andQi, respectively. Number of buses in the system is
n. &e magnitudes of the voltages on buses I and k are
Vi andVk, respectively. Both I and k refer to the voltage
angles at the two buses in question. &e difference in ad-
mission between buses I and k is measured by Yik. When two
buses are in phase with one another, they are called “ik” and
“k.”

&is work only covers the active component power losses
in lines due to a branch conductance (gik) among buses I
and k, which can be expressed as follows:

PLosslineik
� gik V

2
i + V

2
k − 2ViVk cos θi − θk(  . (7)

3.2. Objective Function Formulation. Achieving maximum
energy means maximizing the DG’s power output or de-
creasing the amount of excess energy that can represent the
least amount of power loss in the ESS, as discussed in
Sections 3.1.1 and 3.1.2. &e proposed method’s objective
function is the product of (1) and (2). As a result, the fol-
lowing may be said about it:

MinP
Total
Loss � 

Nl

i�1
PLossline,i + 

Nst

j�1
PLossESS,j. (8)

Loss line i is defined as the power loss, and loss line j as
the ESS loss. To put it another way, Nl and Nst represent the
total sum of energy transmission lines and storage facilities.

3.3. Operational Constraints

3.3.1. Power Flow Constraint. When power is transmitted
between any two buses I an d j, where each bus is repre-
sented by a row and a column in Tables 1 and 2. An il-
lustration of a power flow restriction is the following:

Ii−j ≤ I
max
i−j , (9)

where I(i−j) is the present line among busesI and j, as shown
in the figure. &e line between buses I and j has a maximum
current capacity of Imax

i−j .

3.3.2. Generator Constraints. &e system’s generators must
be run within the bus voltage’s rated active and reactive
power restrictions. &e voltage must also fall within the
acceptable ranges of maximum and minimum. &e fol-
lowing are possible generator constraints:

P
min
N ≤PN ≤P

max
N ,

Q
min
N ≤QN ≤Q

max
N ,

V
min
N ≤VN ≤V

max
N .

(10)

Generator bus N injects power (PN) both actively and
reactively. Generator N’s maximum active and reactive
powers are referred to as PN max an dQN max.
PN min an dQN min are generator N’s minimal active
and reactive powers. &e voltage on the bus at which a
generator is attached (bus N) is known as VN. Voltages min
are the generator bus’s maximum andminimum operational
voltages, respectively.

3.3.3. Renewable Distributed Generation Restraint. Only the
maximum power output from the renewable DG source is
taken into account. Here are some examples of how you can
set a restriction:

0≤PDG,N ≤P
max
DG,N. (11)

&e active power transfer from DG to bus N is denoted
by PDG,N. DGs at bus N have a maximum active power of
Pmax

DG,N.

Table 1: Details of IEEE 14-bus standard test scheme.

Type Cap. (MW) Bus
Renewable DG unit 1 100 12
Conventional gen. unit 2 600 2
Renewable DG unit 2 100 10
Conventional gen. unit 1 750 1
Conventional gen. unit 3 400 3
ESS unit 1 12
ESS unit 2 10
ESS unit 3 9

Table 2: Details of IEEE 30-bus test system.

Type Cap. (MW) Bus
Conventional gen. 1 200 1
Conventional gen. 2 150 2
Conventional gen. 3 150 5
Renewable DG 1 50 5
Conventional gen. 5 50 11
Conventional gen. 6 50 13
Renewable DG 3 50 9
ESS unit 1 5
ESS unit 2 3
ESS unit 3 9
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3.3.4. Load Constraints. Distribute general load across
system while maintaining voltage limitations as seen in (12).
A voltage deviation (VD) limit must also be adhered to when
operating the load. Difference in voltage between the
maximum and minimum voltage limitations is referred to as
VD. We can write VD down as follows:

V
min
N ≤VN ≤V

max
N , N � 1, . . . ., n bus no,

VDi � V
max
i − V

min
i , i � 1, . . . . . . , m scenarios no.

(12)

Maximum and minimum bus voltage limitations are
Vmax

N and Vmin
N , respectively. Maximum and lowest system

voltages for scenario I are Vmax
i and Vmin

i , respectively.

3.4.ProposedModel:Background. For minimizing the power
loss and maximizing the renewable energy harvesting as
presented in Sections 3.1 to 3.3, the optimal solutions are
explored by applying the hybrid RSA-ROA. With regard to
this hybrid algorithm, an entirely new transition mechanism
has been proposed, and its primary technique has been
described.

3.4.1. Reptile Search Algorithm (RSA). Here, we will discuss
the Reptile Search Algorithm (RSA). Reptile Search Algo-
rithm (RSA) is based on the natural behaviour of crocodiles
in the wild, including their encircling mechanics, hunting
tactics, and social interactions [26].

Encircling Phase. &is section introduces the RSA’s ex-
ploratory activity (encircling). Crocodiles have two distinct
ways of encircling prey: high-walking and belly-walking.

Iteration number is divided into four equal parts, and the
total sum of iterations is also divided into four equal parts.
Based on these scenarios, RSA alternates between explora-
tion and exploitation search stages. Two key search algo-
rithms are used to uncover better answers in the RSA
exploration mechanisms, which examine search regions and
approaches.

During this step of the search, only one criterion must be
met. High-walking and belly-walking search methods are
carried out according to tT/4 an d t2T/4 and t>T/4, re-
spectively. &e following equation shows how the position is
updated:

x(i,j)(t + 1) �

Bestj(t) × η(i,j)(t) × β − R(i,j)(t) × rand, t≤
T

4
,

Bestj(t) × x r1 ,j( ) × ES(t) × rand, t≤ 2
T

4
and t>

T

4
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(13)

Equation (14) yields the hunting parameter η(i,j). No
matter what, b will always be equal to 0.01. Equation (15)
determines the reduction function R(i,j). &ere are four
random numbers in this problem: r1, r2, x(i, j), and N. &e
sense of evolution equation (16) gives us the probability
parameter ES(t).

η(i,j) � Bestj(t) × P(i,j),, (14)

R(i,j) �
Bestj(t) − x r2 ,j( )

Bestj(t) + ε
, (15)

ES(t) � 2 × r3 × 1 −
1
T

 . (16)

It is an integer with the value. &e following equation
determines the difference parameter P(i,j),:

P(i,j), � α +
x(i,j) − M xi( 

Bestj(t) × UB(j) − LB(j)  + ε′
. (17)

In (18), M(xi) indicates the average position. &ese are
the highest and lower limits, respectively, where it has a
value of 0.1.

M xi(  �
1
n



n

j�1
x(i,j), (18)

Hunting Phase. &is section discusses RSA’s predatory
tendencies. Crocodiles hunt in two ways, depending on their
hunting habits: coordination and teamwork.

t≤Tand t 3T/4 are used for hunting coordination in this
phase; if t T and t 3T/4 are used, then the hunting cooper-
ation is accomplished. Equation (19) depicts the position-
updating procedures:
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x(i,j)(t + 1) �

Bestj(t) × P(i,j)(t) × rand, t≤ 3
T

4
and t> 2

T

4
,

Bestj(4) − η(i,j)(t) × ε − R(i,j)(t) × rand, t≤T and t> 3
T

4
,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(19)

where the best solution is found, and the hunting parameter
η(i,j) is defined by equation (14). According to equation (17),
P(i,j), is the difference parameter. Equation (15) defines
reduction function R(i,j).

3.4.2. Remora Optimization Algorithm (ROA). &e detailed
explanation of ROA [27] is given in the upcoming section.

Free Travel. SFO Strategy (20) provided the procedure’s elite
idea, which was used to model this algorithm’s location
update.

R
t+1
i � R

t
best − rand ×

R
t
best − R

t
ran d 

2
⎛⎝ ⎞⎠ − R

t
rand

⎛⎝ ⎞⎠, (20)

where Rt
rand is a random location.

Experience Attack
&e tuyu must take little steps around the host on a
regular basis in order to regulate whether or not it is
essential to replace the host. &e following is the
formula for simulating the aforementioned
principles:

Ratt � R
t
i − R

t
i − Rpre  × randn. (21)

In this example, Rpre is where the previous iteration left
off, and Ratt represents a tentative stride in that
direction.

Because of this step’s fitness evaluation, the current
solution f(Rt

i ) and the attempted solution f (Ratt) are de-
scribed. If, for example, the proposed solution’s fitness
function value is lower than the fitness function value, then
the proposed solution should be rejected.

f R
t
i >f Ratt( . (22)

&is section shows how Remora uses a different tech-
nique for local optima than does the rest of Remora.

f R
t
i <f Ratt( . (23)

Eat 8oughtfully

WOA Strategy
As shown in the equations below, the location update
formulation of Remora attached to the whale was
reconstructed using the original WOA method:

Ri+1 � D × e
α

× cos (2πα) + Ri,

α � rand ×(a − 1) + 1,

a � − 1 +
t

T
 ,

D � Rbest − Ri


.

(24)

When a Remora is attached to a whale, their locations
may be viewed as the same in the broader solution
space. It is a number that decreases exponentially in the
range of [−2, −1] and is chosen at random from the
range of [−1, 1].

Host Feeding
Host feeding is a subcategory of the exploitation
method. Host location can be reduced to the optimal
solution at this stage. As a mathematical concept,
travelling on or around the host is an appropriate way
to describe incremental stages:

R
t
i � R

t
i + A,

A � B × R
t
i − C × Rbest ,

B � 2 × V × rand − V,

V � 2 × 1 −
t

T
 .

(25)

In this case, A was used to indicate a very small
movement connected to the physical space occupied by
the host and remora. To tell the difference between the
host and Remora, researchers used a Remora factor (C).
If the host has a volume of one, the Remora’s volume is
equal to one hundredth of that volume.

3.4.3. 8e Proposed Hybrid Method. RSA and ROA with a
novel transition mechanism are combined in this part to
present the primary technique for the proposed hybrid
search algorithm.

In the suggested HRSA, a new mean transition mech-
anism and two major search strategies can alleviate many
issues. Early global and local search algorithms are short-
comings of classical RSA. Nevertheless, it remains the most
popular way to conduct a search. As a result, local search and
early convergence are avoided by using the ROA search
technique. ROA is used as a search engine as well as to

6 Advances in Materials Science and Engineering



improve the efficiency of search. As a result, new ideas from
other places can effectively broaden the search space. More
robust approaches to achieving better results are inspired by
these proposals for the proposed model.

Initialization Phase. Starting with a collection of candidates
(X) generated stochastically, the optimization process in
RSA commences. Nearly optimum solutions are found in
each iteration.

X �

x1,1 · · · x1,j x1,n−1 x1,n

x2,1 · · · x2,j · · · x2,n

· · ·

⋮
xN−1,1

xN,1

· · ·

⋮
· · ·

· · ·

xi,j

⋮
xN−1,j

xN,j

· · ·

⋮
· · ·

xN,n−1

· · ·

⋮
xN−1,n

xN,n

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (26)

where x(i, j) is the jth location of the ith solution andN is the
total sum of solutions and n is the size of the dimension
derived from the following equation:

xij � rand ×(UB − LB) + LB, j � 1, 2, . . . , n, (27)

where rand is a random and LB and UB signify the bound,
correspondingly. &e flow chart of the proposed model is
given in Figure 1.

8e Projected Mean Transition Mechanism (MTM). At the
beginning of this section, Algorithm 1 provides an expla-
nation of the mean transition mechanism (MTM). Con-
trolling the search and switching between the RSA and the
MTare both possible with this method. It takes a lot of skill to
move from one search method to the next. It calls for an
efficient method of changing the update operations across
multiple techniques. When the fitness does not improve after
five iterations, the basic idea behind the MTM is to regulate
the search approaches (I). &e number of repetitions de-
creases if there are no benefits to be had through testing.

While the fitness function value and C serve as a counter
in Algorithm 1, the TM variable can be switched from 0 to 1
to alter the search process between RSA and MT.&ere are a
maximum number of repeats I that should be altered if no
improvements are seen.

4. Simulation Results and Discussion

4.1. Test Systems Description. &e projected technique is put
to test using IEEE 14-bus and 30-bus test schemes, side by
side. According to the test systems, the generation units
include generation and renewable DG units. Each renewable
DG unit has an ESS installed to collect any extra power
generated. In each site, the DG power output is a combi-
nation of the electricity energy available from the DG dis-
patch and the extra power stored in the ESS unit, which has
different standards. Tables 1 and 2 present the component
data for the 14-bus and 30-bus test systems, respectively.&e
efficiency of ESS is assumed to be 90% in all deployed lo-
cations for the purpose of calculating ESS losses.

&e proposed WSN is being tested using MATLAB 2014
software. Table 3 shows the results of two distinct simula-
tions. Table 4 has further information. During the simula-
tions, we measure efficiency, the sum of active nodes, the
network’s average energy consumption, the First Node Dies
(FND), the loss of 10% and 20% of nodes, and the number of
packages transferred.

Depending on their level of sophistication, energy col-
lecting nodes can be classified as basic or sophisticated.
During different simulations, the percentages of normal and
advanced nodes in the network are 80 percent and 20
percent, respectively. Nodes in the advanced stage have three
times the energy of those in the standard stage. We ran a
number of simulations, and themean results are shown here.
Table 3 shows the simulations scenario of the proposed
model; here we used 100 and 200 nodes for simulation, as
well as the areas of 500× 500m2 and 300× 300m2,
respectively.

Table 4 shows the different parameters used in simu-
lation, which are used in the proposed model.

In the FND analysis, when the time is 44.4 s, the hybrid
RSA-ROAmethod has 40439 packets for 100 noded. But the
single algorithm such as RSA and ROA has only 2410
packets and 3986 packets for the same number of nodes
(100).When the number of nodes is 80, the hybridmodel has
125268 packets, where the single models have only 5213 and
6535 packets for the analysis of PND. Next, Table 5 presents
the summary for FND and PND for network 2.

From the comparative analysis in Table 6, it is shown that
different types of PND, 200, 180 and 160, are used. In the
FND analysis on 200 nodes, when the time is 361.2 s, the
hybrid RSA-ROA method has 72239 packets. But the RSA
and ROA have only 3840 packets and it reaches around
19.2 s and 4140 packets in 20.7 s for the same node 100.
When the number of nodes is 160, the hybrid model has
229453.5 packets in 1202 s, where the single models have
only 17357.4 in 93.3 s and 14928.9 packets in 78.1 s for the
analysis of PND. Table 7 and Figure 2 show the experimental
analysis of total number of live nodes for network 1.

When the initial rounds start, all the techniques have 100
nodes, but when the rounds are high, all techniques have
different number of nodes. For instance, when the number
of rounds is 1500, the RSA has 28 nodes and ROA has 30
nodes, but the proposed model has 90 nodes. &is is due to
the integration of RSA model and ROA model. When the
number of rounds is 3500, the RSA has only 30 live nodes,
ROA has 35 live nodes, and the proposed model has 91 live
nodes. Finally, when the number of rounds is 5000, the
proposed model has 82 live nodes, ROA has 35 live nodes,
and RSA has 30 live nodes. Figure 3 presents the number of
live nodes for proposed network 2.

In this second network, the initial nodes are 200 for zero
rounds. When the number of rounds is increased, the live
nodes for existing technique are less, when compared with the
proposed model. When the number of rounds is 4500, the
RSA has 125 nodes, ROA has 130 live nodes, and the pro-
posed model has 187 live nodes. When the number of rounds
is 2000, the proposed model has 183 live nodes, the RSA
model has 130 nodes, and ROA has 138 live nodes. &is
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analysis shows that the number of lives nodes is higher for the
proposed model compared to the existing techniques. Table 8
and Figure 4 show the remaining energy for network 1.

Initially, all models have 0.600 J, but when the number of
nodes increases, the energy is also reduced. When the

number of rounds is 500, the remaining energy of RSA is
0.111 J, that of ROA is 0.065 J, and that of the proposed
model is 0.410 J. When the number of rounds is 2000, the
remaining energy of RSA is 0.111 J, that of ROA is 0.055 J,
and that of the proposed model is 0.340 J. When the number
of rounds is 3500, the remaining energy of RSA is 0.111 J,
that of ROA is 0.045 J, and that of the proposed model is
0.290 J. For the second network, the experimental values are
shown in Table 9 and Figure 5.

When the number of rounds is 500, the proposed model
has 0.360 J, ROA has 0.180 J, and RSA has 0.020 J. For all

start Initialize the RSA
parameters β, α

Initialize the
candiate solutions

Update
R, P, u

Update
ES

DEtermine the
best solution

Calculate the
fitness value while t<T Return the best

solution

No
No

No

No
Yes

Yes

Yes

Yes If T<=3*t/4 t>t/4 &
t>2*t/4If T<=t/4 & t>t/4

End

If TM==0

If T<=t/4

Applying high
walking

Applying Hunting
cordination

Applying Hunting
cooperation

Applying the belly
walking

Apply ROA

Exploration
Exploration

t=t+1

Figure 1: Flow chart of the proposed hybrid model.

(i) Initialize theTM parameter value(TM � 0).

(ii) sumFF � 0;
(iii) for(t � 1 to T)do
(iv) sumFF � sumFF + currentFF

(v) C � (C + 1);
(vi) if(currentFF 6 � sumFF)then
(vii) if(C > I)then
(viii) TM � f lip(TM);
(ix) sumFF � 0;
(x) C � 0;
(xi) end if
(xii) end if
(xiii) end for

ALGORITHM 1: &e projected mean transition mechanism (MTM).

Table 3: Simulations scenario.

Network Sink Number of nodes Area (m2)
Proposed network 1 (0,0) 100 300× 300
Proposed network 2 (250,250) 200 500×5 00
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different rounds, the existing RSA has stable remaining
energy (i.e., 0.020 J). When the number of rounds is 1500,
the proposed model has 0.200 J and ROA has 0.180 J. But, at
one particular round, all techniques including the proposed
model have stable remaining energy (i.e., 0.180 J). Table 10
shows the performance analysis of proposed model in terms
of throughput.

&e throughput of the proposed hybrid model is in-
creased, when the number of nodes is also increased. In the
throughput experiments for network 1, the RSA achieved
109 kbps, ROA achieved 114 kbps, and the proposed hybrid
model achieved 157 kbps when the number of nodes reached
2000. &ese same techniques achieved 149 kbps, 170 kbps,

Table 4: Parameters used in simulation.

Parameter Value
PDG di spatch 5 nJ/bit/message
Pstorage 50 nJ/bit
PESS 10 pJ/bit/m2
PDG output 0.0013 pJ/bit/m4
Packets size 8192 bits
Message size 100 bits
Energy of threshold down 0.01 J
Energy of threshold up 0.1 J

Table 5: Summary of FND and partial node death (PND) for proposed network 1.

Protocol
FND (100 nodes) PND (90 nodes) PND (80 nodes)

Time (s) Packets Time (s) Packets Time (s) Packets
RSA 24.1 2410 53.2 5213.5 72.7 6901.2
ROA 40.1 3986.7 69.8 6535.6 95.5 8354.8
Hybrid RSA-ROA 44.4 40439 1288.6 125268.5 1150.8 12459

Table 6: Summary of FND and PND for proposed network 2.

Protocol
FND (200 nodes) PND (180 nodes) PND (160 nodes)

Time Packets Time Packets Time Packets
RSA 19.2 3840 59.6 11584.3 93.3 17357.4
ROA 20.7 4140 50.4 9865.7 78.1 14928.9
Hybrid RSA-ROA 361.2 72239 868.5 170170 1202 229453.5

Table 7: Number of live nodes for proposed network 1.

Total no. of rounds 0 500 1000′ 1500 2000 2500 3000 3500 4000 4500 5000
RSA 100 20 25 28 30 28 25 30 28 25 30
ROA 100 35 38 32 38 32 30 35 38 30 35
Hybrid RSA-ROA 100 90 88 90 83 87 90 91 90 87 82

1000 2000 3000 4000 5000
No. of Rounds

Hybrid RSA-ROA
ROA
RSA

0

20

40

60

80

100

Li
ve

 N
od
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Figure 2: Graphical representation for network 1.
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Figure 3: Graphical representation of the proposed model for
energy.
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and 220 kbps when the number of nodes reached 4000. Fi-
nally, when the number of nodes reached 5000, the RSA
achieved 182 kbps, ROA achieved 200 kbps, and the proposed
hybrid model achieved 255 kbps throughput. For proposed
network 2, the RSA achieved 104 kbps, ROA achieved
119 kbps, and the proposed hybrid model achieved 136 kbps
when the number of nodes reached 1000. &ese same
techniques achieved 148 kbps, 159 kbps, and 189 kbps when
the number of nodes reached 3000. Finally, when the number
of nodes reached 5000, the RSA achieved 192 kbps, ROA
achieved 220 kbps, and the proposed hybrid model achieved

263 kbps throughput. Figures 5 and 6 show the graphical
analysis of the proposed hybrid model for both networks.

Table 11, Figure 7, and Figure 8show the experimental
analysis of the proposed method for routing overhead for
networks 1 and 2.

For proposed network 1, the routing overheads of RSA,
ROA, and the hybrid model are 0.8, 0.7, and 0.5, respec-
tively when the number of nodes is 2000. &e RSA has 0.98,
ROA has 0.9, and the proposed hybrid model consumed
only 0.82 routing overhead when the number of nodes
reached 4000. From this analysis, it is clearly proven that

Table 8: Average remaining energy over different number of rounds for network 1.

Total no. of rounds 0 500 1000′ 1500 2000 2500 3000 3500 4000 4500 5000
RSA 0.600 0.111 0.111 0.111 0.110 0.110 0.110 0.110 0.110 0.110 0.110
ROA 0.600 0.065 0.060 0.060 0.055 0.054 0.050 0.045 0.045 0.045 0.045
Hybrid RSA-ROA 0.600 0.410 0.380 0.360 0.340 0.32 0.300 0.290 0.280 0.270 0.260
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Hybrid RSA-ROA
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Figure 4: Graphical representation of the proposed model for remaining energy in network 2.

Table 9: Average remaining energy over different number of rounds for network 2.

Total no. of rounds 0 500 1000′ 1500 2000 2500 3000 3500 4000 4500 5000
Hybrid RSA-ROA 0.60 0.360 0.210 0.200 0.190 0.180 0.180 0.180 0.180 0.180 0.180
ROA 0.60 0.180 0.180 0.180 0.180 0.180 0.180 0.180 0.180 0.180 0.180
RSA 0.60 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020 0.020
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Figure 5: Graphical representation of the proposed method in terms of throughput for network 1.
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the number of nodes influences the performance of routing
overhead of each model. &e hybrid model achieved 0.49 to
0.82 of routing overhead when the numbers of nodes were
1000 to 5000, while the single models, RSA and ROA,

achieved 0.63 to 1.26 and 0.51 to 1.07 of routing overhead
when numbers of nodes were 1000 to 5000. Figure 8 shows
the graphical analysis of proposed network 2 in terms of
routing overhead.
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Figure 6: Graphical representation of the proposed method in terms of throughput for network 2.
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Figure 7: Graphical representation of the proposed method in
terms of routing overhead for network 1.

Table 10: Validated analysis of the proposed method for throughput (kbps).

No. of nodes
Proposed network 1 Proposed network 2

RSA ROA Hybrid RSA-ROA RSA ROA Hybrid RSA-ROA
1000 100 98 126 104 119 136
2000 109 114 157 120 128 166
3000 128 115 176 148 159 189
4000 149 170 220 159 190 234
5000 182 200 255 192 220 263

Table 11: Performance analysis of the proposed method for routing overhead.

No. of nodes
Proposed network 1 Proposed network 2

RSA ROA Hybrid RSA-ROA RSA ROA Hybrid RSA-ROA
1000 0.7 0.6 0.4 0.63 0.51 0.49
2000 0.8 0.7 0.5 0.70 0.58 0.46
3000 0.9 0.7 0.62 0.69 0.63 0.57
4000 0.98 0.9 0.82 0.71 0.69 0.74
5000 1.23 1.18 0.96 1.26 1.07 0.82
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Figure 8: Graphical representation of the proposed method in
terms of routing overhead for network 2.
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5. Conclusion

In this paper, the optimum generation programming was
studied using the hybrid model in the power system. &e
proposed method was implemented keeping in mind
maximum renewable energy harvest and minimization of
energy losses. &e optimal solutions for the proposed
method were identified and obtained by integrating RSA and
ROA algorithms. &e comparative cases of single technique
with hybrid model were made to exploit the potential and
effectiveness of the proposed method in two different net-
works, where the single models, RSA and ROA, achieved
0.63 to 1.26 and 0.51 to 1.07 of routing overhead, respec-
tively, when the numbers of nodes were 1000 to 5000. &e
simulation results showed the effectiveness and good per-
formance of the proposed method for obtaining optimal
solutions for generation programming, especially with
maximum harvesting of renewable energy and minimizing
energy losses. Energy losses were clearly low depending on
the optimum storage power of the ESS and minimizing line
losses with maximum renewable energy harvest. In addition,
the maximum renewable energy harvest is greatly affected by
the reduction of conventional generations and reduced ESS
losses.
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 e composite was made using the stir cast manufacturing method. Many parameters, like stirring speed, stirring time, ZrO2%
reinforcement, and cast temperature, are evaluated in a Taguchi experimental design to see how they a�ected the composite
properties. In terms of composite properties, ZrO2% reinforcement and the stir speed have themost signi�cant impact. ere were
25.02% gains in ultimate tensile strength and hardness, as well as a decrease in composite wear loss, when the optimal stir casting
parameters were used compared to the initial stir casting settings. To get insight into the process and the qualities of the composite,
the hot-pressing parameters were studied. Pressure, followed by temperature, is the most critical factor in determining the
properties of composites. When a hot-pressing setting was determined to reduce the wear loss by a signi�cant 39.3%, it was
deemed perfect by the superranking concept. Under ideal conditions, hot-pressing procedures reduced wear loss by 40.8% while
boosting ultimate tensile strength and hardness by 19.83% and 9.6%, respectively.  e resulting microstructures and worn surface
morphologies from stir casting and hot pressing show vastly di�erent properties.

1. Introduction

Al 7075-ZnO castings account for approximately 80% to
90% of the entire production of Al 7075 castings worldwide.
 ere are a number of automotive and aerospace industries
where Al 7075-ZnO castings have been used [1, 2].  ese
include the engine blocks, the cylinder heads of automobile
engines, and transmission housings of automobile engines,
as well as wheel rims, the powertrains, and suspension
components of automobile engines [3–5]. Modern

businesses have developed composites (including rein-
forcements) that have improved toughness and plasticity, as
well as the aforementioned qualities, as a result of techno-
logical breakthroughs [6]. Redmud, £y ash, borides, nitrides,
oxide, and carbides are some of the reinforcing elements
used in metal matrix composites (MMC) [7]. When it comes
to porosity in composites, organic reinforcements may be
more cost-e�ective. Because of the high temperatures, dy-
namic loads, and wear, composite material parts in these
applications must have a greater level of hardness and wear
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resistance. For piston, cylinder liner, and connecting rod
applications, zirconium oxide (ZrO2) reinforcement is good
[8]. Sintering, casting, infiltration methods, spray forming,
roll bonding, and equal channel angular pressing are some of
the methods used to make these composites [9–11]. *e
most cost-effective processing procedures for MMCs are
stir-casting and penetration, which account for around 67%
of total volume output. Al 6061 alloy was strengthened and
hardened by stirring in carbides (SiC and B4C) before being
cast. In Al 6063 stir-casting, SiC reinforcement of up to 12%
increased hardness and strength [6]. Stir-cast hybrid com-
posites with Silicon carbide and tungsten carbide reinforced
Al6061 showed enhanced strength [3]. To some extent, the
mechanical characteristics of composites are influenced by
parameters related to stir-casting [12, 13]. Choosing the right
variables to impact stir-casting parameters resulted in a
better composite material’s characteristics.When it comes to
raising the quality of composites, it is assumed that con-
ducting studies on all stir-casting factors one at a time is
impractical [14, 15]. In addition to being time-consuming,
tedious, wasteful, expensive, and energy-intensive, many
methods are also inefficient. In addition, they produce re-
gional solutions [16, 17]. For Al 7010 MMCs, Taguchi’s
statistical method limits practical testing to the lowest and
most optimal stir-casting variables simultaneously [18]. *e
Taguchi method can be used to raise the hardness of MMC
by adjusting the basal % of reinforcement, time, and size
[19]. Silicon carbide reinforced AA6061 composites with the
Taguchi technique’s optimal parameter levels were shown to
have improved wear resistance properties [20]. Stir-casting
composites have varied densities because of the porosity
created when reinforcing particles are added to the matrix
material [20, 21]. Using porous materials in castings and
composites can cause stress concentration and crack de-
velopment [22]. When loaded, these components fail cat-
astrophically due to their inferior tensile and fatigue
strengths. MMC’s with low porosity and a wide range of
properties are still a problem to design using universal
parametric criteria for novel matrix-reinforcement com-
positions. As a result, postprocessed composites require
special attention to ensure that pores are sealed [23, 24].
Pores in composites can be minimized by some posttreat-
ment methods such as extrusion, pressing, or rolling [25]. In
713LC superalloys subjected to hot pressing, this method
increases fatigue life and decreases casting faults (porosity,
microshrinkage, and inhomogeneity) [26, 27]. Cast Ti6Al4V
exposed to various hot-pressing settings had their pore
closure affected by pressure, temperature, and holding time.
*ey discovered that the porosity of a hot-pressing material
changes significantly depending on the parameters of the
process [28–30]. It was found that using the Taguchi ap-
proach, pressure, temperature, and dwell time were all
improved in Al 7075-5% TiC and that zirconium diboride
composite density, grain size, and hardness were all im-
proved using the Taguchi method [31]. *e Taguchi ap-
proach was used to optimize the hot-pressing parameters
and differences in silicon carbide percentage in ZrB2
composites [32]. Differences in matrix-reinforcement
compositions led Taguchi to calculate ideal hot pressing

settings, which were found to be different from previous
studies [33]. Furthermore, there has been no effort to
identify a single set of hot-pressing parameters that may be
used for numerous outputs. Al-metal matrix composites
have likely seen an improvement in mechanical and wear
qualities due to the addition of reinforcement in the form of
zirconium oxide [34]. It is the fundamental goal of the
current research to develop Al 7075/ZnO reinforced with
ZrO2 (ZnO reinforced Al 7075). Stir-casting was used to
create the composites [35]. Analysis and optimization of stir-
casting parameters using the Taguchi method were utilized
to increase wear resistance and hardness of the composites
by increasing the stirring speed, stirring time, cast tem-
perature and reinforcement weight percentage of ZrO2. *e
concept of super rank was used to optimize entire outputs
[36]. Composites made with the concept of super ranking
optimized stir-casting settings were hot pressed in order to
close pores and increase their properties [34, 35]. Using the
Taguchi approach, we were able to determine the best
conditions for hot-pressing parameters in order to increase
hardness and wear resistance [37]. Using the Pareto
ANOVA technique, it is possible to identify the best possible
conditions.

2. Materials and Methods

2.1. Materials. Matrix material for industrial applications
using Al 7075/ZnO alloy: For use in load bearing applica-
tions, ZrO2 has good hardness and wear resistance qualities
as a reinforcing material. Stir-casting composites are created
by adding ZrO2 reinforcement to an Al 7075/ZnO alloy. At
50 um in diameter, the ZrO2 particles were detected.
According to an EDS analysis, the composite samples
contain ZrO2, Al 7075, and ZnO.

2.2. Stir-Casting Method. Many sectors were interested in
MMC’s liquid state processing technique (stir casting) be-
cause of its durability, simplicity, and economy. For the
fabrication of Al 7075/ZnO-ZrO2 composites, melt stirring
was facilitated by die casting.Mechanical stirring was used to
disseminate ZrO2 particles (4,8 and 12%) into a molten Al
7075/ZnO matrix metal. *e precise selection of stirring
speed, stirring time, reinforcement preheating, and melt
temperature are all important for superior mechanical
characteristics and homogenous ZrO2 particle dispersion in
the molten matrix. FENFE Metallurgical Laboratory in
Bangalore provided the Al 7075/ZnO ingot material, which
was then chopped into small pieces and deposited in a
graphite container fitted with an electric furnace. First, the
temperature of the specimen was raised to 780°C. Hexa-
chloroethane (C2Cl6) tablets, pulverized into powder, are
dipped into the molten metal below using a Zr-coated Cr-
steel rod. *e ZrO2 powder reinforcements were heated to
525°C in an electric muffle furnace for 30 minutes to remove
humidity, deposits, and scales from particles. Using a funnel,
heat up particles added to melt and mechanically agitated at
525–625 rpm for 25–30 g/min. Finally, the heatedmould was
filled with the prepared melt and it was poured into the
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mould to set (say 700 to 780°C). Using a split die, the casting
was expelled from the die once it had solidified to the desired
level of rigidity. With the use of a total of nine Taguchi tests
(stirring speed, time, and temperature), we were able to find
the best combination of ZrO2 wt% (4,8 and 12%) and casting
temperature. *e results of each experiment are duplicated
three times to ensure that they are accurate. An experimental
stir-cast arrangement is depicted in Figure 1.

2.3. Hot-Pressing Method. Reduction of porosity and re-
finement of grains in the components are two of the primary
reasons why the hot-pressing technique outperformed Stir
Casting in terms of overall performance. As a result of this
negative pressure differential, a vortex is formed that pulls in
reinforcement and air bubbles, which results in pores or
other defects in cast composite materials. In a hot-pressing
procedure, the cast specimens are concurrently subjected to
both pressure and warmth. In order to provide pressure, a
100-ton hydraulic press was used. An electric muffle furnace
was used to heat the collected stir-cast samples. *e desired
experimentation temperature is maintained by the tem-
perature control device (say 420–500°C). It took two hours to
guarantee that the warmth was evenly distributed
throughout the specimens by keeping them in a hot furnace.
Fragmented die goes halves made of H13 HotWork Steel are
used to press specimens (45 HRC). Before using the die or
punch, theymust be heated to the proper temperature.*ere
was a wide range of pressures and temperatures utilized in
the hot-pressing process. *e dwell duration was also
changed (40, 80, and 120MPa) (refer to Table 1). Pressure
and heat were removed from the process after the proper
dwell time had been established. *e specimens were
reexamined once they had cooled down.

2.4. Vickers Hardness Assessment. According to the ASTM
E384 standard, Vickers hardness equipment was used to
measure microhardness in composites of stir-cast and hot-
pressed. Following milling and polishing, the specimens
were ready for the hardness test. Tests for hardness were
carried out in stir casting on the side opposite to the pressing
and pouring directions. *e composite specimens were
subjected to a 1 kgf load for 10 seconds using a rectangular
pyramid diamond indenter with a 136° angle. During the
Vickers hardness test, each sample received an average of
eight indentations.

2.5. Wear Test. *e wear test was carried out using a
computerized pin-on-disc (TR-20LE, Ducom) system. An
ASTM-G99 standard operating method was used to note
wear rate values, which were recorded. To ensure accurate
results, the specimens were first polished to a surface
roughness of 0.25m. Examples of pin materials utilized a
range of stir-cast and hot-press processes. When the 8-inch-
thick EN-24 steel disc is rubbed against the pin’s substance,
the hardness of the EN-24 steel (62 HRC) is maintained.
Sliding at a speed of 2.5 meters per second and a distance of
1000 meters are utilized to record the wear rate data.

Welding tests are conducted in a temperature-controlled
setting. For each of the hot-pressing and stir-casting settings,
three wear rate results are averaged.

2.6.TensileStrength. ASTME8 standards were used to create
and evaluate cast and hot-pressed samples. *e tensile
strength measurements were recorded using a universal
testing machine. Tensile tests on every specimen were
performed at a strain rate of 0.5mm/s, as can be seen. *e
mean of tensile strength readings for each stir-casting and
hot-pressing condition is recorded for each specimen.

2.7. Metallographic Examination. *e metallic material’s
microstructure and production method have an effect on the
material’s physical, mechanical, and wear behavior. When
316 stainless steel pieces were subjected to a different pro-
duction route, they displayed differential attributes and a
varied microstructure. *ere is a substantial correlation
between the change in microstructure and the change in
properties. *ere have been similar findings reported in the
literature. As a result, samples produced by stir-cast and hot-
press are subjected to microstructural studies. *e samples
are first polished to a glass finish in order to be studied using
optical and scanning electron microscopes. Composites’
worn surface structure is examined using SEM.

2.8. Taguchi Method. Any manufacturing process can
benefit from determining a set of optimal circumstances that
enhances its product’s performance. A trial and error or one
factor at a time strategy results in this. *ere is a loss of time
and money in addition to undesirable results [38]. *e
Taguchi approach has proven to be successful because of its
solid experimental design and ability to address real-world
problems with aminimumnumber of trials, even when there
are several elements influencing the process’s performance.
*e wear rate, UTS, and hardness of the stir-cast made Al
7075/ZnO-ZrO2 composites are examined in Taguchi L9
tests to see how various parameters affect these composites
(stirring speed, stirring time, temperature, and ZrO2 rein-
forcements). Stir casting components and their relative
values could only be identified after a thorough literature
review [39]. Taguchi L9 trials were used to measure hard-
ness, ultimate tensile strength, and wear rate as a function of
hot-pressing factors (such as dwell time, pressure, and
temperature). *e conditions for hot pressing were estab-
lished by a pilot experiment and subsequent study [40].
Table 1 shows the stir-cast or hot-press operations, exper-
imentation, and optimization parameters and its levels.

2.9. Super Ranking Concept. Product/process performance
can be improved using a Taguchi approach, although this
method can only analyze and optimize certain reactions. It is
possible to solve engineering problems using MCDM
(multi-criteria decision making) approaches when many
factors influence the responses that are in conflict with one
another. *ere are a number of weighting methods that can
be used for allocating individual responses, including
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CRITIC, PCA, and Entropy, Fuzzy and AHP. A skilled
mathematician is needed to perform critical computational
steps when analyzing contradictory optimization parameters
when using weight methods. In order to quickly discover the
best solutions, those in the sector require forecasting tools
that utilize simple mathematical principles. SRC can be used
to solve multi-objective optimization problems without the
usage of weightingmethods or costly computing procedures.

3. Results and Discussion

Microfluidic chip testing was conducted using a variety of
stir-cast and hot-press settings on the Taguchi L9 micro-
fluidic chip. Pareto analysis is used to discover optimal
values for each parameter in the case of contradicting
outputs. SRC is used to find a single set of optimal variables
for all outputs in a model. Microstructure tests were carried
out to support this. Using Taguchi and SRC’s ideal cir-
cumstances as a baseline, independent experiments verify
their conclusions.

3.1. Stir-Casting Process. To create the Al 7075/ZnO-ZrO2
composites, stir casting was used. Taguchi L9 experiment
method was used to examine the effects of stirring speed,
stirring time, cast temperature, and ZrO2 reinforcements
(4,8,12%) on wear loss, hardness, and Ultimate tensile
strength. For each trial, average values of 24 hardness

indents, three wear losses, and Ultimate tensile strength are
shown in Table 2 based on a total of 36 indents. Using the
actual output data, the S/N ratio was calculated. Quality
parameters for hardness and UTS were employed with
larger-the-better values, whereas wear loss was used with
smaller values. Table 2 shows the S/N ratio statistics for the
stir-casting process’s output quality attributes.

In order to build the Pareto ANOVA, we used the S/N
ratio data (Table 2). An analysis of variance using the Pareto
principle helps researchers to find the elements that con-
tribute and the best values for hardness and wear loss, as well
as UTS.

3.1.1. Influence of Factors on Hardness. Using Signal to
Noise ratio, Figure 2 depicts the hardness behavior for each
factor and level. *e results showed that adding ZrO2 to the
Al 7075/ZnO matrix at a higher percentage (after 12%)
resulted in a significant decrease in hardness values. Possible
explanations include an increase in trapped air within a
ZrO2 particle cluster when the ZrO2 reinforcement per-
centage is increased, as well as the fact that ZrO2 particles
that have agglomerated during melting do not break apart.
Some reinforced elements might aggregate on the melted
surfaces to specific characteristics of MMCs. *e shear ac-
tion of rotating blade induced by a prolonged period of
maximum stirring speed resulted in the deagglomeration of
reinforcement particles in the melt mixture, resulting in a

Furnace Temperature
Control Unit

Machanical Strirrer

Reinforcement

Motor

Matrix material

+

–

Temperature
Control Unit

Bottom pouring mechanism

Die Pre-heater
Cast material

Stir Casting Furnace
+ –

Figure 1: Schematic view of the stir-casting arrangement.

Table 1: Stir-cast progression and hot-press progression parameters.

Stir-cast progression Hot-press progression
Input parameters Levels (1,2,3) Input parameters Levels (1,2,3)
A: Stirring speed, rev/min 525, 575,625 E: Temperature, C 420,460,500
B: Stirring time, min 5, 10,15 F: Pressure, MPa 40,80,120
C: Casting temperature, C 700,740,780 G: Dwelling time, min 15,30,45
D: ZrO2 reinforcement, % 4,8,12 – –
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homogenous particle distribution in composites. Improved
hardness values were achieved by increasing speed and
stirring duration.

Observe that hardness ratings do not improve signifi-
cantly once the stirring speed crosses the intermediate value.
A possible explanation for the enhanced hardness values
observed with a higher casting temperature is improved
wettability and a more uniform mixing process. *ere was a
strong correlation between ZrO2 reinforcement and the
effects of stirring rates, durations of stirs, and pouring
temperatures (refer to Table 3). To maximize the hardness
value, Pareto ANOVA indicated that A2B3C2D1 (i.e.,
575 rpm, 15min stir duration, 740°C cast temperature and
ZrO2: 4% ZrO2) was found to be the best stir-casting
conditions (refer Table 3). Owing to the multifactor struc-
ture of the studies (i.e., levels factors� 34 : 81 experimental
set), the indicated ideal levels differ from those of L9
experiments.

3.1.2. Impact on Parameters on Wear Loss. Figure 3 illus-
trates the most important aspects that influence wear loss, as
shown in the figure. After a 10% increase in ZrO2 rein-
forcement to Al 7075/ZnO, wear loss increased. With an
increase in the amount of ZrO2 reinforcement, large particle
clusters form that reduce matrix wetting and cause the

reinforcement to pull away from the matrix under loading
conditions, leading to the formation of large gaps or pores in
the composites. When the stir speed and time are increased,
the wear loss lowers, allowing for a more uniform dispersion
of reinforcement particles and an improved interparticle
distribution. Particle agglomeration, on the other hand, can
occur at modest stirring speeds and times. Increased wear
loss is caused by cast temperatures which are either very less
or very high Over low pouring temperatures cause particle
aggregation and premature solidification. Due to the long
time it takes for the material to solidify at a high temper-
ature, an undesirable microstructure can result. ZrO2 re-
inforcement had the greatest impact on wear loss, followed
by stirring time, stirring speed as well as pouring temper-
ature. It was observed that A3B3C2D2 (i.e., 625 rpm, 15
minutes of stirring time, cast temperature of 740°C, and
ZrO2: 8% wt.) were the optimum parameter levels for de-
creasing wear loss in composites. In the Taguchi L9 trials, the
optimal settings for minimising wear loss are not one of
them.

3.1.3. Impact of Parameters on UTS. For the Al 7075/ZnO/
ZrO2 composites, the most important stir-casting factors
were shown in Figure 4. From 4% to 12% ZrO2 reinforce-
ment, the ultimate tensile strength of the material did not

Table 2: Experimental Input and output settings of stir-casting progression.

Trial.
No

Input Output S/N ratio, dB
Stirring
speed

Stirring
time

Casting
temperature

ZrO2
reinforcement Hardness Ultimate tensile

strength WL Hardness UTS WL
rpm Min °C % HV MPa Mg

L1 525 5 700 4 63.8 162.7 13.8 36.10 44.23 −22.80
L2 525 10 740 8 64.4 176.2 12.9 36.18 44.92 −22.22
L3 525 15 780 12 61.8 141.2 15.1 35.82 43.01 −23.58
L4 575 5 740 8 63.6 153.4 14.7 36.07 43.72 −23.35
L5 575 10 780 12 66.5 174.6 13.2 36.46 44.84 −22.41
L6 575 15 720 4 66.8 180.1 10.1 36.50 45.11 −20.09
L7 625 5 780 12 64.9 178.3 12.2 36.24 45.02 −21.73
L8 625 10 740 8 64.3 169.9 13.3 36.16 44.60 −22.48
L9 625 15 720 4 67.0 198.1 8.8 36.52 45.94 −18.89
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change at all. It is possible that the porosity or voids caused by
clustered ZrO2 particles reduces the value of UTS, which
diminishes the advantages of reinforcing particles beyond the
critical limit of reinforcement. Centrifugal currents are set up
in an aluminium melt when the stirring speed is increased,
resulting in a vortex. To increase the composites’ UTS, this
aids in dispersing the reinforcing particles evenly throughout
the melt. *e formation of a vortex by stirring speed and time
is critical to the distribution of reinforced particles in an
aluminium matrix. Because vortex have a greater ability to
draw in air, prolonged stirring time results in composite
porosity. *e aluminium melt’s viscosity and gas pick-up are
influenced by the cast temperature. Low viscosities caused by
low casting temperatures generally have difficulties stirring
aluminium melt, while high viscosities lose control over
particle movement, making it difficult to distribute particles
uniformly throughout composites. As an example, value
stating that zirconium oxide reinforcement accounted for
more than any other factor. For a higher ultimate tensile
strength, stir-casting conditions A3B2C2D2, which include a
600 rpm stir speed, an 8-minute stir period, and ZrO2 weight

percentage of 10%, should be used instead. *e Taguchi L9
trials were the ideal sets for maximising UTS, which founded
as optimum.

3.1.4. Optimization of Stir-Casting Process. Using the
Taguchi method, it was not possible to simultaneously op-
timise many outputs due to limitations. Using a multi-
objective optimization approach, WL was minimised while
UTS and hardness are maximised using the stir-cast method.
Based on the measured experimental results, the S/N ratio
data is calculated (refer Table 2). *e S/N ratio data of each
response were used to assign a rank to each response. *e top
rank is given to the S/N ratio with the highest value, followed
by the second and so on (refer to Table 4). Figure 5 shows the
Main effect plot for responses of Signal to Noise ratio.

3.1.5. Confirmation Experiments. Table 5 shows the progress
of Stir casting through Anova output results. Experiment
results for the beginning and ideal conditions are shown in
Table 6 and Figure 6 shows the contribution of parameters to
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different responses. Note that the Taguchi technique was
utilised to discover ideal conditions for stir-casting pro-
gression for a distinct response, but the SRC technique was
utilised to find the optimum parameters for several reactions.
Hardness, wear loss, and UTS were enhanced by 6.58%,
37.68%, and 29.26% using the Taguchi method, respectively.
SRC yielded a 37.68% reduction in WL, a 25.02% increase in
UTS, and a 5.64% increase in hardness associated with the
starting experimental conditions of the stir-casting method.
*e better findings show that Taguchi and SRC are effective.

3.2. Hot-Pressing Technique. Stir-cast composite samples
benefit from improved characteristics thanks to the use of
the hot-pressing process (prepared as per optimized con-
dition). SRC found the best results with a ZrO2 reinforce-
ment weight of 10% in an Al 7075-ZnO matrix.
Consequently, the hot-pressing procedure was used on the
Al 7075/ZnO and ZrO2 specimens that had been stir-casted.
By applying hot-press techniques with diverse sets of pa-
rameters, the WL, hardness, and ultimate tensile strength
were studied. For hot-press, Taguchi L9 experiments were
conducted to acquire the experimental input-output data.

Table 7 shows the S/N ratio based on experimental results.
Pareto analysis of variance was utilized to determine the
impacts of hot-press factors and the ideal level. Table 8
summarises the hot-pressing technique’s findings.

3.2.1. Effect of Hardness Factors. Figure 7 explains hot-
pressing parameters affect the hardness of the material. As
pressure was raised, the hardness values rose in a straight line.
Full densification, which leads to higher hardness values, may
be achieved by applying pressure to composite samples. Low
temperatures allow composites to solidify prematurely before
pressure is applied, whereas high temperatures produce
significant grain growth and low hardness values as a result of
the cooling process. Maximum time below pressure is con-
stantly preferred to achieve full compaction and hence higher
hardness values. Compared to pressure and temperature,
dwell time or holding time has a negligible effect on hardness.
*e three most significant factors were found to be 69.08 %
pressure, 19.47 % temperature, and 11.46 % dwell duration
(refer to Table 8). Temperature, pressure, and dwell time at
400°C, 100MPa, and 40 minutes were found to be the ideal
hot pressing conditions for maximizing hardness values.

Table 4: Super ranking concept: stir-casting progression result summary.

Trial.
No

S/N ratio, dB Rank Squaring rank Sum of
squared
rank

Hardness
(Hv)

Ultimate tensile
strength (MPa) WL Hardness

(Hv)
Ultimate tensile
strength (MPa) WL Hardness

(Hv)
Ultimate tensile
strength (MPa) WL

L1 36.10 44.23 -22.80 7 7 7 49 49 49 147
L2 36.18 44.92 −22.21 5 4 4 25 16 16 57
L3 35.82 43.01 −23.58 9 9 9 81 81 81 243
L4 36.07 43.72 −23.35 8 8 8 64 64 64 192
L5 36.46 44.84 −22.41 3 5 5 9 25 25 59
L6 36.50 45.11 −20.09 2 2 2 4 4 4 12
L7 36.24 45.02 −21.73 4 3 3 16 9 9 34
L8 36.16 44.60 −22.48 6 6 6 36 36 36 108
L9 36.52 45.94 −18.89 1 1 1 1 1 1 3
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3.2.2. Effect of Wear Loss Factors. As shown in Figure 8,
hot-pressing circumstances have a significant impact on
wear loss. Low wear loss can be attributed to high pressure
and a shorter dwell duration. To optimise heat trans-
mission, grain structure, and pore closure in pressurised
composites, metal is forced closer to the die surface walls

by increased pressure. *e least amount of wear is found
when the temperature is maintained at a consistent in-
termediate range. An early solidification and lower heat
extraction capabilities result in minimal wear loss.
Pressure, temperature, and dwell time are identified to
contribute 48.77%, 38.07%, and 13.17% to wear loss,

Table 5: Stir-casting progression: pareto ANOVA output results.

Parameters Levels Stirring speed Stirring time Casting temperature ZrO2% Total
Mean 1 42.06 39.88 25.32 29.44 103.23
Factor 2 34.22 37.07 30.11 29.11 —
Levels 3 26.95 26.28 37.92 44.68 —
MSD 344.72 307.28 95.23 474.16 1221.39
% contribution 28.07 25.31 8.72 37.90 100
Optimum levels A3B3C2D2(not at L18 experiments combination)

Table 6: Validation of experimental outcome for optimum settings of stir-casting progression.

State Stir-casting state Responses % Improvement

Optimum setting for hardness

Stirring speed: 575 rpm Hardness: 68 6.58%
Stirring time: 15min — —

Casting temperature: 740°C — —
ZrO2 wt.%: 4% wt — —

Optimum setting for wear loss

Stirring speed: 625 rpm WL: 8.6 g 37.68%
Stirring time: 15min — —

Casting temperature: 740°C — —
ZrO2 wt.%: 8% wt — —

Optimum setting for UTS

Stirring speed: 625 rpm UTS: 210.3 MPa 29.26%
Stirring time: 10min — —

Casting temperature: 740°C — —
ZrO2 wt.%: 8% wt — —

Optimum setting for all outputs

Stirring speed: 600 rpm WL: 8.6 g WL: 37.68%
Stirring time: 12min UTS: 204.2MPa UTS: 25.02%

Casting temperature: 740°C Hardness: 68.1 UTS: 25.02%
ZrO2 wt.%: 8% wt — —
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respectively. *e optimum conditions (E2F3G1: 480°C,
100MPa, and a dwell time of 20 minutes) result in the least
amount of wear and tear.

3.2.3. Effect of Ultimate Tensile Strength Factors. Figure 9
depicts the UTS, which follows the same pattern as the values
of hardness and Figure 10 shows the mean for overall output

Table 7: Hot-pressing progression’s experimental input and output setting.

Trial.
No.

Input Output S/N ratio, dB

Temperature(E) Pressure(F) Dwelling
time Hardness Ultimate tensile

strength
Wear
loss Hardness Ultimate tensile

strength
Wear
loss

L1 420 40 15 70.2 216.1 8.4 36.93 46.69 −18.49
L2 420 80 30 72.3 233.6 7.5 37.18 47.37 −17.50
L3 420 120 45 72.7 236.5 7.1 37.23 47.48 −17.03
L4 460 40 30 71.7 227.5 8.0 37.11 47.14 −18.06
L5 460 80 45 72.8 239.1 6.6 37.24 47.57 −16.39
L6 460 120 15 73.3 241.9 5.2 37.30 47.67 −14.32
L7 500 40 45 70.6 220.9 8.3 36.98 46.88 −18.38
L8 500 80 15 71.3 233.4 7.9 37.06 47.36 −17.95
L9 500 120 30 72.3 228.9 8.2 37.18 47.19 −18.28

Table 8: Hot-pressing progression’s Pareto ANOVA results.

Output Parameters Levels E (°C) F (MPa) G (min) Total

Hardness (Hv)

Mean 1 37.20 37.11 37.16 111.59
Factor 2 37.25 37.19 37.21 —
Levels 3 37.15 37.29 37.23 —

MSD 0.015 0.048 0.008 0.071
% Contribution 18.47 69.09 12.47 100
Optimum levels E2F3G3 (not at L9 assortment)

Wear loss

Mean 1 −17.67 −18.31 −16.92 −52.13
Factor 2 −16.26 −17.28 −17.95 —
Levels 3 −18.20 −16.54 −17.27 —

MSD 07.08 03.73 01.64 12.44
% Contribution 49.76 36.07 14.18 100.00
Optimum levels E2F3G1

Ultimate tensile strength (Mpa)

Mean 1 47.18 46.91 47.24 141.79
Factor 2 47.46 47.43 47.23 —
Levels 3 47.15 47.45 47.31 —

MSD 0.19 0.56 0.02 0.77
% Contribution 24.54 74.08 1.38 100
Optimum levels E2F3G3 (not the combination of L9 experiments)
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responses. Figure 11 shows that hardness and ultimate
tensile strength have a high link, which may explain why this
is the case. *ere was no discernible increase in charac-
teristics due to an increase in pressurization pressure after
reaching the midpoint. When the temperature was kept in
the medium range and the dwell time was increased,
composites’ ultimate tensile strength improved. A total of
75.09%, 1.39%, and 23.52% was provided by pressure, dwell
time, and temperature. It was observed that E2F3G3 was the
ideal combination of factors and levels to maximise the UTS
of the composite.

3.2.4. Optimization of Hot-Pressing Process. Controversial
comments can be prioritized using the “super ranking” idea.
For hot-pressing conditions, the processes in the super
ranking concept are similar to those for stir-cast conditions,
and outcomes are exposed in Table 9. For higher-quality
composites, the ideal hot-pressing settings were found to be
E2F3G3 (440°C, 100MPa, and a 40 minute dwell period).
*ere was a maximum contribution of 73.18%, followed by a

dwell time of 4.35% for pressure and temperature, respec-
tively. For each individual output, the percentage involve-
ment and ideal factor level were identified to be varied,
which may be attributed to an input factor impact on the
outcome of each individual. Individual outputs, as well as
several outputs, have different optimal variables and levels
than those found in L9 trials, according to research.

3.2.5. Experiments for Confirmation. Pareto output results
for all the outputs were given in Table 10. Comparing
outcomes of the starting and ideal hot-pressing experiments
is shown in Table 11. Using the Taguchi method, a rise of
4.7% in hardness and a 13.05% increase in UTS were found
(refer Table 11). An increase of 42.9% was achieved by
creating the ideal circumstances to minimize wear (refer
Table 11). *e ideal circumstances for SRC resulted in a
39.29% decrease in WL, while an 11.54% rise in UTS and a
4.88% increase in hardness, respectively, were found (refer to
Table 11). It is possible to conduct optimization work using
Taguchi and SRC. Figure 12 shows the contribution of
percentage at different parameters.
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3.3. Hot-Pressing and Stir-Casting Comparison. Stir-cast and
hot-press processes have been compared in Table 12 for their
optimized qualities. *e stir-casting process was used to
create composites for hot-pressing under optimised para-
metric conditions. In comparison to the stir-casting process,
the hot-pressing technique reduced WL by 40.8% while
increasing UTS and hardness values by 19.83% and 9.6%,
respectively.

3.4. Microstructure Characterisation. Figure 13 shows the
microstructural characterization of Al 7075/ZnO-ZrO2
composites made by stir-casting and hot-pressing. *e
surface morphology of ZrO2 particles was studied using
optical and SEM micrographs. ZrO2 particles are similar in
appearance to these bright silvery, almost spherical particles.
Al 7075/ZnO-5% ZrO2 and ZnO-10% ZrO2 in stir-casted
conditions are shown in Figures 13(a)–13(d). A dendritic
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Figure 10: Main effect plot for responses of signal to noise ratio.

(a) (b)

(c) (d)

Figure 11: Wear Surface morphology of hot-pressed and stir-casting AA 7075/ZnO-ZrO2 composites. (a) AA7075-12.5%, ZnO-5%, ZrO2-
stir casting. (b) AA7075-12.5%, ZnO-10%, ZrO2-stir casting. (c) AA7075-12.5%, ZnO-5%, ZrO2-hot pressing. (d) AA7075-12.5%, ZnO-
10%, ZrO2-hot pressing.
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structure can be seen in Figures 13(a)–13(d) that grows in
accordance with beneficial growth patterns. A columnar
shape is influenced by the direction of heat flow in grains,
which promotes the growth of some grains while inhibiting
the growth of others. Figures 13(a)–13(d) depict the ZrO2
particle dispersion in the Al 7075/ZnO matrix. *e majority
of ZrO2 particles have a spherical shape. Additionally, the
ZnO/Al 7075 alloy has a strong interfacial interaction with
ZrO2, which assists in achieving improved mechanical
properties. Al 7075/ZnO-10% ZrO2 composites S1-HT (Al
7075/ZnO) and S2-HT (Al 7075/ZnO) in hot-pressing
conditions are shown in Figures 13(e)–13(h). To create a

composite with good mechanical properties, the ZrO2 re-
inforcement particles must be evenly distributed in the
matrix alloy. If high pressure and hot pressing had been
used, the lack of porosity and grain refinement in the
composites would have indicated solid castings. ZrO2 par-
ticle surface homogeneity is discovered. As shown in
Figures 13(e)–13(h), the ZrO2 particles are dispersed uni-
formly throughout the Al 7075/ZnOmatrix. *emechanical
properties of composites can be improved by having a more
uniform dispersion of the matrix and the reinforcement. Al
7075/ZnO-ZrO2 composites are examined by energy dis-
persive X-ray spectroscopy.

Table 9: Super ranking concept’s result summary.

Trial.
No

S/N ratio, dB Ranking Square ranking
Sum of

squared rankHardness Ultimate tensile
strength

Wear
loss Hardness Ultimate tensile

strength
Wear
loss Hardness Ultimate tensile

strength
Wear
loss

L1 36.93 46.69 −18.49 9 9 9 81 81 81 243
L2 37.18 47.37 −17.50 4 4 4 16 16 16 48
L3 37.23 47.48 −17.03 3 3 3 9 9 9 27
L4 37.11 47.14 −18.06 6 7 6 36 49 36 121
L5 37.24 47.57 −16.39 2 2 2 4 4 4 12
L6 37.30 47.67 −14.32 1 1 1 1 1 1 3
L7 36.98 46.88 −18.38 8 8 8 64 64 64 192
L8 37.06 47.36 −17.95 7 5 5 49 25 25 99
L9 37.18 47.19 −18.28 4 6 7 16 36 49 101

Table 11: Validation experimental outcome for optimum settings of hot-pressing progression.

Setting Hot-pressing progression Response % Improvement

Primary (Table 7)
Temperature: 420°C WL: 8.5 g —
Pressure: 40MPa UTS: 216.2MPa —
Dwell time: 15min Hardness: 70.3 —

Optimum setting for hardness
Temperature: 460°C Hardness: 73.5 4.7%
Pressure: 120MPa — —
Dwell time: 45min — —

Optimum setting for wear loss
Temperature: 460°C WL: 4.8 g 42.9%
Pressure: 120MPa — —
Dwell time: 15min — —

Optimum setting for UTS
Temperature: 460°C UTS: 244.3MPa 13.05%
Pressure: 120MPa — —
Dwell time: 45min — —

Optimum setting for all outputs
Temperature: 460°C WL: 5.1 g WL: 39.29%
Pressure: 120MPa UTS: 244.3MPa UTS: 11.54%
Dwell time: 45min Hardness: 74.5 Hardness: 4.91%

Table 10: Pareto ANOVA outcome for all outputs.

Parameters Levels E (°C) F (MPa) G (min) Total
Mean 1 106 185.33 115 282
Factor 2 45.33 53 90 —
Levels 3 130.67 43.68 78 —
MSD 11570.67 37668.67 2238 51447.30
% contribution 23.49 72.18 4.34 100
Optimum levels E2F3G3 (not the combination of L9 experiments)
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3.5. Wear Surface Morphology. Figure 11 depicts the wear
patterns of Al 7075/ZnO-ZrO2 composites made using the
stir-casting and hot-press conditions described above.
From Figure 11, 2 indicates a delaminated area, 3 indicates
dense, narrow abrasive grooves, 4 indicates debris, and 5
indicates an abrasion area. For Al 7075/ZnO-ZrO2 com-
posites exposed to stir cast Figures 11(a) and 11(b), hot
pressing Figure 11(c), wear tracks had different wear
profiles. *ese findings support the notion that abrasion
wear has undergone a significant mechanism of wear
change. In contrast to the Al 7075/ZnO-ZrO2 composites
surface exposed to the hot press and displays slim abrasive
groove, less debris, and slight abrasive areas; a huge amount
of delaminated areas, holes, and abundant grooves had
been detected on the AA 7075-12.5% ZnO-ZrO2 composite
surface exposed to stir casting. Figure 11(a) indicates that
the stir-cast S1 composite (Al 7075/ZnO-5% ZrO2) has a
higher degree of plastic deformation because of the im-
pression of the pin and disc at maximum load. Observed
maximum wear loss is substantially supplemented by
achieved results, namely maximum wear loss at 30 N, with
the width of the wear grooves. Table 13 shows the Vali-
dation experimental results for optimum settings for stir-
casting process.

A small amount of plastic deformation can be seen in
the stir-cast S2 composite (Al 7075/ZnO-10% ZrO2) at the
load of 30N, as shown in the micrograph of Figure 11(b).

Wear grooves are narrower with a lower wear loss of 8.7 g
and a higher VHN hardness of 67.4; these findings are
supported by the obtained results, which indicate negligible
wear loss under a 30N load. S2 composites, in contrast to
S1 composites, include more hard and ceramic particles.
Wear can be reduced by using ceramic elements as load-
carrying material. Many researchers found the same thing.
Hot-pressed S1-HP composite (Al 7075/ZnO-10% ZrO2)
reveals a slight abrasion region (Figure 11(c)), which is
corroborated by SEM microscopy. Figure 11(c) shows that
the wear groove widths are smaller than in Figures 11(a)
and 11(b), with a nominal wear loss of 8.4 g. A higher
hardness of 69.8 VHN, as opposed to that made by means
of the stir-casting processes, could also account for im-
proved wear resistance. In addition, samples produced by
simultaneously applying high pressure and a lower dwell
period result in low wear losses. As shown in Figure 11(c),
the wear track surface had many slim and narrow grooves
similar to the sliding track and some wear debris elements,
which indicates mild abrasive wear. As shown in
Figure 11(d), the SEM micrograph exhibits like surface to
S1-HP composite. For comparison, the wear tracks in
Figure 11(d) indicate the least wear loss of 5.1 grams in
comparison to Figures 11(a)–11(c). Compared to other
composites, the 73.8 VHN hardness and grain refinement
because of the hot press may be a factor in the improved
wear rate of hot-pressed carbon fibre.
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Figure 12: Hot-pressing constraint’s percentage of contribution.

Table 12: Evaluation of Variant processing methodology Characteristics.

Optimal characteristics of variable processes
Improvement percentage (%)

Stir cast Hot press
WL: 8.7 g WL: 5.2 g 40.80
Ultimate tensile strength: 204.2MPa Ultimate tensile strength: 244.3MPa 19.83
Hardness: 68.1 Hardness: 74.5 09.60
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(a) (b)

(c) (d)

(e) (f )

(g) (h)

Figure 13: Microstructure of hot-pressed and stir-casting AA 7075/ZnO-ZrO2 composite. (a, c) AA7075-12.5%, ZnO-5%, ZrO2 stir casting.
(b, d) AA7075-12.5%, ZnO-10%, ZrO2 stir casting. (e, g) AA7075-12.5%, ZnO-5%, ZrO2 hot pressing. (f, h) AA7075-12.5%, ZnO-10%, ZrO2
hot pressing.

Table 13: Validation experimental outcome for optimum settings for stir-casting progression.

State Processing parameters Response Composite specification

Primary

Stirring speed: 525 rpm WL: 13.8 g S1 (Al 7075/ZnO-5% ZrO2)
Stirring time: 5min UTS: 162.7MPa —

Casting temperature: 700°C Hardness: 63.8 —
ZrO2 wt.%: 4 — —

Optimum setting for all outputs

Stirring speed: 625 rpm WL: 8.5 g S2 (Al 7075/ZnO-10% ZrO2)
Stirring time: 15min UTS: 204.2MPa —

Casting temperature: 740°C Hardness: 68.1 —
ZrO2 wt.%: 8% wt — —

Initial hot pressing
Temperature: 420°C WL: 8.5 g S1-HP (Al 7075/ZnO-10%ZrO2)
Pressure: 40MPa UTS: 217.2MPa —
Dwell time: 15min Hardness: 70.3 —

Hot pressing optimum setting for all outputs
Temperature: 460°C WL: 5.2 g S2-HP (Al 7075/ZnO-10%ZrO2)
Pressure: 120MPa UTS: 244.3MPa —
Dwell time: 45min Hardness: 74.5 —
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4. Conclusions

Using a two-step procedure, which includes stir-casting and
hot-pressing processes, the current work conserves natural
resources while also healing or fixing cast faults. *e fol-
lowing are some observations on the acquired results:
[41–43].

(1) Al 7075/ZnO composites reinforced with ZrO2 at
different weight percentages can be made via stir
casting. Casting properties were most strongly
influenced by ZrO2 reinforcements, succeeded by
stirring speed, stirring time, and temperature.

(2) When the best stir-casting circumstances were de-
termined, wear loss was reduced by 37.68%
(13.8–8.4 g), 25.02%, and 5.64%, respectively, com-
pared to the first stir-casting parameters, and
hardness was increased by 63.8–67.4% compared to
the original conditions. For stir casting, a Pareto
analysis of variance found optimum conditions,
which were not found in a set of L9 investigations,
and their related properties show that the models
constructed and analysis done were effective.

(3) A hot-pressing process is used to repair or decrease
pores in samples that have been manufactured under
stir-cast optimized conditions. Variables (such as
temperature, pressure, and dwell time) that affect
characteristics (such as wear loss, UTS, and hard-
ness) during hot pressing have been experimentally
investigated. Pressure, temperature, and dwell time
all have a role in sealing pores, which results in
enhanced characteristics.

(4) Wear loss was reduced by 39.29%, UTS increased
11.54%, and hardness values increased 4.88% as
compared to the initial hot-pressing circumstances,
according to the super ranking idea.

(5) *e hot-pressing process used on the improved stir-
cast components reduced wear loss by 40.8%, increased
UTS by 19.83%, and increased hardness by 9.6%.
Because of the results obtained, even stir-cast optimised
condition have a greater possibility to enhance the
characteristics when subjected to hot press.
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�is study focuses on the identi�cation and categorization of plug valve defects. We utilize a thermal �uke camera to obtain the
plug valve thermal images. �e thermal camera utilizes passive infrared thermography towards the identi�cation of plug valve
defects such as cracks, porosity, and internal defects. �ese �aws depict variation in surface temperature induced by heat �ux.
Infrared thermography is capable of identi�cation of surface �aws such as cracks and subsurface �aws such as porosity. Its �aw
identi�cation range is e�ective only up to a certain depth in the metal. �e heat �ux variations are clearly visible for surface cracks
and subsurface porosity. However, the heat �ux shows no �uctuations for internal defects. Hence, to identify the internal defects in
the metal, we opt for a combination of passive infrared thermography and dye penetrating test. In the dye penetrating test, a
thinned paint is applied over the metal surface that aids in the identi�cation of cracks, porosity, and internal defects as well. �e
PIT-DPT (passive infrared thermography-dye penetrating test) works in combination with weighted local variation pixel-based
fuzzy clustering (WLVPBFC) to measure the depth of the defects.�e defects were measured against parametric quantities such as
F-value, precision, recall, accuracy, Jaccard index, TP, FP, TN, FN, FP rate, TP rate, and MCC.�ese parameters depict variations
with regard to surface texture and extent of defect level.�e PIT-DPTandWLVPBFC techniques identify metal �aws with 87.88%
e�ciency when evaluated against other existing algorithms.

1. Introduction

�e plug valve utilized for defect evaluation is made of cast
iron. Cast iron belongs to the family of iron-carbon alloys
possessing carbon concentration of greater than 2%. �e
primary alloying substances of cast iron are carbon in the
range of 1.8 to 4% and silicon in the range of 1 to 3%. Metal
defects are obtained in times in the processing chain, while
making the metal and yielding castings, during mechanical
and pressure handling operations, because of thermal,
chemical thermal, and electrochemical properties, and in
tasks such as conjoining metals, storage, dispatch, and
working. �ere are 3 major metal defects such as cracks,
porosity, and internal defects that we are going to focus on.

Several research works are carried out towards clustering
diverse mathematical and data consisting of varied attri-
butes. �is is owing to its demand in real-time applications
[1]. Cracks are surface or subsurface scissures that originate
in a material. Cracks are caused due to utilizing hydrogen to
weld ferrous metals, residuary stress, base metal contami-
nant, enhanced welding speed, reduced current, no pre-
heating prior to welding, improper joint design, and huge
amounts of sulphur and carbon in the metal. Cracks min-
imize the e�ectiveness of the weld by decreasing the weld
dimension. �ey can develop and cause breakage of the
entire metal part. �ere are a variety of cracks such as
cooling, solidifying, centre crack, crater, abrasion, pickling,
and heat treatment, machining ruptures, plating, fatigue,
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creep, stress corrosion, and hydrogen cracks. Porosity is the
occurrence of holes or voids in the weld. It happens due to
freezing of gas expelled from the weld pool when it solidifies.
(e entrapped gas produces a hollow globule that gets feeble
and can explode after certain duration. Porosity happens as
an outcome of insufficient electrode oxidant, usage of longer
arc, inappropriate gas cover, wrong surface treatment, usage
of enhanced gas flow, polluted weld surface, presence of
moisture, rust, paint, and oil. (ere are varied types of
porosity: distributed porosity seems like fine pores. If they
occur in huge quantities, they are termed as surface-breaking
pores. If the pores are stretched, they are termed as
wormholes. (e existing NDT techniques enable the de-
tection of pore flaws having a diameter of 0.13mm and
porosity flaws that are submerged at a depth of 1mm [1]. In
the final solidifying of the weld pool, we have crater pipe (gas
porosity). Porosity will bring down the metal ductility and
stiffness. Internal defects happen due to the following:
welding current and welding speed are at their peak, use of
faulty angle, heat distribution not uniform, diminution in
fatigue strength, surface contaminants, misalignment, ser-
vice failure, notch effect, hence preventing gas flow, porous
and brittle weld joints, and material loss. (e varied internal
defects that happen in welds are undercut, incomplete fu-
sion, incomplete penetration, slag inclusion, and spatter.(e
undercut is a furrow formed at the weld toe, scaling down
the metal thickness. (is ends up in a weak weld and
workpiece. When the weld metal is not perfectly merged
with the basemetal, it results in incomplete fusion.When the
weld metal does not completely go through the thickness of
the joint, incomplete penetration takes place. When the solid
covering material, flux thaws in the weld or weld surface, it
causes slag inclusion to occur. Weld spatter comprises tiny
particles of liquefied metal that are formed in proximity to
the welding arc that binds to the gas shroud of the weld gun
and thereby restricting gas flow.

Table 1 explains the novelty of the proposed technique.

(i) (ere are different types of nondestructive testing
methods, amongwhichweutilize dyepenetrating test
for identifying and categorizingmetal defects. DPTis
utilized for the detection of cracks and porosity.

(ii) To detect internal defects, we utilize passive infrared
thermography. (e testing of plug vales using DPT-
PIT (dye penetrating test-passive infrared ther-
mography) can be carried out on-site, on the very
same premises of the plug valve.

(iii) In many instances, a combination of RGB and
thermal imaging has enhanced the entire object
detection process [2].

(iv) (eexperimentations are carriedoutoncast ironplug
valves, showing effective outcomes to identify metal
defects such as cracks, porosity, and internal defects.

2. Literature Survey

Srinivasan and Sadagopan studied the segmentation of the
brain tissues during intensity nonuniformity and noise [4].

A similarity distance vector is used to estimate rough fuzzy
regions based on both local spatial information and global
spatial information. For weighted image estimation, the
approach also uses a bounded support vector. (e suggested
algorithm’s objective function is minimized for the seg-
mentation of various brain tissues in MR images. Clustering
algorithms for T1 and T2 MR images from the brain Web
dataset are used to test the RFRBSFCM algorithm. Com-
pared with other current state-of-the-art methods, the
quantitative results show that the algorithm under consid-
eration is more efficient. (e fuzzy multi-characteristic
clustering technique is based on fuzzy logic and clustering to
achieve this objective. Fuzzy sets are utilized to express
ambiguity in user query, similarity measure, and image
content. Clustering is an unsupervised classification method
that allows a tiny degree of control over clustering and
dramatically enhances clustering performance. (e pre-
liminary results indicate that our suggested method is ca-
pable of attaining high precision and recall rates with
improved computing efficiency [5]. Soft optimization
techniques are used to detect liver cancer in abdominal liver
imaging automatically. Performance is evaluated using en-
tropy, energy, mean, standard deviation, accuracy, and
elapsed time in this article. A novel automatic segmentation
technique for detecting liver cancer is also being developed.
Based on ROI and the adaptive watershed algorithm, a novel
recommended technique is presented. Furthermore, the
findings of this suggested study provide unambiguous in-
formation concerning normal and aberrant segmentation of
the malignant region of the liver, allowing physicians to treat
the problem in a consistent manner. To better segment
tumours, region growth, intensity-based thresholding, and
proposed statistical parameter-based segmentation ap-
proaches can be applied [6]. Fuzzy clustering enables ef-
fective segmentation even if the image to be processed is
contaminated with noise [7]. To minimize the objective
function, the algorithm requires an update on the mem-
bership function and cluster centres. Hence by linking the
membership function, the number of iterations is reduced to
a great extent. (is procedure enables minimizing the ob-
jective function [8]. (e key step in fuzzy clustering is se-
lection of number of clusters and centroid initialization.
Histogram smoothening automates this entire process. (e
number of peaks denotes the number of clusters. (e gray
level of each peak denotes the centroid of the cluster. Since
this entire process is automated, it reduces the number of
iterations and speeds up the procedure [9]. (e segmenta-
tion of colour images is even more effective even in the
presence of noise and requires a few number of iterations to
complete the task [10]. Unsupervised learning is a procedure
in which the data will not be labelled. (e algorithm must
automatically perform the clustering of data exclusively on
its own. Here, fuzzy C-means clustering is an unsupervised
learning procedure, which performs effectively except in the
presence of noise. Hence to overcome this issue, the adaptive
FCM algorithm is utilized that performs effectively even in
the presence of noise [11]. (e pixels in an image render
sufficient details of the image. (e image patch gives more
information about the image, when compared to the pixels.
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(e image patch gives details about the image pixel and the
cluster centre. Based on the distance of the image patch and
the cluster centre, weights are assigned to each pixel in the
image [12]. Kernel-based fuzzy clustering processes several
features at the same time, thereby reducing the processing
time [13]. (e spatial or contextual data allow assigning
labels to the pixels with the aid of the neighbouring pixels,
thereby dealing with noise and other constraints [14]. (e
adaptive FCM possesses an adaptive factor that automati-
cally changes the interval between the samples within every
class and thereby extracts the features that belong to a
particular sample.(e greater the interval width between the
samples, the more separable they are [15]. (e spatial details
are considered as a crucial attribute of the input image that
needs to be classified.(e spatial data of an image refer to the
location of each and every pixel in the image. While getting to
know the position of the pixel, the clustering is made happen
more effectively [16]. Supervised FCM deals with the classi-
fication of defects utilizing labelled data, but unsupervised
FCM refers to defect categorization when the data are not
labelled. From the analysis, it is advisable to go for semi-
supervised FCM in which part of the input data are labelled;
utilizing this info, the algorithm is guided through the un-
supervised areas of segmentation and classification [17]. FCM
algorithm overcomes the effect of noise present in the image
by assigning low membership values to those pixels that
contain noise. Hence, those pixels containing noise get
suppressed and do not enter the segmentation stage. (e
pixels that are noise-free are assignedwith highermembership
values, which further enter into the segmentation phase [18].

From the literature survey, the varied defects identify
using various clustering algorithms. (ese other clustering
algorithms arenot adaptive to the local context, dependent on
clustering parameters; hence, the clustering task becomes
tedious.(ey need to update their contextual weight for each
iteration. (e objective is to propose a clustering algorithm
that performs pixel-based fuzzy clustering using theweighted
filter, inwhich theweights are automatically allocated to each
pixel inside the local window, adaptive to the local context,
independent of clustering parameters, thereby enabling the
clustering task to be simplified with low computation cost.

3. Proposed System

(ere are various nondestructive testing (NDT) procedures
utilized for the identification of defects in valves. Eddy

current testing works on the principle of electromagnetic
induction to identify flaws in the material under test. A
current is passed through a coil adjacent to the test piece.
Hence, the test piece starts generating Eddy currents that
interfere with the current in the coil. As a result, a magnetic
field is created in the coil. If a defect is present in the test
piece, it causes variation in the Eddy current that in turn
varies the amplitude and phase of the output signal.
However, this technique can detect subsurface flaws sub-
merged only up to 1mm depth. Radiographic testing (RT)
utilizes X-rays or gamma rays to evaluate the structure of the
material under test towards detection of defects. However,
the depth of penetration of X-rays is very low, capable to
detect only surface flaws. (is technique can also give
misleading outcomes, in the presence of any dirt/foreign
substances. Ultrasonic NDT testing utilizes sound waves for
detecting defects in the test piece. (e sound waves are
generally high-frequency waves that traverse through a
medium (piece of iron/steel) till they enter the border of
another medium (air), at which instance gets reflected back.
A detailed study of these reflections enables the evaluator to
compute the test piece thickness and thereby detect surface
and subsurface defects. If the surface of the specimen is not
flat, it will create serious issues during probe coupling, which
in turn results in echoes being generated.(is will ultimately
end up in erroneous measurements. Magnetic particle in-
spection (MPT) is a technique that involves magnetizing the
material under test. Later magnetic substances are sprinkled
over the surface of the test piece. If there is a defect in the test
piece, the magnetic field gets disturbed, which causes
magnetic flux leakage. Hence, the magnetic particles get
grouped around the region of magnetic flux leakage, thereby
indicating the defect.(is technique is capable to detect only
surface flaws and near subsurface flaws. Also, the specimen
needs to be demagnetized at the end of the test, which
becomes a time-consuming task.

In Figure 1, the three plug valve flaws, which are cracks,
porosity, and internal defects, identify using the DPT-PIT
method. (is infrared method does not require an extra-
neous heat source.

(e infrared emission radiated by the object is rather
accumulating. Passive infrared thermography has the ca-
pability to render a temperature dispersion graph of the
metal surface or joint throughout welding. Defective metal
samples can induce unnatural temperature dispersion. If a
particular area has an unnatural hot spot with respect to its

Table 1: Applicability and novelty of the proposed work.

Technique Applicability Remarks
Eddy current testing Partially applicable Detects subsurface flaws only up to 1mm deep [1]

X-ray Limited/not
applicable

Flaws are not orthogonal to the radiation pattern. Operator at risk since exposed to radiation
[1]

Ultrasonic inspection Limited/
impossible

Lack of proper coupling between the probe and the material leads to severe echoing of signals
and false alarms, thus misleading the inspection process [2]

Magnetic particle
inspection Not applicable Inability to test nonferrous materials. Large currents are required that result in burning of the

testing parts. Demagnetization is an issue [3]
Dye penetrant
inspection Applicable Provides on-suite inspection. Lesser processing time with efficient results. Inexpensive in

comparison with other NDT techniques

Advances in Materials Science and Engineering 3



surroundings, it points out to be a serious issue, where its
temperature is in total variation with its surroundings.(ese
data utilize to curb welding parameters to assure reliable
joints, in materials. Infrared thermography (IRT) is a uni-
versally recognized condition-supervising tool where the
temperature evaluates in a realistic noncontact fashion.
Hence, there is no impairment to the metal test piece. It is
applicable for defect detection in metal plug valves since the
sizing and depth of defect can be identified by this method
from one side by considering time evolution.

Dye penetrant inspection is a nondestructive testing
method to detect flaws that are present in metals. (e metal
test piece is initially cleaned using SKC-S cleaner to get rid of
dirt, paint, oil, grease, etc. If left uncleaned, it may lead to
masking of defects and produce false results. (e presence of
dust/dirt/foreign substances may alter the thermal charac-
teristics of the material and thereby result in erroneous NDT
measurements [3]. (e next step is application of penetrant,
which is a bright coloured dye having high wetting capacity.
(e penetrant needs to douse into the flaws and requires a
dwell time of 10–30 seconds. (e following step is the re-
moval of excess penetrant; if the excess penetrant is not
removing properly, it may mask the defects and end up in
false results during inspection, after which is the application
of developer, which is available in aerosol spray tins that
might employ acetone, isopropyl alcohol, or a mixed version
of the two. (e development time is generally 10minutes to

120minutes. (ere must be uniform coating of the devel-
oper, over the entire surface of the metal. (e developer
bleeds the penetrant out of the flaws onto the surface, to
make it obviously visible. (is process can figure out the
location, orientation, and defect type. (e dwell time is for
the bloating action to occur.

3.1. Clustering. Clustering is the process of assigning the
pixels of an image to clusters, in such a way that pixels in one
cluster are alike, while pixels belonging to varied clusters are
dissimilar. (e objective is to form separate groups having
similar attributes and allocate them into clusters. Clusters
distinguish through similarity indices such as distance,
connectivity, and intensity.

3.1.1. Fuzzy Clustering. Fuzzy clustering is a type of clus-
tering in which each pixel can be a part of more than one
cluster.

3.1.2. Fuzzy C-Means Clustering. Fuzzy c-means clustering
algorithm was presented by Bezdek in 1981. It separates the
image into clusters depending upon the distance of centre of
cluster from the data points. It utilizes the Euclidean distance
norm to separate the image into clusters. Normally, clustering
algorithms are of four types: hierarchical, decomposing a
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Figure 1: Block diagram of the proposed system.
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density function, graph theoretic, andminimizinganobjective
function. (e main concentration of this technique is on
clustering by minimizing the objective function.

3.1.3. WLVPBFC. (e weighted local variation pixel-based
fuzzy clustering framework is proposed for the segmentation
of plug valve defects. In the framework, the local average
grayscale is substituted by grayscale of weighted filter, to
obtain the contextual information. (e standard Euclidean
distance is substituted by the Gaussian radial basis function
(GRBF) to obtain good accuracy. (e regularization of

parametric quantity will bring to increase segmentation
robustness, conserve image particulars, and formulate a
weighted image. (e local variation coefficient is computed
for each of the weighted image pixels. (e primary ad-
vantages are adaptive to the local context, independency of
clustering parameters, and reduced computational costs
(Algorithm 1).

4. Results and Discussions

Figure 2 depicts the clustering results of a plug valve ob-
tained using a median filter. (e median filter is a nonlinear

Step 1: Initialization of the window size, number of clusters, fuzzy membership matrix, and iteration counter.
Step 2: Initialization of centre of the cluster, for enhanced visualization of the segmented image; normally, cluster centre is in the
range of cent� [0, 50,120,200].
Step 3: GRBF kernel
K(xi, vj) � exp (− ‖ xi − vj ‖2/2σ2).
where “σ” denotes the kernel width.
Utilize maximum gray level as the kernel width. (e kernel width of GRBF kernel is computed for improved accuracy.
Step 4: Computing ”?” depending on the distance variances amidst all pixels:
σ � [

N
i�1 (di − d)2/N − 1]1/2,

where ??� ‖xi–x’‖ is the distance from the grayscale of pixel ? to the grayscale mean of all pixels and ? is the mean of all distances ??.
Step 5: Computing the novel cluster centres
vj � 

N
i�1 um

ij (K(xi, vj)xi + φiK(xi, vj)xi)/
N
i�1u

m
ij (K(xi, vj) + φiK(xi, vj)).

Step 6: Computing the novel membership matrix
Amembership function for a fuzzy set A on the universal setX is denoted as µA :X→ [0, 1], where every factor ofX is mapped out to a
value in the range of 0 and 1. Membership functions enable to render a pictorial representation of a fuzzy set.
uij � ((1 − K(xi, vj)) + φi(1 − K(xi, vj)))

− 1/(m− 1)/
c
k�1 (1 − K(xi, vk) + φi(1 − K(xi, vk)))− 1/(m− 1).

Step 7: Computing the objective function

JARKFCM � 2[
N

i�1


c

j�1
u

m
ij (1 − K(xi, vj))

+
N

i�1


c

j�1
φiu

m
ij (1 − K(xi, vj))]

.

Step 8: Computing local average of each pixel, local variance of each pixel, local variation coefficient
LVCi � k∈Ni

(xk − xi)
2/NR ∗ (xi)

2,
where xk is the grayscale of any pixel present in the local window Ni around the pixel I, NR is the cardinality ofNi, and xi’ is its average
grayscale.
Step 9: Computing local sum of LVC and exponential function
LVC is applied to an exponential function to deduce the weights inside the local window
ζ i � exp ( 

k∈Ni,i≠ k

LVCk).

Step 10: Computing weight for each pixel. PixWgt: this function computes the weight for every pixel depending on the local variation
coefficient
ωi � ζ i/ 

k∈Ni

ζk.

(e ultimate weight allotted to each pixel is related to mean grayscale of the local window

φi �

2 + ωi, xi <xi

2 − ωi, xi >xi

0, xi � xi.

⎧⎪⎨

⎪⎩
.

(e parametric quantity ?? allots greater values for pixels having high LVC and lesser values for pixels with low LVC.When the local
mean grayscale is the same as the central pixel grayscale, ?? is zero and the algorithm will function similarly to the standard FCM
algorithm.
? can be substituted with the grayscale of the novel weighted image ?:
ξi � 1/2 + max(φi)(xi + 1 + max(φi)/NR − 1 

r∈Ni

xr),
where xr and Ni are the grayscale and neighbourhood of pixel i and NR is the cardinality of Ni. (e above formula ensures that the
weighted image is free from parametric quantities that are difficult to adjust.
Step 11: Computing the final weights

ALGORITHM 1: Initializations.
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digital filtering method and is commonly utilized to get rid
of noise present in an image.

(e median filter substitutes a pixel by the median, of all
pixels in the neighbouring window. Since the median must
generally be the value of one of the pixels in the neighbouring
window, themedian filter does not produce novel impractical
pixel values when the filter extends over an edge. Hence, the
performance of the median filter is enhanced in maintaining
incisive edges. One of the primary issues with the median
filter is that it is relatively costly and complicated to calculate.

y[m, n] � medi an x[i, j], (i, j) ∈ w . (1)

(e defective plug valve thermal images are shown to
contain defects such as cracks, porosity, and internal defects.
(e process is repeated from one iteration to the next by
varying the window size (WS) and the cluster number (CN).
(e defective plug valve thermal images having WS� 1 and
CN� 2 show cracks; WS� 5 and CN� 3 shows porosity
defects; and WS� 21 and CN� 15 shows internal defects.
However, the default window size (size of the local window)
is 3. (e clustering results of healthy plug valve thermal
images do not contain any of the abovementioned defects.
(is clustering process enables to detect the plug valve
defects in a more efficient manner but requires updating
their contextual weights for every iteration, which is the
primary cause of their greater computational cost.

Figure 3 shows the clustering results of plug valve that are
obtained using the average filter. (e average filter performs
by passing across the image pixel by pixel, substituting every
value with themean value of the pixels in the neighbourhood,
considering itself.

Even if one of the pixels has an untypical value, it can
drastically disturb the mean value of all the neighbouring
pixels. When the filter spans across an edge, the filter will
extrapolate novel values for edge pixels, resulting in blurred
edges.(is becomes an issue if sharp edges are expected in the
output.

(e defective plug valve thermal images are shown to
contain defects such as cracks, porosity, and internal defects.
(e process is repeated from one iteration to the next by
varying the window size (WS) and the cluster number (CN).
(e defective plug valve thermal images having WS� 3 and
CN� 2 shows cracks; WS� 7 and CN� 4 shows porosity
defects; and WS� 15 and CN� 8 shows internal defects.
However, the default window size (size of the local window)
is 3. (e clustering results of healthy plug valve thermal
images do not contain any of the abovementioned defects.
(is clustering process enables to detect the plug valve
defects in a more efficient manner but require updating their
contextual weights for each iteration, which is the primary
cause of their greater computational cost. (e above
drawback can be overcome using the weighted filter.

Figure 4 shows the clustering outputs of healthy and
defective plug valve thermal images, obtained using the
weighted filter.

(e type of clustering used is weighted local variation
pixel-based fuzzy clustering. In this technique, we compute
the weight for every pixel depending on the local variation
coefficient. Initially, the local average/mean of every pixel is
computed. (en, the local variance of each pixel is com-
puted. Using this, the local variation coefficient (LVC) is
determined. Further, the summation of the LVC is
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Figure 2: ARKFCM outputs using the median filter for defective and healthy thermal images.
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computed. Finally, we apply this summation to an expo-
nential function, to determine the weights of the pixel inside
a local window. At last, we compute the weight for every
individual pixel. (e pixel that seems to be brighter when
compared to the mean grayscale of its neighbouring pixels

will possess a higher LVC value, and hence, greater weight is
allotted to that pixel. Similarly, the pixel that seems to be less
bright when compared to the mean grayscale of its neigh-
bouring pixels will possess a lower LVC value, and hence,
lesser weight is allotted to that pixel. When the local mean
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Figure 3: ARKFCM outputs using the average filter for defective and healthy thermal images.
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Figure 4: ARKFCM outputs using the weighted filter for defective and healthy thermal images.
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grayscale equals the central pixel grayscale, the weight al-
lotted to that pixel is zero. However, in this manner weights
are allotted to every pixel inside the local widow. (is al-
location of weights simplifies the clustering task, and hence,
segmentation is performed much effectively and easily, with
less computational cost and at a much faster manner. Other
FCM algorithms require updating their contextual weights
for each iteration, which is the primary cause of their greater
computational cost and time consumption.

Table 2 shows the various evaluation parameters that are
considered to prove that the weighted filter is very efficient
when compared with the median and average filters.

4.1. True Positive, True Negative, False Positive, and False
Negative. A true positive is a result where the framework
accurately anticipates the positive category. Likewise, a true
negative is a result where the framework perfectly anticipates
the negative category. A false positive is a result where the
framework fallaciously anticipates the positive category.
False negative is a result where the framework wrongly
anticipates the negative category.

4.2. Accuracy. Accuracy is the ratio of correct anticipations
(both true positives and true negatives) among the entire
instances studied.

Accuracy �
(TP + TN)

(TP + TN + FP + FN)
. (2)

4.3. Precision and Recall. Precision (also termed as positive
predictive value) is the ratio of relevant cases to the retrieved
cases, while recall (alias sensitivity) is the ratio of the total
number of relevant cases actually retrieved.

Precision �
TP

(TP + FP)

Recall �
TP
P

P � TP + FN

N � FP + TN

FP rate �
FP
N

TP rate �
TP
P

.

(3)

4.4. F-Measure. (e Fvalue (F-score or F-measure) is a val-
uation metric for a test’s exactitude. A standard that merges
precision and recall is the harmonic mean of precision and
recall, the conventional F-measure, or balanced F-score:

Fvalue � 2∗
((precision∗ recall)
(precision +recall))

. (4)

(is standard is roughly the mean of precision and recall
and is normally the harmonic mean, which, for the context
of two numbers, co-occurs with the square of the geometric
average fractioned by the arithmetic average. F-measure is
perfect when its value equals unity.

4.5. Jaccard Index. When comparing finite sample sets, the
Jaccard coefficient measures similarity, and is defined as the
size of the intersection fractioned by the size of the union of
the sample sets:

J(A, B) �
|A∩B|

A∪B
�

A∩B

|A| + |B| − |A∩B|
. (5)

4.5.1. MCC. (e MCC is a correlation coefficient between
the observed and anticipated binary classifications; it gen-
erates a value between − 1 and + 1. A coefficient of +1 denotes
a perfect anticipation, 0 denotes no better than stochastic
anticipation, and − 1 denotes total discrepancy between
anticipation and observation. (e coefficient considers true
and false positives and negatives and is normally looked
upon as a balanced measure that can be utilized even if the
categories are of extremely varied sizes.

MCC�
(TP∗TN − FP∗FN)

���������������������������������������
((TP+FP)∗(TP+FN)∗(TN+FP)∗(TN+FN))

 .

(6)

5. Output Graphs

5.1. Neural Network Training Model. (e neural network
training model lists the following parameters. Epoch is the
time taken to complete one full cycle in training the total
number of samples in the neural network. It takes into
account one forward pass and one backward pass. Iterations
are the total number of passes required to train the samples.
Time denotes the duration taken to train each sample.
Performance indicates the efficiency of each of the three
different types of images. Gradient represents the percentage

Table 2: Evaluation metrics.

S.
no

Evaluation
standards

Adaptive regularized kernel-based FCM
Weighted

filter
Average
filter

Median
filter

Window size 3 cluster number 2
1 Accuracy 0.6944 0.6878 0.6800
2 FN 3637 3010 3831
3 FP 3239 3790 3368
4 F prate 0.6207 0.6289 0.6087
5 F value 0.7987 0.7984 0.78i9
6 Jaccard index 0.6649 0.6644 0.6430
7 MCC 0.1646 0.1572 0.1612
8 Precision 0.8082 0.7803 0.7959
9 Recall 0.7895 0.8173 0.7742
10 TN 1979 2236 2165
11 TP 13645 13464 13136
12 T prate 0.7895 0.8173 0.7742
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amount of deviation that exists between the original input
image and the output image. Validation checks indicate the
number of times the verification has taken place. Table 3
shows the various iteration parameters utilized to evaluate
the performance of the proposed technique.

5.1.1. Performance Plot. (e performance plot shown in
Figure 5 is the plot between the number of epochs on the X-
axis and the cross-entropy values on the Y-axis. Epoch is the
time taken to complete one full cycle. Cross-entropy eval-
uates the deviation amidst three probability distributions
(training, validation, and testing) for a particular random
variable or set of events. (ere are four lines, train, vali-
dation, test, and best. To affirm that training is performing
effectively, the other three lines must lie on the best (dotted)
line or in close proximity to it. If any of the three (training,
validation, and testing) lines converge or pass beside the best
(dotted) line, it reveals that convergence is taken place; else,
the network is to be trained again. (e training dataset is
utilize to cultivate the candidate algorithms, and the vali-
dation dataset is utilized to analyze their operations and
determine which one to choose and the test dataset is uti-
lized to fetch the evaluation metrics such as accuracy,
sensitivity, specificity, and F-measure.(is plot enables us to
determine the best fit among training, validation, and testing
and also at what instance it occurs. In the case of defective-
defective image, the best fit occurs at epoch 4 having a value
equal to 0.5993. In the case of healthy-defective image, the
best fit occurs at epoch 19 having a value equal to 0.53649. In
the case of healthy-healthy image, the best fit occurs at epoch
8 having a value equal to 0.50936.

5.1.2. Training State. (e training state graph shown in
Figure 6 denotes the present advancement/training status at
a particular instant while training is ongoing. In this case,
six-validation errors are observed, and it denotes that when
six-validation check faults are generated at the same time,
then training will terminate. A validation check error is
generated when the dataset has a few issues, such as certain
instances that are not apprehensible by the training algo-
rithm.(e first training state graph is a plot between number
of epochs on the X-axis and the gradient on the Y-axis. (e
gradient shows the amount of deviation of the healthy-
defective image from the healthy-healthy image. For de-
fective-defective image, initially at 0 epoch, the gradient had
a higher value, which gradually decreases, and at epoch 11,
the gradient has a least value equal to 0.0011818, which is
approximately equal to zero. Hence, having a gradient value
to be equal to zero indicates that there is not much deviation
between the two images. For healthy-defective image, ini-
tially at 0 epoch, the gradient had a higher value, which
gradually decreases, and at epoch 25, the gradient has a least
value equal to 0.00064096, which is approximately equal to 0.
For healthy-healthy image, initially at 0 epoch the gradient
had a higher value, which gradually decreases, and at epoch
14, the gradient has a least value equal to 0.0028701, which is
approximately equal to zero.

5.1.3. Error Histogram. Error histogram shown in Figure 7 is
the graph of the errors between target values and anticipated
values after a feed-forward neural network is trained. (ere
are completely 20 bins. Bins denote the count of vertical bars
observed on the histogram.(e zero error line represents the

BEST VALIDATION PERFORMANCE IS 0.69072 at epoch 14
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Figure 5: Performance plot.

Table 3: Iteration parameters.

S. no Parameters Bad-bad image Good-bad image Good-good image
1 Epoch 11 iterations 25 iterations 14 iterations
2 Time 3 sec 5 sec 0 sec
3 Performance 0.546 0.56 0.599
4 Gradient 0.00729 0.0121 0.00875
5 Validation checks 6 6 6
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zero error value on the error axis (i.e., X-axis). For defective-
defective image, the aggregate neural network error is in the
range of -0.1318 to 0.4742. (is range is fractioned into 20
bins, so that the width of every bin is (0.4742-(− 0.1318))/
20� 0.0303. Every vertical bar denotes the count of the
dataset samples that belongs to specific bin. For instance, in
the middle of the histogram, there exists a bin representing
the error of -0.00418 and the height of that bin for the
validation dataset is 16. It implies that 16 samples from the
validation dataset have an error lying in that range. Likewise,
for healthy-defective image, the smallest amount of error
0.003858 roughly equals 0 and the height of that bin for the
validation dataset is 16. For healthy-healthy image, the

smallest amount of error -0.0099 roughly equals zero and the
height of that bin for the validation dataset is 17.

5.1.4. Confusion Matrix. A confusion matrix (or error
matrix) is generally utilized as a quantifiable technique for
characterizing image classification precision. It brings out
the parallelism between the classification output and the
image taken as reference. A confusion matrix is an nxn
matrix in which every row depicts the real classification of a
particular data and every column depicts the anticipated
classification. (e precision of an image can be checked by
viewing the diagonal cells of the confusion matrix, which
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indicate the count of the perfect classifications. A healthy
image will have greater values along the diagonal and lesser
values in the cells apart from the diagonal. In addition, one
can determine whether the model is not performing well, by
evaluating the greater values on the non-diagonal cells in the
matrix. If so, these cells comprise classification errors, i.e.,
instances in which there exists no correspondence between
the reference image and classified image. However, these
evaluations can be utilized to detect instances in which the
precision is great, but the prototype is continuously per-
forming the wrong classification of similar information.

5.2. Receiver Output Characteristic Graph. A receiver op-
erating characteristic curve shown in Figure 8, or ROC
curve, is a graphical representation that exemplifies the
efficiency of a binary classification model as its discrimi-
nating threshold is altered. Classification accuracy is the total
number of perfect classifications. (e ROC curve is gen-
erated by plotting the true-positive rate (TPR) versus the
false-positive rate (FPR) at varying threshold levels. ROC
analysis renders tools to choose optimum models and cast
aside suboptimal models. Bringing down the threshold level

classifies many pixels as positive, thereby enhancing both
false positives and true positives. Hence, the ROC curve can
be utilized to choose a threshold for a classification model
that enhances the true positives and reduces the false pos-
itives. (e ROC curves for the training state, validation state,
and test state are obtained individually. (en, a combined
version of all the states and the final ROC curve are obtained.

5.2.1. SIFT. An image-matching algorithm recognizes the
primal characteristics from an image and is capable of
matching these characteristics to a novel image of the similar
object. SIFT aids in locating these primal features generally
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Figure 9: Matrix to compute magnitude and orientation.
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termed as “key points” of the plug valve image. (ese key
points must be robust in such a way that, even if there is any
variation in the scale, rotation, or angle of the image, key
points are utilized for varied computer vision applications,
such as image matching and object identification. (e next
phase is the construction of the scale space. Scale space is a
grouping of several plug valve image possessing varied
scales, which are obtained from an individual plug valve
thermal image. (is is performed to identify the unique
features that show no variation in all the images whose scale
has been varying. Difference-in-Gaussian function is utilized
to remove or lessen image noise. Post-utilizing Gaussian
blurs the texture, and less vital particulars are withdrawn
from the image and only applicable data such as shape and
edges are retained. (e difference in Gaussian is a feature
enhancement algorithm that deals with subtracting the
blurred version of an original image from a less blurred
version of the same image. Hence, we have confidently
enhanced the vital features. Key point localization (selection)
determines the primal key points from the image that can be
utilized for feature matching. (e aim is to determine the
local maxima and minima for the images. It is performed by

equating each image pixel with its adjacent pixels. (is
enables to get rid of low contrast key points, those that lie in
close proximity to the edge, not sturdy to noise. Next is to
specify an orientation to every key point so that their
alignment does not vary, even if the image is rotated or
slightly changed in angle.(emagnitude and orientation are
computed using the matrix shown in Figure 9.

To determine the magnitude and orientation for the
central pixel highlighted in yellow, for this, initially the
gradients in x and y directions are computed by fetching the
difference between 55 and 46 and 56 and 42. (e gradient
values are GX � 9 and GY � 14, respectively.

Magnitude � √ ((GX)2+(GY)2)� 16.64
Φ� tan (GY/GX)� tan (1.55)� 57.17

(e magnitude denotes the pixel intensity, and the
orientation gives the pixel direction.

5.2.2. Histogram for Magnitude and Orientation. (e bins
for the angle values, such as 0–9, 10–19, 20–29, till 360, are
plotted on the X-axis. In our case, the angle value is 57, and

Figure 10: Output graph showing key points that do not match.

Figure 11: Output graph showing key points that perfectly match.
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hence, it will lie in the 6th bin. (e 6th bin value will be
proportional to the pixel magnitude, 16.64. (is computation
is performed for all the pixels surrounding the key point. At
one particular instance, the graph would elevate to its
maximum level. (e bin at which we view this elevation is
considered to be the key point orientation. In addition, if
there exists a second elevation (viewed between 80 and 100%),
then another key point is yielded. In this manner, the number
of key points is increased. We utilize the neighbouring pixels,
their magnitude, and orientation, to create a distinct fin-
gerprint for this key point termed a “descriptor.” In the given
outputs, the gray images shown in Figure 10 denote those in
which the key points do not match. (e blue and green
outputs shown in Figure 11 denote those in which the key
points match perfectly.

6. Conclusions

(is research work is based on weighted local variation
pixel-based fuzzy clustering (WLVPBFC), in which the
clustering task becomes easy by allocating/calculating the
weights of each pixel. (is is performed by computing the
local variation coefficient. (is enables the segmentation to
be carried out more effectively, easily, faster, and with lesser
computational cost. (e clustering results of normal FCM
using average filter and median filter are utilized for
comparison purpose. It is determined that the FCM using
average and median filter requires updating their con-
textual information for each iteration, which results in
greater computational cost and time consumption. (e
WLVPBFC using weighted filter for plug valve thermal
images outperforms the normal FCM using average filter
and median filter in terms of accuracy of 69.44%, precision
of 80.82%, Jaccard index of 0.6649, and MCC of 0.1646.(e
evaluation graphs show that the best results are obtained
for healthy-healthy plug valve thermal images. In addition,
using SIFTS the matching features/key points are obtained
with a magnitude of 16.64 and phase value of 57.17. In
future, this concept can be applied using deep learning
algorithms.
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�e microstructure and mechanical properties of an MMC based on AA 7075 and strengthened through silicon carbide (SiC) as
well as boron carbide (B4C) elements were studied. �e (SiC+ B4C) combination was used in various weight percentages of 4, 8,
12, and 16% to create the hybrid composites utilizing the traditional stir casting procedure. XRD and SEM measurements were
used to investigate the dispersion of the reinforced particles. For example, microhardness, impact strength, and ultimate tensile
strength were measured on hybrid composites at room temperature. �e density and porosity of the materials were also studied.
�e researchers found that increasing the weight percentage of the (SiC +B4C) mixture resulted in a small drop in % elongation.
However, hybrid composites comprising 16% (SiC+B4C) weight reduction showed some decrease in hardness and tensile
strength. Equated to unreinforced alloys, the hardness and tensile strength of hybrid composites rise by 8% and 21%, respectively.
Reinforcement also resulted in a decrease in impact strength and density, as well as an increase in porosity.

1. Introduction

Metal matrix composites (AMCs) made of aluminium have
gained popularity in recent decades because of their amazing
qualities such less weight, higher strength, modulus of
elasticity, exceptional restraining, and good wear resistance.
When the number of reinforced particles in a matrix com-
position grows, ductility often su�ers [1]. In transportation

and structural applications, where high-stress resistance is
critical, 6082 T6 tweaked AA provides good mechanical
qualities and high strength [2]. Aluminium composites have
undergone a great deal of development in the last few decades
to improve their qualities [3].

Hybrid aluminium AMCs are the next generation of
AMCs, and theyhave the ability to ful¡ll the growingdemands
of high-tech applications in the future [4]. Additionally,
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researchers have experimented with creating hybrid metal
matrix composites by combining two or more reinforcing
materials, inaneffort togetbettermechanical qualities, suchas
increased dimensional stability and improved heat and cor-
rosion resistance for the final invention [5]. A number of
researchershaveexplored themechanicalpropertiesof a range
of hybrid composites. As per the proportion of strengthening
in the metal matrix increases, tensile strength, stiffness, and
porosity all improve. However, when the proportion of re-
inforcement rises, the composite’s impact energy and density
both fall significantly. Ultrasonic cavitation solidification was
used in [6] to create a hybrid composite utilizing AA6061 as a
basemetal and (SiC+B4C) as reinforcement.'ey found that
the porosity boosted the hardness and tensile strength of the
alloy.When [7]used a traditional stir castingmethod to create
a hybrid composite, they used an aluminium alloy containing
boron carbide (B4C) and graphite reinforcing particles (Gr).
For better strength, hardness, andwear resistance, researchers
added B4C to thematrix, but thematerial becamemore brittle
as a result. Alumina nanoparticles (Al2O3) were created via
powder metallurgy, and the strengthening mechanism was
discovered to be the most important strength mechanism
[8, 9].'e solidificationof a substance is linked to the program
of dislocations inside that material. Strengthening mecha-
nisms must be introduced to limit dislocation movement and
thus boost thematerial’s strength in order to improvematerial
attributes like yield strength.Researchers evaluated thewearas
well as the mechanical characteristics of reinforcement
combinations on the surface of composites forwear [10]. An
increase inmicrohardness is attributed to the occurrence of
silicon carbide and alumina particles in hybrid composites
made of Al, SiC, and Gr. SiC and Al2O3 reinforcement
added to aluminium hybrid composites boosted tensile
strength and hardness while decreasing the elongation
percentage, according to a study by Davis et al. [11]. It was
found that the ultimate tensile and hardness of hybrid
composites made with boron carbide particles and calcium
carbide with the main alloy of AA 6063 were improved,
while the impact strength was somewhat reduced. A two-
step stir casting procedure was used to create a dual-
reinforced particle AA composite in [12]. LM-13 AA was
used in the experiments. Silicon carbide and zircon sand
(ZrSiO4) particles were used in the study. 'e composites
outperform the unreinforced alloy in terms of wear resis-
tance, according to the authors.

It is stated in the literature that several researchers have
evaluated the mechanical and structural properties of
composite materials using SiC, Gr. Ca2O3, ZrSiO4, TiC, and
Al2O3. 'ere has been no study done on AA6082 to make
hybrid composites employing (SiC +B4C) as reinforcement.
Aluminum and silicon carbide (SiC) particles are chemically
compatible and create strong bonds in the matrix [13].'ere
are a number of advantages to using SiC as a reinforcement
in AMCs because of its outstanding workability, easy ma-
chining, and inexpensive cost. B4C must be added to alu-
minium composites in order to increase their mechanical
qualities. B4C is a great reinforcement material because of its
high rigidity and hardness, as well as its low density. Because
of B4C and aluminum’s similar densities, the settling

problem is reduced while solidifying a molten matrix due to
its low density [14]. An initial investigation of the
(SiC +B4C)-reinforced AA6082 hybrid composites’ micro-
structure and mechanical characteristics was carried out.
Many different techniques, including liquid state produc-
tion, stir casting, intrusion, and squeeze casting, can be
utilized to make composites. 'e stir casting process is the
most commonly used technique for composite
manufacturing because it can generate complex shapes at a
low cost. Using a graphite crucible to melt a molten matrix
metal requires 10–15 minutes of vigorous stirring in order to
produce a homogeneous composite [15]. When it comes to
liquid state manufacturing, stir casting is the most easy and
cost-effective process. Another benefit of the stir casting
technology is its capacity to produce composites with a
volume proportion of up to 30%. [16–18]. 'e swirling
motion of the particles in the stir casting process enhances
the chemical interactions between the matrix and rein-
forcing particles [19]. Experimental data on microhardness,
impact strength, elongation percentage, and tensile strength
of stir-cast hybrid metal matrix composites were collected
[20].

2. Materials and Experimentation

2.1. Base Material. A 6mm thick AA7075 plate was chosen
as the basis material in this study. 'e matrix alloy’s
chemical and mechanical properties are listed in Tables 1
and 2. At a temperature of roughly 180°C, the alloy was
artificially aged to achieve the T6 state. Table 3 lists the
specifics of the SiC and B4C particles utilized as rein-
forcement in this study. 'e particles used in this investi-
gation were 35 μm in diameter. By adding 4, 8, 12, and 16wt
% of the (SiC +B4C) mixture in equal proportions, we were
able to create Al-SiC-B4C hybrid composites.

2.2. Composite Fabrication. 'e specimen was prepared
employing the standard stir-castingmethod. Figure 1 depicts
the experimental setup employed in this study. For the
production of each sample, a graphite crucible was used to
melt 1000 grams of aluminium in an electric furnace with an
argon environment at 8000°C. As a way to improve the
matrix alloy’s wettability with reinforcements, magnesium
(2 wt%) was infused into the molten metal. Magnesium is
considered a better wettability agent for SiC. To oxidize the
surface of the B4C particles, they were baked for 3–4 hours at
a temperature of 2000°C in a baking oven. Using a graphite
stirrer set to 400 rpm for roughly 10 minutes, this preheated
powder was fed into the molten metal at a consistent feed
rate using SiC. 'is ensured a uniform distribution of the
powder throughout the metal. A 300mm long, 80mm wide,
and 40mm deep injection mold was utilized to pour the
liquid combination.

'e hybridized composite was allowed to harden at
ambient temperature before being taken from the mold and
subjected to various mechanical tests. Samples containing
4%, 8%, 12%, and 16% (SiC+ B4) were prepared using the
same procedure.
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2.3. Measurements. Microstructural investigation was per-
formed by producing cylindrical samples with 6mm di-
ameters and 20mm heights. �e microstructure samples
depicted in Figure 2 were used in the research. An SEM was
utilized to examine the microstructure of the Al-SiC-B4C
mixture. Keller’s Reagent (HF/HF/HCl/HNO3/H2O) and
Emery paper (400, 600, and 1000 grades) were utilized to
etch samples using Keller’s Reagent (H2O). Nikon’s Eclipse
MA-100 optical microscope and JOEL’s JSM-6510LV
scanning electron microscope were utilized for the micro-
structure study.

All samples were subjected to a 15-second microhardness
test on a Vickers hardness testing method and a force of 1 kg.
�e hardness of small cuboids was determined using an
electric discharge machine. Samples were indented by a di-
amond indenter, which had square bases and an angle of 136°
between them. �e Charpy tests, which used specimens
56×10×10mm in size, with notch depths of 3mm, tip radius
of 0.30mm, and angles of 45°, were performed on impact
testingmachines using these specimens.As shown inFigure 3,
the samples used in this study are schematically depicted. All
specimenswere evaluated three times for hardness and impact
strength in order to acquire an average result.

�e hybrid composites’ tensile behaviour was examined
and tested in accordance with the ASTM-E8 standard.
Temperatures ranged from 25°C to 30°C and relative hu-
midity ranged from 40 to 60% during the tests on the
universal testing equipment. Using the schematic diagram
indicated in Figure 4(a), the ¬at specimens with a thickness

Table 2: Mechanical properties of AA7075.

Tensile strength (MPa) Density (g/cm3) Vickers hardness (HV) % elongation (%)
228 2.81 175 17

Table 3: Particulars of SiC and B4C particulate.

Reinforcement Mean particle size Hardness Density Melting point
(μm) (kg/mm2) (g/cm3) °C

SiC 35 2,800 3.20 2,700
B4C 35 2450 2.52 2,450

Direction of flow

Delivery pipe
Stirrer movement

Mixing chamber
(Argon gas + Powder)
Supporting rod

Heating chamber
Graphite stirrer
Melted powder

Valve

Argon gas cylinder

Figure 1: Diagram of experimental arrangement.

AI 7075

8%
(SiC + B4C)

12%
(SiC + B4C)

16%
(SiC + B4C)

4%
(SiC + B4C)

Figure 2: Samples for microstructure evaluation.

Table 1: Chemical arrangement of AA7075.

Component Magnesium Silicon Manganese Iron Copper Zinc Aluminium
(wt%) 2.5 0.08 0.04 0.3 1.5 5.6 Remaining
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of 6mm were machined to match the dimensions of the
schematic diagram. Figure 4(b) shows the tensile test
specimens.

�e mass and volume of a sample were utilized to cal-
culate the density of the specimen. Equation (1) can be used
to determine the density by using the measurements of mass
and volume:

de nsity
g

cm3( ) �
mass
volume

. (1)

�e following equation can be used to determine the
specimen’s porosity using a straightforward relationship:

porosity � 1 −
d

da
, (2)

whereas d is the mass of the specimen and da is the density of
the base material.

It will be possible to account for even closed porosity
using this straightforward approach.

3. Results and Discussion

3.1. XRDandMicrostructural Study. By using XRD patterns,
Figures 5(a)–5(e) depict the matrix alloy and hybridized
composites. �e prominent peaks in the XRD data belong to
aluminium, which is the parent material. Hybrid com-
posites’ lower peaks show their SiC and B4C content. At
the goniometer receiving slit station, the di�ractometer
uses a graphite curved single crystal monochromator to
select CuK radiation (λ�1.54A). During the XRD inves-
tigation, a di�raction angle (2θ) of 20–1100 was main-
tained. Figures 5(a)–5(e) depict the occurrence of Si,
Al4C3, and Al3BC, all of which were found in the ¡nal
samples. �e hybrid composites’ Al3BC and Al4C3 max-
ima, on the other hand, were incredibly low. In an electric
furnace, aluminium and boron carbide interacted directly
to produce Al3BC and Al4C3 [21–23].

Figures 6(a) and 6(b) show scanning electron micro-
scope images of silicon carbide and boron carbide particles,

10

10

Striking distance

Direction of blow

22

28

45°

8

Figure 3: Diagram of specimen for impact strength.

Cross - Section So

LC parallel test length

Lo gauge length

t
R

b

(a)

AI 7075

8% (SiC + B4C)

12% (SiC + B4C)

16% (SiC + B4C)

4% (SiC + B4C)

(b)

Figure 4: Tensile test. (a) Diagram and (b) sample.
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respectively. First-generation Al 7075 grains developing
dendritically reveal the interdendritic zone between alu-
minium and silicon grains in the microstructure of the Al
7075 silicate eutectic. �e temperature mismatch between the

molten matrix and the reinforcing particles results in the
formation of aluminium. Due to the ceramic particles’ weaker
heat conductivity compared to Al 7075 melt, the molten
matrix is hotter than the temperature of the ceramic particles.
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Figure 5: X-ray di�raction forms of (a) 0%, (b) 4%, (c) 8%, (d) 12%, and (e) 16% of (silicon carbide + boron carbide) strengthened
hybridized composites.
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As a result, the solidification process requires more time
to cool hotter particles, which in turn heats the liquid alloy
around them. When the hybrid composites were cooled
during solidification, they formed dendritic regions. In re-
gions where the dispersion of reinforced particles is not as
good, the particle clusters were also detected. No cavities in
the interface indicate that the interfacial connection between
particles and matrix is strong. According to [20, 24], the
reinforcing particulate can prevent dendritic development.
Increasing the weight percentage of reinforcement leads to
an increased degree of cluster agglomeration as well. In
contrast, well-placed agglomerations in the composites can
reinforce the composite [25].

3.2. Impact Strength and Microhardness. Samples of sub-
strate metal AA7075 and hybridized composites are shown
in Table 4. Hybrid composites have higher hardness values
than their unreinforced counterparts, and this hardness rises
in direct proportion to the weight percentage of rein-
forcement added. 'is is in accordance with the investi-
gation that took place previously [26]. 'e matrix’s hardness
and resistance to plastic deformation are both improved by
the inclusion of hard reinforcing particles [27]. As shown in
Figure 7, the hardness increases up to 12%wt fraction, which
is shown in the graph. Increasing the density of the par-
ticulate mixture within the matrix reduces the hardness of
the SiC and B4C particles [28]. 'e ideal hardness of
reinforced composites with a (SiC +B4C) mixture of 12%wt
is 8% greater than the hardness of unreinforced alloys.

Table 5 summarizes the impact test findings for unre-
inforced alloys and hybrid composites. As shown in Figure 8,
as compared to the unreinforced alloy, the impact strength
of composites falls as the weight percentage of particles rises
in the metal matrix. However, despite the fact that hybrid
composites’ impact strength tends to decrease, the reduction
amount was quite small. One possible explanation for the
decrease in strength is the modest change in material
properties from ductile to brittle caused by the reinforce-
ment of hard particles [29].

Cracking and decohesion of reinforcing particles lead to
the loss of impact strength in composites because of mi-
crostructural defects. A reduction in impact strength occurs

as a wt% increase in reinforcement occurs, which leads to a
rise in failure rates.

3.3. Tensile Behavior of Hybrid Composites. Hybrid com-
posites exhibited a surge in UTS with an increasing weight
percentage of the (silicon carbide + boron carbide) mixture
in the tensile behavior when the reinforcing mixture was
present. Table 6 shows the tensile values as well as the %
elongation. Figure 4(b) shows that all samples, even the
unreinforced ones, did not break at the center of the gauge
length. Because the midsection of a tensile specimen is the
weakest when subjected to tensile stresses, it is common for
the specimen to shatter. Due to particle concentration,
defects, or minute impurities, the center may not be shat-
tered in some cases. For example, the UTS went from
319MPa at 0% addition to 386MPa at 12% addition, an
increase of 21%. In terms of UTS, the hybrid composite with
12%wt of reinforcement outperforms its 16%wt counterpart.
'e increased porosity and excessive aggregation of rein-
forcing particles in the microstructures could be the cause
[30]. Porosity in hybrid composites that have been cured
reduces material strength, which is caused by the aggrega-
tion of tiny particles.

'e % elongation of hybrid composites declines as the
weight percentage of reinforcement increases in comparison
to AA7075. Figure 9 demonstrates how the UTS and
elongation percentage change when the wt% of strength-
ening in the aluminiummatrix increases. With the inclusion
of strengthening particles and a decrease in the ductility of
Al 7075 composition, the percentage elongation decrease
may be attributed to these factors.

3.4. Density and Porosity. Figures 10 and 11 show the
outcome of the measurements of density and porosity.
Hybrid composite density decreased after 2.7 g/cm3 at 0%
(silicon carbide + boron carbide) towards 2.61% at 16%
(SiC + B4C) addition, indicating that the inclusion of
reinforcing particles in the metal matrix has little influence
on density. 'ere was a recorded 5.2% reduction in
density. With the addition of strengthening, the porosity
ranges of the strengthened hybridized composites mar-
ginally rise. 'ere is an increase in value from 0.35 to 2.14

Figure 6: (a, b) SEM images of silicon carbide and boron carbide particles.
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when adding 16% (SiC + B4C) to the mixture. �e authors
in [31, 32] found similar results in terms of density and
porosity.

Table 4: Results on microhardness.

Terms of specimen Hardness1 Hardness2 Hardness 3 Average hardness
AA7075 170 172 168 170
AA7075 + 4% (SiC+ B4C) 168 169 170 173
AA7075 + 8% (SiC+ B4C) 171 173 175 173
AA7075 + 12%(SiC +B4C) 170 172 173 172
AA7075 + 16% (SiC+B4C) 168 173 172 171

170

173 173

172

171

AA7075 AA7075 + 4%
(SiC + B4C)

AA7075 + 8%
(SiC + B4C)

AA7075 + 12%
(SiC + B4C)

AA7075 + 16%
(SiC + B4C)

Average Hardness

Average Hardness

Figure 7: Hardness of unreinforced alloy and hybridized composites.

Table 5: Impact tests results.

Terms of specimen Test 1(Nm) Test 2 (Nm) Test 3 (Nm) Mean impact
AA 7075 9.5 9.8 9.5 9.6
AA 7075 + 4% (SiC+B4C) 9.4 9.4 9.2 9.33
AA 7075 + 8% (SiC+B4C) 8.7 8.75 8.8 8.75
AA 7075 + 12% (SiC +B4C) 8.4 8.4 8.2 8.33
AA 7075 + 16% (SiC +B4C) 7.9 7.95 7.9 7.92
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Figure 8: Impact strength on variant wt% of (SiC+B4C) mixture.

Table 6: Results of tensile strength along with % elongation.

Terms of
specimen

Ultimate tensile
strength (MPa)

%
enhancement

%
elongation

AA 7075 319 — 8.42
AA 7075 + 4%
(SiC +B4C)

335 4.8 7.91

AA 7075 + 8%
(SiC +B4C)

358 12.31 7.32

AA 7075 + 12%
(SiC +B4C)

386 21.07 6.89

AA 7075 + 16%
(SiC +B4C)

372 16.7 6.9
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4. Conclusion

In summary, the stir casting process was employed to create
AA7075 reinforced with 4, 8, 12, and 16 weight percentages
of (SiC +B4C) particulates, and experimental results led to
the conclusions listed below:

(1) �e existence of Al 7075, silicon carbide (Sic), alu-
minum carbide (Al4C3), ternary alumina-boron car-
bide (Al3BC), boron carbide(B4C), and silicon (Si) in
thehybridized compositeswas con¡rmedbyXRD, and
SEM micrographs showed good dispersion of the
reinforced particles. As the weight percentage of
strengthening rises, so does the particle agglomeration.

(2) It went from 170 HV for an unreinforced alloy to 175
HV for a hybridized component with 12wt% of
strengthening in microhardness. An 8% increase in
hardness was seen. �ere was also a minor drop in
hardness over 12%wt of reinforcing.

(3) �e impact strength of hybridized composites
steadily decreases as reinforcement is added at a
marginal rate.

(4) �e ultimate tensile strength of hybrid composites is
signi¡cantly improved by the addition of rein-
forcement. When equated to unreinforced alloy, the
UTS increases in strength by 21%, from 318 to
386MPa. With the addition of 16%wt strengthening,
however, the hybridized composite’s strength de-
creased slightly.

(5) With increasing AA matrix composition, the %
elongation was identi¡ed to be decreased as the
strengthening percentage improved.

(6) A decrease in density and an increase in porosity
were noted when reinforcing particulate was added.
At 0% SiC +B4C adding to 16% Silicon Carbi-
de + Boron Carbide in the metal matrix, the density
decreases between 2.7 g/cm3 and 2.61 g/cm3, and the
porosity increases between 0.4% and 2.21%.
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In this research work, an attempt was made to machine the titanium (Ti6Al4V) alloy utilizing electric discharge machining
technique.  e distinct process parameters and its impact on the machining performance were identi�ed using the cause-and-
e�ect diagram (CED). e key process parameters identi�ed by CED diagram were current, pulse on time (Ton), aluminium oxide
(Al2O3) powder concentration, and gap distance; experiments were conducted by varying the process parameters, experimental
runs were designed using the Taguchi mixed orthogonal array.  e experimental results revealed that improvement in material
removal rate (MRR) was due to the bridging e�ect; reduction in tool wear rate (TWR) owing to the expansion of spark gap and
enhancement in the surface roughness (Ra) was due to the complete �ushing of machined debris.  e interaction impact was
analysed using the contour plot and with the aid of mathematical modelling experimental �ts that were identi�ed and the results
were validated utilizing the sensitivity analysis. e obtained results were optimized using the technique for order of preference by
similarity to ideal solution (TOPSIS) optimization technique.

1. Introduction

 e life time of the product depends on the quality of the
component used to assemble it.  e manufacture of main
landing gears from composites using conventional machining
processes has distinguishing critical to excellent attributes [1].
 e attributes include excessive tool wear due to the presence
of abrasive particles in the composites, formation of build-up
edges, and exhibiting poor surface as the removal of particles
leaves the pits on the surface [2–4]. To resolve this issue, the

composites were manufactured using the unconventional
machining (UCM) technique, of which electric discharge
machining (EDM) was preferred for producing components
with utmost quality [5].  e EDM input variable which
controls the outcome of the process includes current, spark
gap, powder concentration, cycle time, and tool materials
[6–8]. Tuning the parameters to the ideal level results in the
manufacturing of high-quality items; failing to do so results in
faulty products [9].  e route cause for the distinct defects
was identi�ed using the CED diagram.  e CED, also known
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as the Ishikawa graph or fish-bone investigation, is a directing
approach that groups both ordinary and uncommon reasons
under the umbrella of the 4M, man machine, methodology,
and materials [10]. However, it is possible that the output
value y is misled by the set of input quantity ratings (major
categories) and other ambiguity elements (subcategories)
[11]. *ere are several instances of CED with jumbled up
quantity and uncertainty variables [12].

Current and Ton were the influential parametric setting
which influences the machining performance, when the
Al2O3 was incorporated in the dielectric medium [13]. *e
shorter Ton results in reduction of Ra value whereas longer
current generates heat of high intensity [14]. Hybridisation
of machining process enhances the flushing of machined
debris and improves the quality of the machined surface
[15]. Machined surface property was altered with the
changes in the characteristics of dielectric fluid [16]. *e
optimum duty factor and thermography determine the
productivity and quality of titanium alloy [17]. *e MRR
increased with the increment in the conductivity of the
dielectric fluid and over the threshold limit reduces due to
upsurge in gap distance [18]. Microcracks were decreased,
and the permeability of machined surfaces was improved by
suspending a significant quantity of powder at the right
proportion [19]. *e addition of hydroxyapatite to dielectric
fluid changes the discharge gap significantly and affects
various input variables as well as dielectric fluid deionization
[20].

Selecting best solution from the available alternatives
increases the productivity of the industry [21]. Grey rela-
tional analysis (GRA), technique for order of preference by
similarity to ideal solution (TOPSIS), VIKOR, and multi-
objective optimization on the basis of ratio analysis were the
distinct optimization technique used for identifying the right
parametric combination [22–24]. From the above literature,
it was confirmed that the heaps of works were available on
the EDM of titanium alloy. However, works related to the
machining titanium alloy under Al2O3 incorporated di-
electric medium were scarcely available. *e work was
carried out with the following objectives (i) to identify the
most influential process parameters through CAD; (ii) to
analyse the machining performance by varying the pa-
rameters; and (iii) to optimize the process variable through
TOPSIS optimization technique.

2. Materials and Methods

Ti6Al4V, a medical grade titanium alloy procured from the
Ragavendra Engineering having the chemical composition
as depicted in Table 1, was selected for investigation. *e
process parameters which influence the quality of the
manufactured product was identified using the CED. *e
selected process parameters were varied for four levels, and

DOE was designed using the Taguchi orthogonal array as
depicted in Table 2. *e machining performance was
accessed in terms of MRR and TWR, determined according
to equations (1) and (2). *e Ra was measured utilizing the
device SJ210 surface roughness tester, in which the value was
computed at 10 different places and the average value was
recorded as the Ra value. *e copper was used as the
electrode, hydro carbon oil as dielectric, and specimens were
machined for 10mins. *e results were optimized through
TOPSIS technique, a mathematical model was developed,
the obtained results were compared with the experimental,
and valediction of the model was done through sensitivity
analysis.

MRR �
Xb − Xa( 

z
 . (1)

TWR �
Yb − Ya( 

z
 . (2)

Xb: weight of the work piece before machining
Xa: weight of the work piece after machining
Yb: weight of the work piece before machining
Ya: weight of the work piece after machining
z: machined time

*e unit of MRR and TWR was mg/min.

2.1. Cause andEffectDiagram. *e EDM process parameters
were broadly classified into electrical parameters, nonelec-
trical parameters, electrode parameters, dielectric parame-
ters, powder parameters, and integrated process as shown in
Figure 1. *e assisted EDM viz. ultrasonic, magnetic was
used to facilitate the flushing of the machined debris as well
as electrical parameters, gap distance was varied for the same
effect, gap distance was picked as one of the input variables
keeping the cost in mind. Because dielectric characteristics
influence heat generation and changing current results in the
same output, several researchers found that current was the

Table 1: Chemical composition of Ti6Al4V (spectrum analysis).

Element V Al Sn Zr Mo C Si Fe Ti
% Composition 4.24 5.48 0.614 0.0031 0.005 0.368 0.03 0.119 89.1409

Table 2: Input variables and its levels.

Process parameters Levels
Tool Cu
Powder concentration (g/l) 5, 10, 15, 20
Polarity Positive (1), Negative (2)
Pulse ON time (μs) 15
Current (A) 05, 10, 15, 20
Gap distance (mm) 1, 2, 3, 4
Pulse OFF time (μs) 4
Dielectric fluid EDM oil
Machined time (mins) 10
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most a�ecting EDM parameter [25, 26]; hence, current was
chosen as the variable.  e electrode material characteristics
in�uence the TWR, corner wear, and Ra, whereas change of
polarity can yield good surface; hence, these two parameters
were selected for investigation.

3. Results and Discussion

3.1. In�uence of Distinct Process Parameters on EDM Per-
formance of Ti6Al4V Alloy. Traditionally in EDM, positive
polarity was maintained for the e�ective machining of
materials; in special cases, negative polarity was preferred to
attain the best Ra value.  eMRR of titanium alloy linked to
the negative polarity was 18% lower than that of the positive
polarity connected electrode as shown in Figure 2; similar
result was reported by the distinct researchers [27, 28].  e
electrons stream in a straight way and are �t for making
secondary electrons while moving to the anode zone and
impacting more. It tends to be surmised that the positive
polarity zone gets more thermal power than the negative
extremity zone. In this way, the emphatically charged anode
procures more thermal power than the adversely charged
electrode terminal.  e MRR upsurges with the raise in
concentration of the powder particles in the dielectric �uid;
when incorporated with the applied voltage, these particles
get energised and travel in a zigzag form. It reduces the spark
gap between the electrodes and causes bridging; hence, more
heat strucks the work piece, results in the increase in MRR.

With the change in current, initially MRR decreases until the
10A; thereafter, it increases.  e reduction in MRR was
attributed to the fact that the remove material was remelted
over the surface; hence, reduction in volume occurs.  e
MRR increases with raise in gap distance, as it facilitates the
complete �ushing of the machined debris.

 e interaction e�ect of various process parameters on
the MRR of titanium alloy is shown in Figure 3. When
connected to the positive polarity, a maximum MRR of
2.38mg/min was attained for the current of 15A and it was
reduced to 1.88mg/min when the polarity was shifted to
negative. With regard to the powder concentration, when
the volume was 15 g/l at positive polarity, a MRR of 1.59mg/
min was recorded and it was drastically reduced to the
0.82mg/min, without incorporating powders at negative
polarity.  e interaction impact of gap voltage and the
polarity was very low, as the MRR changes only with the
changes in the gap voltage. In case of current and powder
concentration, a minimum MRR of 0.86mg/min was
documented at 10A current under pure dielectric �uid; it
was increased to 2.33mg/min when 20 g/l was added to the
�uid at the current of 15A. Irrespective of the interaction
between the gap distance to the either electrical or non-
electrical process parameters, MRR varies only with the
value of the gap voltage.

 e TWR increases with raise in the powder concen-
tration until the saddle point of 5 g/l; thereafter, it declines
sharply as shown in Figure 4.  e results con�rmed that
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Figure 3: Interaction impact of various process parameters on MRR of Ti6Al4V.
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Figure 5: Interaction impact of various process parameters on TWR.
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Figure 7: Interaction impact of various process parameters on Ra of Ti6Al4V.
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when 5 g/l concentration of powder particles was added,
most of the generated heat was transferred to the tool
materials; hence, TWR increases. With further increase in
powder concentration, densification of machined debris
occurred, and in case of current, a minimum TWR was
obtained at 15A. *e gap distance has predominant impact
on the TWR; 20% deviation was observed when there is shift
in parametric value from 2mm to 3mm. At positive polarity,
without mixing particles in the dielectric fluid, a TWR of
0.020mg/min was observed and it was reduced to 0.017mg/
min when electrodes were connected to negative polarity as
depicted in Figure 5. In particle mixed dielectric condition,
change in polarity has no impact on the TWR which is
evident that incorporation of particles transfers more vol-
ume of heat to workpiece [29]. When the current was tuned
at lower parametric value, the TWR increases when there is
changeover in polarity from positive to negative extreme,
and at higher current, TWR reduces with change in polarity.
Irrespective of the gap distance, 100% raise in TWR was
noted, when electrodes were connected to the positive
terminal. *e minimum TWR of 0.008mg/min and
0.007mg/min was obtained for the current and gap distance

of 15A and 4mm, respectively, at the powder concentration
of 15 g/l.

*e impact of various process parameters on the Ra of
the Ti6Al4V is depicted in Figure 6. *e results showed that
sample machined at negative polarity exhibits least Ra, as
reported by the various researchers [30, 31]. Attributable to
the higher thermal power, the materials eliminated from the
cathodes were totally flushed away; henceforth, it dispenses
with the formation of remelted layer. As the Ra of the
workpiece was impacted by the recast layer, it was evident
that the tool extremity influences the Ra of the machined
workpiece in EDM process. With regard to the raise in
current, a minimumRa of 5.52 µmwas attained; further raise
in current worsens the surface quality. At higher current,
densification of plasma channel occurred, which results in
the formation of material dooms and uneven machined
surface; hence, Ra reduces. *e best surface quality was
attained, when 5 g/l of Al2O3 particles were added to the
dielectric fluid. When the powder particles were incorpo-
rated, owing to the bridging effect, the gap between the tool
and electrode increases which facilitates the thorough
flushing of machined debris resulting in the reduction of Ra.

Table 3: Experimental and predicted results of EDM of titanium alloy.

S. No Polarity
Powder

concentration
(g/l)

Current
(A)

Gap
distance
(mm)

Experimental results Predicted results

MRR
(mg/min)

TWR
(mg/min)

Surface
roughness

(µm)

MRR
(mg/min)

TWR
(mg/min)

Surface
roughness

(µm)
1 1 0 5 1 1.12104 0.012881 5.0937 1.26368 0.020663 7.2194
2 1 0 10 2 0.50058 0.030237 5.8203 1.02499 0.01967 6.9701
3 1 0 15 3 1.43855 0.02453 10.1135 1.31362 0.022126 8.0418
4 1 0 20 4 1.96354 0.030574 12.6365 2.12957 0.028032 10.4347
5 1 5 5 1 1.77329 0.035335 8.0071 1.60445 0.025552 6.3456
6 1 5 10 2 1.78704 0.022969 3.7106 1.28392 0.021378 5.7672
7 1 5 15 3 2.01383 0.01143 4.8048 1.49072 0.020655 6.5099
8 1 5 20 4 2.54455 0.026035 4.259 2.22483 0.023381 8.5737
9 1 10 5 2 2.06776 0.001671 9.9741 1.55979 0.01721 7.4412
10 1 10 10 1 1.58518 0.023168 12.2281 1.78501 0.026541 5.9321
11 1 10 15 4 1.31203 0.000234 10.0442 1.45341 0.005816 6.8738
12 1 10 20 3 1.3193 0.014017 5.9908 2.39122 0.022318 8.1542
13 1 15 5 2 0.946 0.016271 8.8559 1.71661 0.01119 9.6801
14 1 15 10 1 2.33251 0.026658 1.6505 2.01041 0.021442 7.2901
15 1 15 15 4 1.44726 0.00321 6.284 1.44657 -0.00656 8.4546
16 1 15 20 3 2.99926 0.01105 13.0695 2.45294 0.010858 8.8541
17 2 0 5 4 1.82468 0.026262 6.1482 1.49891 0.026343 5.4697
18 2 0 10 3 0.44802 0.01432 1.5727 0.93737 0.020672 3.1891
19 2 0 15 2 1.56279 0.004438 5.4497 0.76502 0.014777 4.2318
20 2 0 20 1 1.1429 0.001447 12.2119 0.98187 0.008656 8.5978
21 2 5 5 4 1.48571 0.02871 6.1791 1.64737 0.026629 6.8881
22 2 5 10 3 0.16613 0.039399 1.6682 1.1544 0.021879 3.7265
23 2 5 15 2 1.01663 0.02699 4.2928 1.05062 0.016904 3.8883
24 2 5 20 1 0.7439 0.025968 1.4748 1.33603 0.011704 7.3733
25 2 10 5 3 1.85968 0.030637 9.9594 1.51639 0.024087 8.6801
26 2 10 10 4 1.83308 0.001335 9.1525 1.57665 0.017975 6.2266
27 2 10 15 1 1.14958 0.0049 5.8941 1.08967 0.012393 5.8469
28 2 10 20 2 2.36929 0.015075 6.7705 1.86251 0.013451 6.1829
29 2 15 5 3 1.78266 0.01264 11.7626 1.63131 0.017565 12.6594
30 2 15 10 4 1.46302 0.014237 8.3857 1.60973 0.008273 9.8768
31 2 15 15 1 1.2776 0.003594 9.8181 1.34173 0.007712 8.0643
32 2 15 20 2 1.90664 0.004657 8.2322 2.03273 0.00559 8.0712
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When the gap distance was maintained at 2mm, machined
surface with minimum Ra was attained and it increases with
further increase in gap distance.

*e interaction impact of various input variables on the
Ra of the titanium alloy is shown in Figure 7. Regardless of
the process parameters, when machined at negative polarity,
the samples exhibit 150% better Ra value due to the uniform
heat distribution. *e ideal powder concentration to attain
best Ra ranges between 5 g/l to 10 g/l and exceeds beyond the
limit; it leads to the densification of machined debris results
in reduction of Ra. Tuning the powder concentration and
gap distance to the higher parametric levels results in
worsening of surface quality.

3.2. TOPSIS. *e TOPSIS technique was applied to choose
the best from the available option. *e streamlining method

starts with the arrangement of the choice network; for the
ongoing exploratory run, a choice framework of 32× 4 is
shaped as displayed in Table 3. *e standardization of the
choice network was determined as per the following
equation:

Aij �
Yij


n
i�1

������

(Yij)
2

 . (3)

Bij � wj∗Aij. (4)

*e subsequent stage was the arrangement of a weighted
standardized choice grid, as displayed in condition (4), from
which the Eigen values ( +, − )were formed where the
weight (wj) of the MRR, TWR, and Ra are 0.33, 0.33, and
0.34, respectively. For beneficiary ascribed, + and + are
most extreme and least upsides of weighted standardized
choice framework as well as the other way around for
nonbeneficiary credits, as displayed in condition (5) and (6).

For beneficiaries,

� +
� Max (Bij)n

i�1, � −
� Min (Wij)n

i�1 . (5)

For nonbeneficiaries,

Table 4: Assessment values obtained through TOPSIS optimization technique.

Nomalised decision matrix Weighted normalized decision matrix
MRR
(mg/min)

TWR
(mg/min)

Surface
roughness (µm)

MRR
(mg/min)

TWR
(mg/min)

Surface
roughness (µm) D-positive D-negative Accessment

value Rank

0.1199 0.11157 0.11291 0.03957 0.03682 0.03839 0.117271631 0.056450115 0.67505 5
0.05354 0.26189 0.12902 0.01767 0.08642 0.04387 0.10699767 0.092552134 0.5362 19
0.15386 0.21246 0.22418 0.05077 0.07011 0.07622 0.073054442 0.105253284 0.40971 26
0.21001 0.26481 0.28011 0.0693 0.08739 0.09524 0.044533921 0.136459488 0.24605 32
0.18966 0.30605 0.17749 0.06259 0.101 0.06035 0.058846878 0.125328922 0.31951 30
0.19113 0.19894 0.08225 0.06307 0.06565 0.02797 0.094926739 0.088202181 0.51836 20
0.21539 0.099 0.10651 0.07108 0.03267 0.03621 0.107145522 0.076856782 0.58231 12
0.27215 0.2255 0.09441 0.08981 0.07441 0.0321 0.078267866 0.113691088 0.40773 27
0.22116 0.01447 0.22109 0.07298 0.00478 0.07517 0.11512605 0.092870605 0.5535 15
0.16954 0.20067 0.27106 0.05595 0.06622 0.09216 0.068435923 0.115644263 0.37177 29
0.14033 0.00203 0.22265 0.04631 0.00067 0.0757 0.128831103 0.076203257 0.62834 6
0.14111 0.12141 0.1328 0.04657 0.04006 0.04515 0.107820655 0.066082988 0.62 7
0.10118 0.14093 0.1963 0.03339 0.04651 0.06674 0.103104204 0.077157048 0.57197 14
0.24947 0.2309 0.03659 0.08233 0.0762 0.01244 0.096366091 0.107483112 0.47273 21
0.15479 0.0278 0.13929 0.05108 0.00917 0.04736 0.127731077 0.058572297 0.68561 3
0.32079 0.09571 0.28971 0.10586 0.03158 0.0985 0.081027368 0.136349355 0.37275 28
0.19516 0.22747 0.13628 0.0644 0.07506 0.04634 0.076482091 0.101005403 0.43092 25
0.04792 0.12403 0.03486 0.01581 0.04093 0.01185 0.144064501 0.041477884 0.77645 1
0.16715 0.03844 0.1208 0.05516 0.01268 0.04107 0.125913007 0.058922437 0.68122 4
0.12224 0.01253 0.2707 0.04034 0.00414 0.09204 0.12689348 0.088027666 0.59042 11
0.1589 0.24867 0.13697 0.05244 0.08206 0.04657 0.080523304 0.100253612 0.44543 24
0.01777 0.34125 0.03698 0.00586 0.11261 0.01257 0.131843672 0.111952472 0.54079 18
0.10873 0.23377 0.09516 0.03588 0.07715 0.03235 0.102616392 0.084857683 0.54736 16
0.07956 0.22492 0.03269 0.02626 0.07422 0.01112 0.124283811 0.076330059 0.61952 8
0.1989 0.26536 0.22077 0.06564 0.08757 0.07506 0.052861489 0.12334375 0.3 31
0.19606 0.01157 0.20288 0.0647 0.00382 0.06898 0.120008661 0.082581885 0.59237 10
0.12295 0.04244 0.13065 0.04057 0.01401 0.04442 0.130037263 0.049920733 0.7226 2
0.25341 0.13057 0.15008 0.08362 0.04309 0.05103 0.087073113 0.097155019 0.47264 22
0.19067 0.10948 0.26074 0.06292 0.03613 0.08865 0.08826448 0.10258889 0.46247 23
0.15648 0.12331 0.18588 0.05164 0.04069 0.0632 0.096739333 0.080062546 0.54716 17
0.13665 0.03113 0.21763 0.04509 0.01027 0.074 0.121517372 0.07473374 0.61919 9
0.20393 0.04033 0.18248 0.0673 0.01331 0.06204 0.112592846 0.080791928 0.58222 13

Table 5: Sensitivity analysis and validectory of results.
Max 2.812236 0.029483 14.66625 0.866997
Min 0.70141 0.01219 4.44156 0.569453
Mean 1.01563 0.007278 4.597194 0.726892
Std 0.514458 0.00611 2.654605 0.045471
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� +
� Min (Bij)n

i�1, � −
� Max (Bij)n

i�1. (6)

*e ideal (P+) and nonideal (P−) arrangements are de-
termined utilizing condition (7).*e scatterings between the
standards and the nonstandards by the equivalent Euclidean
distances as shown in the situations 8 and its qualities are
depicted in Table 4.
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(7)

In view of the overall closeness esteem, the best blend of
trial was discharge current of 10A and gap distance of 3mm,
with the negative polarity under unmixed dielectric me-
dium. *e sensitivity analysis was conducted, and it was
found that the optimal value results in highest assessment
value, as depicted in Table 5.

4. Conclusion

(1) *e MRR increases with the incorporation of Al2O3
particles, owing to the bridging effect, and positive
polarity proffers high MRR, owing to the formation
of the secondary electrons. Due to the increase in
spark gap, machined debris were completely flushed
away, which results in improvement of MRR.

(2) *e most impact input variables of TWR were gap
distance, as PMEDM change of polarity has no
impact on TWR. At lower parametric value of gap
distance, 100% raise in TWR with change in polarity
was observed.

(3) Addition of particles reduces Ra accredited to the
fact complete flushing of machined debris. Because
of the increased thermal energy, the materials re-
moved from the cathodes were completely flushed
away, eliminating the need for the development of a
remelted layer.

(4) *e TOPSIS technique was utilised for the obtaining
optimal solution, with the aid of mathematical
modelling, the predicted results were obtained, and
the optimal results were validated using the sensi-
tivity analysis.
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Fe:TiO2 nano particles were deposited through sol-gel techniques, and the in�uence of pH values on structural, morphological,
optical, and photoluminescence spectral behaviors was studied. Iron doped titanium dioxide nanopowders were analyzed using
XRD, SEM, UV–ViS, and PL. Nano crystallized samples of titanium dioxide (72 nm, 77 nm, 78 nm, and 83 nm) were gained from
X-Ray di�raction data and showed that there was the creation of unalloyed anatase and ructile segment with tetragonal con-
�guration. �e average crystal size was 77.5 nm. pH values provide the alteration of segments from anatase to ructile. �e crystal
size of prepared iron doped titanium dioxide nanoparticles was greater than before as pH value rises from 2 to 6 while FWHM and
scrap sizes declined. Homogeneously disseminated cylindrical forms of iron doped titanium dioxide nanoparticles were perceived
from scanning electron microscope graphics and rises in size with growing pH values from 2 to 6 in an acidic medium. Extremely
translucent nanopowders are witnessed in the observable region by visible and redshifts near advanced wavelengths with rising pH
values because of an increase in the size of particles from XRD data and SEM micrographs. �e band gap of energy produced by
nano concentrates was reduced with growing pH values that resemble the redshift of optical absorption superiority.�e structural
behaviors of deposited nanoparticles were also analyzed by Raman spectra and disclosed the existence of tetragonal anatase and
ructile segments. EDS results con�rmed that the dopant of pH values of the solutions might a�ect the size distributions of the Fe:
TiO2 nanoparticles. �e general decrement intensity was witnessed from photoluminescence outcomes.

1. Introduction

Nanoscience and nanotechnology are developing and ex-
ponentially mounting areas with large solicitations in
modern technology. �e nanoparticle is an interdisciplinary
part of an investigation by using essential methods of dif-
ferent aspects like chemicals, engineering, physical and bi-
ological knowledge, and foremost to the expansion of new
approaches to operating small size particles consequential in
the manufacture of nanoparticles. �ese Nanoparticles

might describe as units approximately ranging from 1 to
100 nanometers. Nanotechnology deals with the depositions,
growth, and solicitations of a multiplicity of nanoparticles
[1]. Nanoparticles of (Fe:TiO2) are hopeful resources and
broadly used in numerous claims because of their extremely
useful and actual devices, di�erent sensors; reagents, op-
toelectronic, structural and current belongings; antimicro-
bial, brilliant gas-sensitive, and dielectric assets; optical and
electrical possessions; best chemical constancy; and the
dilapidation of contamination. Because of admirable
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thermal stability, extraordinary sunlight reactivity, and
sensitivity, comparatively cheaper tools, iron doped titanium
dioxide nanoparticles are applicable in numerous
manufacturing. In addition, iron doped titanium dioxide
nanoparticles are brilliant photocatalysts because of their
nontoxicity, higher photo sensitivity, solid corroding power,
easy obtainability, and sustainability [2, 3]. According to the
meaning of the term, water repellent fabrics are those that
resist water from their surface [4]. /e fluoro-alkyl-silanes
are the chemicals that are most frequently utilized for
hydrophobization because of their extremely low surface
free energy and the facile interaction of the silane clusters
and the hydroxyl groups on coverings. Additionally, the
hydrophobization of a perfluorinated substance [5] is re-
sponsible for the formation of the majority of super-
oleophobic surfaces. Wettability is among the essential
features of a solid surface, as well as the contact angle has
now been widely utilized to examine the wettability of a solid
surface in many applications.

A great deal of interest has been generated in super-
hydrophobic surfaces as a result of its possible practical uses,
which include anti-sticking, anticontamination, as well as
self-cleaning coatings. /e mechanism is comparable to the
lotus effect, which occurs naturally in the environment.
Lotus plants have extremely hydrophobic surfaces that are
rough and textured, making them ideal for growing in water.
When water droplets land on them, the droplets condense
and, if the surface slopes sufficiently, roll off the surface into
the surrounding air. As a result, even during a torrential
downpour, the surfaces remain dry. Furthermore, because
the droplets pick up microscopic bits of dirt as they roll
down the leaves of the lotus plant, the leaves of the plant
remain clean even when it is raining lightly [6]. Also known
is that nanosized Fe: TiO2 and ZnO particles are much more
highly effective at absorbing and scattering UV light than
conventionally sized Fe: TiO2 and ZnO particles, and as a
result, they were significantly able to block UV radiation due
to their significantly greater surface area to volume ratio. A
great deal of effort has been put into the application of UV
bulking treatment to fabrics with the use of nanotechnology.
/e sol-gel process has been used to generate UV blocking
treatments for fabric, which were developed by Xin and
colleagues. On the surface of treated cotton fabric, a thin
layer of Fe: TiO2 nanoparticles is created, which provides
good UV protection. /e finish is durable and may with-
stand up to 50 items of washings in the washing machine. As
an alternative to Fe: TiO2, ZnO nanorods ranging in length
from 10 to 50 nm were also put into the cotton fabric to give
UV protection. /e rods provided good ultraviolet pro-
tection [7].

In nanoparticles of iron doped titanium dioxides, the
electronic arrangements, as well as the charge behaviors, are
powerfully exaggerated by crystalline segment. Iron doped
titanium dioxides nanoparticles can exist as anatase, rutile,
and brookite phases. /e structure of anatase and rutine is
tetragonal, and orthorhombic is for brookite [8]. From these
types, anatase is meta-stable with maximum photocatalytic
movement and completely transformed to the rutile phase at
a maximum temperature [9]. In another way, increases in

pH value sort phase alterations, that is, amorphous to an-
atase, anatase to rutile. Maximum chemical constancy and
fewer activities of iron doped titanium dioxides were per-
ceived in rutile behaviors [10]. As well, some iron doped
titanium dioxides have a huge magnitude of anatase, and a
minor magnitude of rutile exhibitions a more sophisticated
photocatalytic action than in the rutile types. Among ab-
sorption spectrum, the advantageous semiconductors for
sunlight catalysis involve a bandgap analogous to the energy
of that of the energy of photons of visible or ultraviolet light,
containing a value below 3.5 eV. /e mainstream of in-
vestigators make sure definite that in iron doped titanium
dioxide, the rutile partakes an unintended bandgap of three-
point one zero electron volt and a direct energy band gap of
three-point zero one electron volt, and anatase has only an
indirect energy bandgap 3.23 eV [11].

Nevertheless, Reddy’s work [12] reports that the bandgap
of anatase segment from the conspiracy for indirect con-
version is quite small (2.9–2.98 eV), which commanded them,
conflicting with the other scholars, to generalize that the
direct conversion is more promising for iron doped titanium
dioxide nanoparticles with anatase type. /e reported stan-
dards in numerous literature that 2.86–3.34 electron volt for
the anatase type are the modifications being qualified to
deviations in the stoichiometry of the preparations, the crystal
size, the impurities compositions, and the kind of electronic
conversion [13]. Various techniques have been published in
the literature that iron doped titanium dioxide nanoparticles
were deposited by chemical-precipitation [14], the sol-gel
techniques [15, 16], hydrothermal [17], and solvothermal
progressions [18], combustion techniques [2], a micro-
emulsion, mediated techniques, electro-chemical prepara-
tions, fungus-mediated preparations, and chemical vapor
synthesis [19]. Works [20] reported that iron doped titanium
dioxide nanoparticles were equipped through the sol-gel
technique by varying reaction constraints, such as hydro-
lyzing agents, molar ratio, and string time. Nanocrystals of Fe:
TiO2with maximum surface area and varying ratios of anatase
or rutile were achieved from X-ray diffraction data, prepared
via sol-gel techniques. Other literature [20] also published on
the synthesis of anatase Fe: TiO2 nanocrystals found by the
sol-gel technique using titanium tetra-iso-pro-peroxide in
ethylene glycol leads to maximum surface area standards as
well as preserved anatase per small crystal size. Sol-gel
techniques are the most significant and hopeful methods
working in the manufacture of nanoparticles [21]. /is
technique yields high crystal oxides by permitting governor in
particle size, surface morphology, and phase configuration in
pH values. pH values have a vital role in the creation of Fe:
TiO2 crystalline phases. Hence, the objective of this research
was to study the influence of pH values on structural, optical,
and morphological behaviors of deposited iron doped tita-
nium dioxide Nanoparticles through sol-gel techniques for
self-cleaning application.

2. Materials and Methodology

2.1. Chemicals Used. In preparation of iron doped titanium
dioxide Nanoparticles, the chemical used as glacial acetic
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acid (CH3COOH) (98% LyondellBase Acetayls, LLC) and
titanium (IV) iso-prop-oxide (C12H28O4Ti) (99.9% Hebei,
China) and Ferrous Oxide (Fe3O) (98%, Zhejiang, China).

2.2. Instruments Used. Instruments used in the laboratory
were magnetic stirrer, heater, thermometer, pH meter,
Te�on pot, metallic pestle, and mortar auto-claves and
beakers.

2.3. Sample Preparation Techniques. For the present study,
Sol-gel techniques of Fe: TiO2 nanoparticles were produced
according to the process developed [22] by varying pH
values of 2, 4, 5, and 6. �e solution was administered by the
ratio of 6Fe: TiO2: 30CH3COOH: 320H2O. 72ml of glacial
acetic acid was slowly added to 32ml of titanium (IV) iso-
prop-oxide in a water bath at zero degrees Celsius by un-
ceasing stirring.�en and there, 320ml of distilled water was
moderately added to the solution under stable stirring by
using a magnetic stirrer, and 20ml of ferrous Oxide was
added to the solution. Ultrasonic conduct took place for
20 hr after dynamic anxiety (45min). All over again, dy-
namic agitation was pragmatic for 3 hr. �e mixture was
decanted into a Te�on pot and located in stainless steel
autoclaves. Next, step by step, iron doped titanium dioxide
nanopowders were produced at 2, 4, 5, and 6 PH values, as
shown in Figure 1. Lastly, the solid trials gained were ground
by using a metallic pestle and mortar and kept in sample
container glass.

2.4. Physical Characterizations. �e consequential powders
were analyzed by using instruments like X-ray di�raction,
Scanning electron microscope, UV/Visible, and Fluores-
cence Spectroscopy. X-ray Di�raction (XRD) analysis was
carried out utilizing a D8 Advance Bruker system using
CuKα (λ� 0.154056 nm) radiation. �e average crystalline
size of produced Fe: TiO2 Nanoparticle was determined from
the peaks of XRD augmentation by using the Debye–Scherer
formula [23].

dhkl �
0.9 λ
β cos θ,

(1)

where dhkl is the average crystallite size, λ is the wavelength
of the X-ray (0.15425 nm for Cu-Kα), β is the Full width at
half maxima in radian, and θ is Braggs di�raction angle (?�
2dsinθ) agrees to the peak position.�e grain magnitude (ε),
lattice constraints “a”and “c” and the distance of the space
dhkl aimed at anatase and ructile phase of iron doped tita-
nium dioxide nanoparticles could be deliberated by using
equations (2)–(4) [24, 25].

ε �
β

4 tan θ
, (2)

a �
��
1
3

√
λ

Sin θ
c �

λ
Sin θ

, (3)
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ac
2

������������������������
3
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√
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�e unit cell volume (V) and O-Ti-O bond length (L) are
given by [26]

V � 0.866a3cl �
a3

3
+

1
2
− z( )

2
c2Z �

a2

3c2
+
1
4
. (5)

�e surface morphology, as well as the nanostructure of
the occasioning iron doped titanium dioxide (Fe: TiO2)
Nanoparticles, was analyzed with the help of a scanning
electron microscope. �e structural characteristics of syn-
thesized Fe: TiO2 powders were examined by a Raman shift
(RAM, HR Spectrometer). Optical absorption spectra were
recorded with a Perkin–Elmer Lambda-19 spectropho-
tometer in the 300–800 nm range.�e bandgap energy of Fe:
TiO2NPs is calculated using equation (6) [1].

E �
hc
λ
, (6)

where h is plank’s constant (h� 6.626x10 − 34Js) C is the
speed of light (c� 3×108m/s, and λ is the wavelength.
Photoluminescence (PL) quantities were accomplished at
normal temperature by using an instrument called �uo-
rescence spectrophotometer (LS-45) with an excitation
wavelength of 260 Nanometer.

C12H28O4Ti CH3COOH
Fe3O

Permanent
magnet

Fe: TiO2 Nanoparticle

Figure 1: �e procedure of material preparation.
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3. Results and Discussion

3.1. Structural Analysis of Fe: TiO2 Nanoparticles.
Figure 2 expresses X-ray di�raction spectra of the produced
iron doped titanium dioxide nanoparticles following sol-gel
techniques at pH values of 2, 4, 5, and 6, which contracts the
existence of anatase and ructile phase of iron doped titanium
dioxide liable on pH values. �e spectrum displays well-
de�ned peaks of iron doped titanium dioxide nanoparticles.
Nearby six analytical peaks were perceived at 2θ � 27.295o,
45.31o, 53.44o, and 66.22o, and their corresponding re�ection
of miller indices (100), (110), (111), and (101), respectively,
for these pH values. Phase transformation is observed from
anatase to rutine as the pH value increases from two to six. In
other ways, anatase phases were evidently performed at 2
and 4 while ructile phases were observed at 5 and 6. All
di�raction angles were well indexed to ructile and anatase
con�guration, which is nicely in agreement with that of
reported works [27]. �e strength peaks of deposited
micromaterials become shriller with increasing pH values
because of an increase in crystal size and crystalline
structure.

�e crystal sizes of prepared iron doped titanium dioxide
nanoparticles were evaluated by using a Debye–Scherer
equation with equation (1) depending on the de�ection

angle and full width at half-maximum (FWHM) of the peaks
as described in Table 1 below. �e average crystal size of
prepared Fe: TiO2 nanoparticles at pH values of 2, 4, 5, and 6
are 77.5, and the crystal sizes of Fe: TiO2 nanoparticle were
increased with pH value increased for both anatase and
ructile phase, which is in good agreement with the result
reported [28]. Additionally, Full Width at Half Maxima
(FWHM), as well as middling grain size of produced Fe:
TiO2 Nanoparticles, declined with increasing pH value from
2 to 6. �e crystal sizes are gained from Debye–Scherer’s
formula.

�e in�uence of pH value on prepared titanium
nanoparticles was evaluated by using equations (3)–(5). �e
lattice constraints of Fe: TiO2 Nanoparticles were increased
with pH value. Lattice constraints of prepared nanoparticles
had agreed with that of TiO2 previously [15]. �e pH rate
leads to perfection in crystalline size, de�ection strength,
oxygen–titanium–oxygen bond length, and volume of the
unit cell.

3.2. Scanning Electron Microscope (SEM) Characterization of
Fe: TiO2 Nanoparticles. Figure 3 shows the morphology of
deposited iron doped titanium dioxide nanoparticles sam-
ples at pH values of 2, 4, 5, and 6 using a scanning electron
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Figure 2: XRD graph of prepared iron doped titanium dioxide at di�erent pH values of (a) pH� 2, (b) pH� 4, (c) pH� 5, and (d) pH� 6.

Table 1:�e full width at half maxima (FWHM), average particle size and average crystal values of Fe: TiO2 NPs at di�erent pH values (2, 4,
5, and 6)

Sample pH value 2�eta (Degree) �eta (θ(degree) FWHM (Radian) Crystal Size (nm)
1 2 27.29508 13.64 0.11341 72
2 4 45.31616 22.65 0.11153 77
3 5 53.44262 26.72 0.11325 78
4 6 66.22951 33.11 0.11406 83
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microscope (SEM) (Model CamScan MV2300). Homoge-
nously disseminated cylindrical structure iron doped tita-
nium dioxide NPs were perceived from Scanning electron
microscope (SEM) micrographs. As shown in Figure 2 the
middling size of deposited iron doped titanium dioxide
nanoparticles was rising with pH tenets. SEM images at pH 2
and pH 3 are somewhat similar to �xed wood images as well
as micrographs at pH 5 and 6 are also similar, and the image
is like broken rocks. An accumulation of prepared iron
doped titanium dioxide nanoparticles happened throughout
pH values because of in height surface energy of
nanoparticles.

3.3. Optical Characterization of Fe: TiO2 NPs. �e optical
analysis of Fe TiO2 nanoparticles using UV–Vis spectro-
photometer (Schimadzu UV-1800) in the wavelength range
of 250–700 nm. Figure 4 displays the absorbance spectrum of
samples prepared at di�erent pH values. �e highly trans-
parent nanopowders are seen in the visible region. �e
observed redshift towards higher wavelengths with a rising
pH value is owing to an increase in particle size, as evidenced
by XRD and SEM pictures [16]. Because oxygen vacancies
form deep levels in the bandgap, the existence of oxygen
vacancies at greater pH values may also be related to the
aforesaid e�ect [29].

�e energy band gap values of synthesized Fe : TiO2 NPs
are obtained by using the equation. UV/Visible studies show
that the energy band gap decreases with increasing pH values
of Fe : TiO2NPs, corresponding to a redshift of the optical
absorption edge [30]. �is is due to an increase in pH value
and a lowers inter-atomic spacing. It is noteworthy here that
values of energy band gap obtained are lesser in comparison
to the energy band gap 3.1 eV for pure anatase, 3 eV for rutile
phase, and the data reported for the mixed-phase Fe : TiO2
nanopowders exhibiting as a capable candidate for self-
cleaning application [31].

3.4. Photoluminescence (PL) SpectralAnalysis of Fe: TiO2NPs.
�e optical behaviors of deposited Nanoparticles are also
studied by using photoluminescence. Photoluminescence
spectra of the prepared specimens were documented at room
temperature in the range of wavelength between 400 nm and
700 nm, as depicted in Figure 5. �e overall photo-
luminescence intensity decreases as the pH value increases
from 2 to 6. �e highest PL intensity at pH values 4 and 5 is
mainly due to self-trapped exciton recombination, generated
from oxygen vacancy and particle size which is known as
defect centers [32]. �e PL intensity decreases steadily with
the increasing pH value from 2 to 6. �e behavior of in-
crement and decrement behavior is mainly due to isolated

PH=5 PH=6

PH=2 PH=3

Figure 3: SEM images of synthesized Fe : TiO2NPs at PH values of 2, 4, 5, and 6.
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phases of anatase and rutile. As shown in Figure 5, Due to
the increment of pH value, a new radioactive transition
occurs, which leads to a new PL peak at the rutile phase
[33–35]. �e Photoluminescence strength of the peaks in-
creases as the pH increases; this result shows that oxygen

vacancies appear slowly with pH value. An anatase phase is
perceived at pH� 2 and pH� 4 whereas the rutile phase
looks at maximum pH value. �e concentration of anatase
and rutine peaks declines and then gradually appears for
higher pH values. �e growth of other peaks around the
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438 nm peak may indicate the existence of other voids inside
the bandgap and narrow traps mainly basis on the surface
morphology dissemination nanostructures [36].

EDS measurements were performed for all samples in a
Hitachi TM3000 Tabletop microscope at the NTNU nano
lab. �e impact of iron ions doping on the chemical con-
�guration was studied by energy-dispersive X-ray spec-
troscopy (EDS). Figure 6 displays the energy-dispersive
X-ray spectroscopy (EDS) patterns of Fe : TiO2 Nano-
particles at di�erent pH values, varied as 2, 4, 5, and 6. �e
chemical con�guration of four EDS arrays (Figures 4(a)–
4(d)) was calculated, and it is initiated that the chemical
elemental contents of oxygen and titanium have not altered
signi�cantly. At similar times, we can �nd that the elemental
chemical components of iron were gradually growing. �e
chemical elemental contents of C are not displayed; they can
arise from showing resin. �us, EDS results in supple-
mentary con�rmed that the dopant of pH values of the
solutions might a�ect the size distributions of the Nano-
particles. Figure 6 displays the sono-catalytic activities of Fe
doped TiO2 nanoparticles with di�erent Fe3+ ion contents. It
can be seen that the Fe dopant content has no noticeable

in�uence on the degradation rate under our study cir-
cumstances. So, we chose pH� 5 as the best quantity of iron
for TiO2 due to its larger speci�c surface area [37].

4. Conclusions

Iron doped titanium dioxide nanoparticles with chemical
formula Fe TiO2 were produced through sol-gel technique
from (CH3COOH) and titanium (IV) iso-prop-oxide
(C12H28O4Ti) at pH values of 2, 4, 5, and 6. �e prepared
nanoparticles were analyzed by X-ray di�raction, scanning
electron microscope, UV/Visible spectroscopy, and photo-
luminescence and were perceived from XRD data and
revealed that there was the formation of anatase and rutine
phase with hexagonal structure. A pH value gives the al-
teration of phases from anatase to rutine. Uniformly dis-
tributed hexagonal shapes of nanoparticles were shown from
scanning electron microscope micrograph and increased in
size with increasing pH values from 2 to 6. Extremely
transparent nanopowders are witnessed in the visible region
from UV/Visible and a slight red shift in the UV/Visible
peaks towards higher wavelength as rising pH value. �e PL
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Figure 6: EDS patterns of Fe TiO2 Nanoparticles at di�erent pH values (a) pH� 2, (b) pH� 4, (c) pH� 5, and (d) pH� 6.
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intensity of the peaks increases as the pH value increases.
EDS results confirmed that the dopant of pH values of the
solutions might affect the size distributions of the Fe TiO2
Nanoparticles. /is result indicates that oxygen vacancies
appeared slowly with pH value; all results show Fe TiO2
nanoparticles are promising for self-cleaning materials
[38–41].
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Polymer nanocomposites are being usedmore widely in a variety of industries. As the compatibilizer, Elvaloy-AC-3427 (EAC) was
used in addition to Cloisite 30B (C3B) as the reinforcement of �ller in this research. For the production of Polyethylene/Cloisite
30B/Elvaloy AC-3427 nanomaterials, a twin-screw extruder is employed. Cloisite 30B was added to the Polyethylene matrix in the
range of 2%, 3%, 4%, and 5%. �e mechanical and thermal characteristics of the compounds have been examined. Nano-
composites were tested for their tribological properties utilizing abrasive wear load, C3B, and sliding distance which were all taken
into consideration while performing the abrasive wear evaluations. Speci�c wear rate (SWR), coe�cient of friction (COF), and
weight loss were the abrasive wear test’s output metrics (SWR). For the purpose of enhancing the abrasive wear characteristics,
grey relational analysis and grey fuzzy were used. An ANOVA was carried out to examine the connection between input
parameters and output variables. Finally, the Polyethylene/Cloisite 30B/Elvaloy AC-3427 nanocomposites abraded wear samples
were evaluated microscopically.

1. Introduction

Researchers have been investigating Polyethylene-coated
composite with supplements for the production of polymer
nanoparticles for the last several decades. Additives are used
to enhance several characteristics of the polymer matrix,
including mechanical, thermal, and optical properties [1, 2].
Glass �bers, CNTs, nanoclays, and other traditional �llers

can make up to 40% of the polymer matrix’s weight, whereas
nanotype �llers can make up to 5% of the weight. �e
manufacture of polymer nanocomposites may be made
more cost-e�ectively by using �llers with low molecular
weight [3]. Polymer nanocomposites may be made using a
variety of ways, although the melt intercalation approach is
the most common. To do melt intercalation, extruders
(either single or twin) must be used [4]. Owing to the low
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price, simplicity of processing, and availability in the
marketplace, Polyethylene is the most commonly utilized
substance [5]. For its better physical and thermal qualities,
[6] determined that PE is the most frequently used sub-
stance. Even while PE has several advantages, its weak
strength and poor stiffness render it inapplicable in most
cases. Fillers such as mica and other fillers have been used in
the PE to counteract its shortcomings. Additional abrasion
resistance was needed to compensate for the higher strength
and stiffness that fillers provided [5, 7]. According to earlier
research, reinforcing nanoclays into the PE matrix is ad-
vantageous. Due to the hydrophobic nature of PE, it is
difficult to spread nanoclays inside it. PE nanoclays were not
well dispersed as a result of this occurrence [8]. Several
writers have utilized various kinds of compatibilizers to
circumvent this limitation [9, 10].

'e study of polymer nanocomposites’ tribological
properties is essential for determining the materials’ friction
and wear. 'e pace of substance ejection may be sluggish,
but it is a recurring one [11, 12]. Poly was the study’s
compatibilizer (ethylene co-glycidyl methacrylate) where
load, abrading distance, and grit size were all considered
input factors. 'e results showed that the inclusion of a
compatibilizer increased abrasion resistance. An abrasive
wear test that used worn surface morphology revealed
microploughing as a wear process [13–15]. Because of this,
they came to the conclusion that adding ZnO nano to ul-
trahigh molecular weight PE had a lower rate of wear than
doing so in microform. According to microzno, the worn
surface morphology shows that nanozinc oxide adds rather
homogenous layers.

Grey Relational Analysis is a technique that uses black to
represent a dearth of information and white to represent a
surplus of data. 'ere are a variety of descriptive terms for
the region that is just outside of these two extremes [16].
'ere are sections of the system that are recognized, and
there are parts of the system that do not have any infor-
mation at all. GRA defines information quality and quantity
as either finished or not yet finished, i.e., from black to white
through the grey scale [17, 18]. When it comes to GRA, there
is always a degree of ambiguity because of a wide range of
possible data points. It is possible to go to the end of the GRA
process with almost no information at all, and at the other
end, there will be a unique answer. 'e optimal answer
cannot be found by using GRA, but it may be used to identify
a suitable solution [19, 20].

During the time of abrasive wear procedure, the input
constraints of abrasive wear have a significant impact.
Optimizing the input settings is essential to want better
outcomes. 'ese days, fuzzy logic, scatter search, and a host
of other approaches are the most often utilized optimization
methods. According to [21, 22], an optimization approach
was developed to improve the multiple bead shape during
submerged arc welding. For the optimization of various
answers, the study in [23, 24] used a combined approach
known as the Taguchi method and artificial intelligence.

GRA has been utilized in recent years to improve op-
erations like welding, machining, and turning. When the
fuzzy logic theory was applied to the GRA, it became even

better. Research by [25–27] examined the drilling properties
of CFRP compound plates. Optimizing the drilling exper-
iment’s result was done using GRA and grey fuzzy. Grey
fuzzy’s grade values were discovered to be higher than
GRA’s.

Despite the fact that a variety of other fillers have been
used to strengthen the PEmatrix, no one has reported on the
usage of EAC as a compatibilizer [28–30]. Even though only
limited research reports were available on the abrasive wear
properties of the Polyethylene/Cloisite 30B/Elvaloy AC-3427
NCs, a twin-screw extruder was utilized to make the
Polyethylene/Cloisite 30B/Elvaloy AC-3427 NCs which was
used in this investigation. Cloisite 30B concentrations in the
PE matrix were changed from 1% to 5%. 'ey were made
using the injection molding method. 'e tests used C3B
(weight percentage), load (N), and sliding distance (m) as
input factors and examined COF, SWR, and weight loss as
output features [31–33]. GRA and grey fuzzy analysis were
used to improve the abrasive wear findings.

2. Experimental Procedure

2.1. Selection of Materials. Repol H110MA, as purchased
from reliance industries, was chosen as the substance for the
matrix because of its melting rate index of 11 g 10min− 1 and
density of 0.88 g cubic centimeter− 1. Cloisite 30B was the
nanoclay supplied by the southern clay products employed
in this investigation (C3B). It was found that EAC has a
melting rate of 4 grams per minute and a density of 0.926
grams per cubic centimeter− 1. C3B dispersion in the PE
matrix was improved by the addition of this ingredient.

2.2. Production of Nanocomposites of Polyethylene/C3B/EAC.
Polyethylene/Cloisite 30B/Elvaloy AC-3427 NCs were made
utilizing a twin-screw extruder and intercalation of the
melting process. 'e parameters for the twin-screw extru-
sion procedure used to make PE/C3B/EAC nanocomposites
were chosen from earlier research [34] and are listed in
Table 1.

Figure 1 shows that a twin-screw extruder’s temperature
may be adjusted at various zones. Injection molding was
used to obtain the samples for testing, and the temperature
was kept between 170°C and 190°C (from inlet to die area).
In the PEmatrix, C3B was finely dispersed at 2 wt % andwith
a high density at 5 wt %, as illustrated in Figures 2(a) and
2(b). 'e earlier research [35–37] explored the mechanical
characteristics of treated materials in terms of their tensile,
flexural, impact, and Shore D hardness measurements, as
well as their thermal properties (DSC, TGA, and dynamic
analysis).

3. Tribological Studies

A tribo testing equipment was utilized to conduct tribo-
logical investigations based on the ASTM G-99-05 two-
body-abrasive wear test. Figure 2 depicts a schematic dia-
gram of the machine. 'e upper part of a D3 steel disc was
covered with 320-grit abrasive paper. A constant sliding
velocity of 0.5m s was used in the wear studies, and input



factors such as C3B weight percentage, load, and sliding
distance were also used. According to the abrading direction,
the PE/C3B/EAC nanocomposite sample illustrated in
Figure 3 is parallel and antiparallel to 320 grit paper. For
abrasive wear testing of Polyethylene/Cloisite 30B/Elvaloy
AC-3427 NCs, the following assumptions were made: (i)
samples with damage were excluded, (ii) there is surface
roughness, and (ii) the load is delivered directly to the point
of contact.

Experiments were performed to see how much weight
was lost. An equation was used to determine the SWR.

Specific wear rate Ks(  �
m1 − m2

ρ × N × S

mm3
min

. (1)

In order to calculate the COF, the following equation was
used:

COF(μ) �
frictional force(F)

load(N)
. (2)

Samples that had been scratched were examined using a
scanning electron microscope.

4. Design of Experiments

Input parameter increases make parameter optimization
more challenging. 'ere was a direct correlation between an
increase in the number of experiments and an increase in the
input parameters. Taguchi techniques employed orthogonal
arrays to lessen this complexity. Wear experiments were
conducted using parameters such as C3B, load, and sliding
distance at 0.5min/s− 1 with a constant sliding velocity. For
the sake of clarity, the levels and parameters investigated are
listed in Table 2. 'e L′16 orthogonal array was used to
construct and conduct the current study’s two-body abrasive
wear testing. We saw a decrease in body weight, a rise in
COF, and a decrease in SWR. Relational analysis in the dark
of an efficient method for managing uncertainty and discrete
data was presented by grey relational analysis (GRA). Black
implies a lack of information, whereas white indicates that
there is something there. Between white and black, a grey
system contains data. Both the absolute value of the se-
quences and the connection between the sequences may be
measured using the GRA method. Using this method, one
may examine the link between sequences with the fewest
data points, as well as the number of elements that influence
a relationship.

Testing for two-body abrasion was carried out in an
orthogonal array. A comparability sequence is a series of
sixteen wear trials, each of which was treated as an inde-
pendent subsystem during GRA. Weight loss, SWR, and
COF were all lower under the settings with greater GRG
levels. It turns into a single-objective optimization utilizing
GRA as a result of this.

4.1. S/N Ratio for Computing Abrasive Wear Characteristics.
Weight loss, SWR, and COF were all taken into account
while testing the abrasive wear resistance of Polyethylene/
Cloisite 30B/Elvaloy AC-3427 NCs. 'e equation shows the

S/N ratio for attributes where the smaller the value, the
better:

S

N ratio (η)
� − 10 log10

1
n



n

i�1

1
y
2
i

. (3)

4.2. Preprocessing of Data. Data pretreatment was a phrase
used to describe the first normalization of experimental data
in preparation for GRA. Data preparation is required since
each response will have a distinct range and unit. 'e
original sequence was transferred to the equivalent sequence
once data preparation was completed. 'e range of zero to
one is used to normalize them for this purpose. Based on the
data sequence properties, the preprocessing was done.

It was referred to as “higher-the-better” when the initial
value was regarded as infinite and normalized using the
following equation:

x
∗
i (k) �

x
0
i (k) − min x

0
i (k)

max x
0
i (k) − min x

0
i (k)

. (4)

'e normalization of sequence may be done using
equation (5) if the lower-the-better qualities are regarded.

x
∗
i (k) �

m x
0
i − x

0
i (k)

m x
0
i (k) − m x

0
1(k)

. (5)

Table 1: Process parameters for the production of PE/C3B/EAC
nanocomposites.

Parameters Range
Barrel temperature 180°C–230°C
Speed 70 rev/min
Volumetric feed 8 rev/min
Length of cooling 45 cm
Degassing pressure 50 mm Hg
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Figure 1: Different temperature zones of TSE.
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As an alternative to this, a normalization of the original
sequence using the following would get the desired result.

x
∗
i (k) � 1 −

‖ x
0
i (k) − x

0
‖

m x
0
i (k) − x

0 . (6)

As an alternative method, the original sequence value
may be used and divided by the first digit of the new se-
quence to arrive at the desired result.

x
∗
i (k) �

x
∗
i (k)

x
0
i (1)

. (7)

4.3. Calculation of GRG and GRC. GRA is used to assess the
relevance of the systems to each other. For the GRA, the
sequences employed might be called “grey relational coef-
ficient ξ(k) ” which was determined using

ξ(k) �
Δm + ξΔm
Δoi(k) + ξΔm

. (8)

Δoi− ‖ x
∗
o (k) − x

0
i (k) ‖ . (9)

Δmin � min∀jei min∀k ‖ x
∗
0(k) − x

0
j(k) ‖ . (10)

Δm � max
∀jzi

max
∀k

‖ x
∗
0(k) − x

0
j(k) ‖ . (11)

Accordingly, GRG was produced by taking the average
values of grey the relational coefficient.

ci �
1
n



n

k�1
ξi(k). (12)

Real-time conditions change the relevance of many
system variables [30]. Formula (12) can be expanded as
follows:

ci �
1
n



n

k�1
Wkξi(k). (13)

In (13), Wk represents the standardized wt of the element
k. Equations (12) and (13) are the same if the values ofWk are
the same for all the components. GRG compares the order of
the reference sequence to indicate the extent of the effect.
Sequences with higher values than the reference sequence
will have better GRG values for that sequence, and the re-
verse is true if the reference sequence has lower values.

4.4. Grey Fuzzy Logic. In order to compute the GRG, three
requirements must be met: (i) lower, (ii) higher, and (iii)
nominal. To express the problem’s ambiguity or lack of
knowledge, grey fuzzy logic is used. According to [38–40],
when dealing with ambiguity, a set of membership functions
is critical. More than one hundred membership functions in
the fuzzy set may be used to represent any item in the world
that falls inside this range. Fuzzy logic was used to overcome
the GRG’s flaws.

In the TA part of the fuzzy logic technique, input values
are fuzzified before rules are inferred and defuzzified after
they have been inferred to provide better results. 'e
comparison of input values with a defuzzification output
value yields great prediction accuracy. Fuzzification is the
process of applying linguistic factors to a clear number in
order to make it fuzzy. In order to answer ambiguous and
confusing inquiries, the fuzzy system is utilized, as well as to
describe the certainty degree. 'e fuzzy variables can be
assigned membership values using logical techniques.
According to prior research, the numerous methods for
assigning tasks include inference, rank ordering, intuition,
natural networks, angular fuzzy sets, fuzzy statistics, and
evolutionary algorithms. A Gaussian, trapezoidal, or triangle
membership function is all viable options.

It is possible to derive the rules from the structure
presented below by satisfying the following condition.

For linguistic variables, this type of information is
known as superficial information. 'e fuzzy complication
operation may be used to determine the membership
function of values of fuzzy relations using a variety of ways.
Mamdani’s complication technique is the implication
method of inference used in this study. Applied to fuzzy rule
aggregation, it was dubbed max-min inference technique.
'is is followed by a defuzzification using the maximum
membership approach.

Because of the use of fuzzy logic, GRG is more accurate
than GRA and has lower levels of uncertainty. As a result,
grey fuzzy logic’s output is always greater than GRG. As a
result, many kinds of applications can benefit from in-
creasing the values of grey fuzzy logic.

Every input and output variable may be accounted for by
using ANOVA to determine the proportion of their impact.
ANOVA utilized in this investigation will focus on the
impact of wear parameters on the SWR and COF output
characteristics.

5. Results and Discussion

'is part discusses the results of the abrasive wear experi-
ments that were conducted. Grey Relational Analysis and
GFL (Grey Fuzzy Logic) are also used to optimize the ex-
perimental parameters.

Table 3 shows the sliding distance (m), load (N), and
weight loss (weight %) for C3B. Figures 4(a) and 4(b) show
the major effect plots for COF and SWR (b). When Cloisite
30B was introduced to Polyethylene matrix NCs at a con-
centration of 1 weight %, the weight loss was the greatest
associated with other concentrations of Cloisite 30B. Cloisite
30B added to the diet resulted in much more weight loss.
When C3 Bwas added to 5N, the weight loss was found to be
lower, and it increased when the load was improved.

Specific wear rate readings were at their highest up to a
sliding distance of 150 meters, and as the distance in-
creased, the SWR decreased. In order to build the transfer
layer, the PE/C3B/EAC NCs pin had to glide more often
over the same surface, which increased the length of time it
spent there. SWR values are reduced due to the data of a
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transfer layer on the surface. Specific wear rate values drop
when the load is added. Polyethylene/Cloisite 30B/Elvaloy
AC-3427 NCs is separated from the surface at 20Nload
because of the heat generated at the contact surface. Adding
Cloisite 30B at a very low increased the value of specific
wear rate, whereas increasing the amount of C3B increased
the value of SWR.

Cloisite 30B and Polyethylene composite bear the bulk of
the burden. 'e COF values peaked at 1 weight % of PE/
C3B/EAC and dropped as the amount of Cloisite 30B in-
creased to the Polyethylene matrix increased. 'e rise in
thermal stability values at 5wt % of Polyethylene/Cloisite
30B/Elvaloy AC-3427 NCs, as validated by thermogravi-
metric testing, is another possible explanation for the lower
COF values. When the load was raised, the COF value fell. At
the contact zone, there was a temperature shift in the
nanocomposite specimen PE/C3B/EAC. 'e PE/C3B/EAC

NC surface partially melts at the 25N load condition, lu-
bricates the surface, and decreases the coefficient of friction
value. A sliding distance of 200m increases COF readings;
however, the values drop as the distance increases. Poly-
ethylene/Cloisite 30B/Elvaloy AC-3427 NCs on the 320-grit
surface were clogged when the sliding distance was large,
resulting in lower COF values.

5.1. GRA for Abrasive Wear. Analyzing output characteris-
tics, this study used lower-the-better performance charac-
teristics. Polyethylene/Cloisite 30B/Elvaloy AC-3427 NCs
SWR, COF, and weight loss as results are shown in Table 4
with grey relationship coefficients of abrasive wear char-
acteristics therein. For each trial, the grey relationship co-
efficients have a different value. For abrasive wear
characteristics, there was a necessity to compute the GFRG.

GRG was determined by averaging the values indicated
in Table 4 for each of the input parameters.

With a load of 25N and an overall sliding distance of 100
meters, the response table determined that the optimal C3B
addition was 5wt %.'e computed GRGmajor effect plot is
shown in Figure 5. A GRG value exceeding 0.5 is seen in all
three output abrasive wear characteristics.

Lever
Mechanisum

Specimen holder

nanocomposites.

320 size grit paper

Load Motor Control
Panel

Time (s)
Rotational speed (rpm)

Temperature (°C)

Frictional force (N)

Depth of wear (mm)

Figure 2: Schematic view of a pin on disc setup.

PE/C30B/EA NP Pin

320 grit abrasive surface

Direction of rotation

Rotating disc

Figure 3: Rotating disc with Polyethylene/C3B/EAC nanocomposite.

Table 2: Control factors and their levels.

Control factors Levels
1 2 3 4

C3B (wt %) 2 3 4 5
Load (N) 10 15 20 25
Sliding distance (m) 100 200 300 400
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Table 3: Results for COF, loss of weight, and SWR.

Sl. no. Cloisite 30B (wt%) Load (N) Sliding distance (m) COF (μ) Loss of weight (g) Wear rate (mm3/Nm)
1 2 10 100 0.302 0.0025 0.007214
2 2 15 200 0.289 0.0089 0.006909
3 2 20 300 0.276 0.0101 0.003501
4 2 25 400 0.252 0.0152 0.002814
5 3 10 200 0.279 0.0049 0.007136
6 3 15 100 0.271 0.0041 0.006142
7 3 20 400 0.249 0.0145 0.003516
8 3 25 300 0.251 0.0114 0.002814
9 4 10 300 0.244 0.0050 0.004679
10 4 15 400 0.239 0.0115 0.004312
11 4 20 100 0.237 0.0107 0.004980
12 4 25 200 0.251 0.0110 0.004012
13 5 10 400 0.247 0.0095 0.004112
14 5 15 300 0.239 0.007 0.003914
15 5 20 200 0.239 0.008 0.003642
16 5 25 100 0.231 0.0039 0.003124

C3B (wt%) Applied Load (N) Sliding Distance (m)

Main Effects Plot for COF
Data Means
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Figure 4: (a) Main effect plots of coefficient of friction. (b) Main effect plots of specific wear rate.
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Table 4: 'e grey relation coefficient and grey relational grade for abrasive wear responses.

Sl. no. Cloisite 30B (wt%) Load (N) Sliding distance (m) GRC of COF (μ) GRC for weight loss GRC for SWR
(mm3/Nm) GRG Rank

1 2 10 100 0.329 0.998 0.329 0.542 12
2 2 15 200 0.349 0.481 0.349 0.389 14
3 2 20 300 0.462 0.449 0.741 0.552 16
4 2 25 400 0.679 0.342 1.000 0.669 15
5 3 10 200 0.384 0.719 0.328 0.481 4
6 3 15 100 0.471 0.784 0.401 0.549 11
7 3 20 400 0.609 0.339 0.742 0.574 13
8 3 25 300 0.641 0.421 0.998 0.679 6
9 4 10 300 0.668 0.728 0.531 0.640 2
10 4 15 400 0.739 0.409 0.608 0.580 10
11 4 20 100 0.756 0.442 0.491 0.571 8
12 4 25 200 0.682 0.419 0.642 0.576 7
13 5 10 400 0.712 0.469 0.619 0.612 9
14 5 15 300 0.841 0.519 0.661 0.669 3
15 5 20 200 0.745 0.569 0.728 0.678 5
16 5 25 100 0.998 0.781 0.879 0.881 1

C3B (wt%) Applied Load (N) Sliding Distance (m)

Main Effects Plot for Grey Relational Grade
Data Means
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Figure 5: Main effect plots for GRG.
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Figure 6: Output characteristics like weight loss, coefficient of
friction, and specific wear rate.
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Figure 7: 'e nine fuzzy subsets for grey fuzzy reasoning grade.
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When it comes to COF, SWR, and weight loss, the
triangle membership function applied in Figure 6 demon-
strates the customary nine fuzzy subclasses utilized for the
GFRG.

All abrasive wear studies were predicted using the Fuzzy
Interface System as shown in Figure 7, which was triggered
by establishing a set of guidelines.

Table 5 lists the actual GFR values that were predicted by
FIS. Table 4’s values were compared to those in Table 5’s

tables. Compared to GRG, the grey fuzzy reasoning grade
went up in terms of performance. 'e highest grey fuzzy
relational grade was recorded in the 16th experiment, which
reduced the experiment’s uncertainty. Tables 4 and 5 il-
lustrate how much higher the GFRG climbed when asso-
ciated with GRA.'e GRG value has moved to the reference
value 1, which reduces fuzziness.

Figure 8 depicts the major impact plot of the abrasive
wear features GFRG (Grey fuzzy Reasoning Grade). Cloisite

Table 5: 'e abrasive wear responses at grey fuzzy reasoning grade.

Sl. no. Cloisite 30B (wt%) Load (N) Sliding distance (m) Grey fuzzy grade Rank
1 2 10 100 0.571 16
2 2 15 200 0.406 12
3 2 20 300 0.554 4
4 2 25 400 0.679 14
5 3 10 200 0.510 13
6 3 15 100 0.558 15
7 3 20 400 0.569 2
8 3 25 300 0.689 11
9 4 10 300 0.651 8
10 4 15 400 0.602 6
11 4 20 100 0.578 9
12 4 25 200 0.590 10
13 5 10 400 0.612 5
14 5 15 300 0.690 7
15 5 20 200 0.671 1
16 5 25 100 0.897 3

C3B (wt%) Applied Load (N) Sliding Distance (m)

Main Effects Plot for Grey Fuzzy Grade
Data Means
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Figure 8: Main effect plots for the grey fuzzy grade.

Table 6: Confirmation test results.

Setting level
Abrasive wear characteristics at an optimum level

Parameter Prediction Experimental
C3B 10 weight %
Load 25 Newtons
Sliding distance 100 meters
Grey relational grade 0.852 0.895
Grey fuzzy grade 0.858 0.986
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03B and load were kept at stage 4, and sliding distance was
kept at stage 1 in experiment sixteen, according to the table
of results of the grey fuzzy technique.

Once the best circumstances were discovered, the the-
oretical prevision of GFRG was critical. 'e equation was
used to get the fuzzy reasoning grade (14) where ηom is the
GFRG mean value and ηol is the GFRG at the optimal level.
Table 6 displays the findings of the confirmation experiment.
When compared to GRG, grey fuzzy bond values originated
to be greater.

ηpre di ctal � ηom + 
k

i�1
ηol − ηom , (14)

5.2.Analysis ofVariance forGreyFuzzyGrade. Table 7 shows
the Analysis of Variance results for the GFG. Each input
abrasive wear feature was evaluated using ANOVA to de-
termine the importance of the wear characteristics on the
wear characteristics of the output abrasive material. When it
came to defining abrasive wear characteristics, C3B addition
had the greatest influence, in addition to load and sliding
distance.

5.3. Worn Surface Structure. Abrasive wear resistance was
improved when Cloisite 30B was introduced at 5% in
Polyethylene/C3B/Elvaloy AC-3427 NCs. Abraded surfaces
of 5wt % PE/C3 B/EAC nanocomposites were smooth and
less damaged, with indications of PE/C3B/EAC nano-
composites. To remove thematrix from the surface, PE/C3B/
EAC nanocomposites must be processed in an agglomerated
structure. 'e abraded surface shows patches of C3B, which
enhance the properties’ wear resistance. PE/C3B/EAC
nanocomposites with a 5-weight % content increased wear
resistance significantly due to their improved thermal
stability.

'e worn surface of Polyethylene/C30B/Elvaloy AC-
3427 NCs contains 1 weight %. When C3 B was introduced
to the PE matrix at 1 wt %, the abraded surface suffered
greater damage than when C3B was applied to the PE matrix
at any other concentration. When the PE/C3B/EAC
nanocomposites were subjected to ductile fracture, the level
of matrix damage was far greater than in any other nano-
composites created. Surface fatigue is the existence of huge,
deep grooves on a worn surface. 'e microploughing and
microcracking on the surface of 1 weight % Polyethylene/
C30B/Elvaloy AC-3427 NCs were caused by poorer heat
stability.'e Cloisite 30B element has a proclivity to become
free and be eliminated as wear debris where the network of

fractures crosses. 'ese nanocomposites were shown to be
more susceptible to wear, which may be explained by the
reduced ductility of the matrix, which deforms the matrix
due to deterioration of the surface at 1weight %. Micro-
cracking and microploughing were the wear processes
discovered in this investigation.

6. Conclusion

A twin-screw extruder was utilized to make Polyethylene/
Cloisite 30B/Elvaloy AC-3427 NCs. On the basis of abrasion
wear testing, the Polyethylene/Cloisite 30B/Elvaloy AC-3427
NCs were defined. Grey Fuzzy and GRA were used to op-
timize the abrasive wear test results. 'e following are the
findings:

(i) As part of the two-body abrasive wear testing,
numerous performance metrics were taken into
consideration in order to get the best results. GRA
and grey fuzzy were used to optimize the results of
two-body abrasive wear testing.

(ii) Grey’s fuzzy reasoning grade was boosted by 25N
load, 5wt % C3B addition, and a sliding distance of
100m, which was near to the reference value of
0.897 for fuzzy reasoning grade.

(iii) Following sliding distance and load, the quantity of
(wt %) addition of C3B was shown to be the most
key aspect in inducing the abrasive wear
characteristics.

(iv) Abrasive wear test results showed reduced damage
to abraded wear surfaces when Cloisite 30B was
applied at 5 wt % because more C3B was made
public. Microcracking and microploughing were
determined to be the abrasive wear mechanisms.
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e aerospace aluminium alloy AA7050 was reinforced with Al2O3 of average particle size 5m in this study using the stir casting
method. To eliminate surface imperfections, AA7050/Al2O3 composites with varied weight percentages (0, 2, 4, 6) were
manufactured, and wear tests on composites were carried out utilizing a pin-on-disc apparatus that varied load, velocity,
temperature, and weight %. e tensile and hardness tests were carried out at a high temperature. e inclusion of particles
enhances wear resistance by establishing a mechanically mixed layer (MML), according to the �ndings. e wear resistance at
300°C was 100% higher in comparison with resistance at 150°C. Because of the Orowan strengthening and Hall–Petch e�ect, the
tensile strength and hardness of composites enhanced. Temperature, tracked by the weight % of strengthening powders, was the
most important factor that in�uences the wear resistance of the composites. e �ndings showed that the material properties of
AA7050/4wt%Al2O3 at 150°C and AA7050/2wt%Al2O3 at 300°C are superior than base alloy.

1. Introduction

AA7050 alloy has piqued attention across the globe in latest
generations as the extremely ideal material for aerospace
application, owing to its enhanced mechanical, tribological,
and corrosion behavior [1]. Due to the growing need for
lightweight materials in both developed and developing
nations, defect-free composite materials are in high demand
[2].e quality of the materials used in any aerospace system
determines its e�ectiveness. Some of the aerospace com-
ponents manufactured by aluminium alloy are the hot plate

collector, isolator, mount, thermal ducts, header pipeline,
and moulding [2–5]. Since the sunlight-based header
pipelines were accessible to high temperatures, it was nec-
essary to investigate their viability at elevated temperatures
[6].

Particles such as B4C, SiC,WC, Al2O3, and Gr are used to
strengthen aluminium alloys [7–9]. Sintering, moulding,
and in situ production are the most often utilized composite
manufacturing procedures [10–12]. e stir casting method
was the most suitable of the numerous manufacturing
procedures for mass production and uniform particle

Hindawi
Advances in Materials Science and Engineering
Volume 2022, Article ID 9594798, 7 pages
https://doi.org/10.1155/2022/9594798

mailto:venkatesanggg2011@gmail.com
https://orcid.org/0000-0001-7793-6737
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/9594798


dispersion [13, 14]. e molten metal was stirred at a
constant speed for a speci�ed period of time utilizing a
mechanical mixer [15]. e wettability of composites was
improved by adding preheated particles [16].

e wear of the materials is governed by the velocity,
sliding distance, load, temperature, and counterface hard-
ness [17–19]. e impact of addition of SiC particles on the
wear rate of aluminium composites was investigated. e
addition of SiC particles increases the tribological capabil-
ities, according to the �ndings. B4C particles upsurge the
strength, sti�ness, and wear endurance of the AA2020 alloy
[20]. When the load was increased over 60N, the mild to
severe regime transitioned. Sardar et al. found that hybrid
composites had superior wear resistance than single-rein-
forced composites [21]. Increased matrix forti�cation im-
proves elasticity, yield strength, and hardness [22]. e
microhardness of the composite rises as the Al-N proportion
in the alloy matrix increases [23]. e amalgamation of SiC
and Al2O3 increases the composites’ hardness, tensile
strength, and density [24].

From the above survey, it was revealed that a signi�cant
amount of research has been done on the tribological
performance of composites. However, only a few analyses
have been performed on the tribological behavior of AA7050
composite materials at high temperatures. e objective of
this study was to reinforce AA7050 alloy with Al2O3 particles
and test wear behavior on reinforced composite materials at
elevated temperatures. e mechanical and tribological
properties of the composites were studied at high temper-
atures.With the use of an ANOVA table, the most in�uential
factor was identi�ed.

2. Experimental Procedure

Table 1 displays the elemental position of the AA7050 al-
uminium alloy as established by spectrochemical analysis.
e liquid stir casting process was used to strengthen the
AA7050 alloy with aluminium oxide (Al2O3) grains with a
mean size of 5 µm. Around 1 kg of alloy was placed in a
graphite receptacle and charged to 870°C in an electric
furnace made by TSR instruments and solutions, according
to the process parameters listed in Table 2.

Before being introduced to the charge, Al2O3 was
charged to a temperature of 250°C to eradicate any moisture.
e liquid was stirred for 4 minutes at 600 rpm using a sieve
shaker. To increase wettability, an equivalent weight per-
centage of potassium titanium �uoride (K2TiF6) was in-
troduced to the melt. e combination was agitated for
additional 3 minutes after the �ux was added. Figure 1
depicts the step-by-step technique entangled in the manu-
facture of composites.

Composites with dimensions of (−12mm× L−105mm)
were made from the combined slurry which was put into a

warmed die steel mould. To eliminate the surface defects, the
specimens were turned and faced to a dimension of diameter
10mm× length 100mm. Wear tests on composites were
completed as per ASTM-G99 principles by di�ering the
temperature, stress, speed, and weight % of the composites
utilizing a pin on plate contraption created by Ducom in-
struments; exploratory runs were arranged utilizing a
Taguchi blended symmetrical exhibit.

e worn track was 100mm in diameter, and the coun-
terface was made up of EN-31 steel. e Taguchi orthogonal
array was used to create the wear trial runs, which were then
repeated three times. A Rockwell hardness tester and a uni-
versal testing machine were utilized to assess the composites’
hardness and tensile strength at increased temperatures,
according to ASTM-E18 and ASTM-E21 standards, respec-
tively. e Rockwell hardness tester and UTM were manu-
factured by Xtreme Engineering Equipment Private Limited
and Hualong, respectively. e hardness of nonferrous alloys
was evaluated with a load of 100N and a dwell time of 15
seconds, as speci�ed by ASTM, and the outcomes were
documented in Rockwell B-Scale.e specimenwas placed in
the UTM with a notch radius of 12.5mm and a length and
width of 50mm and 4mm, respectively. e load was added
progressively until the material broke down at the speci�ed
temperature. Each experiment was conducted on three sep-
arate samples, with the average value being documented as the
investigational �ndings. e most in�uential factor was
revealed using an ANOVA (Table 3).

Table 1: Elemental proportion of AA7050 aluminium alloy.

Zn Mg Cu Fe Cr Si Mn Al
6.30 2.58 1.83 0.28 0.27 0.06 0.05 Balance

Table 2: Casting variables.

Parameters Value
Pouring temperature 870°C
Preheating temperature of
Al2O3

250°C

Preheating temperature of
mould 250°C

Stirring time 7min
Stirring speed 600 rpm

Melting of 
alloy

Addition of
preheated
particles

Addition
of flux

Stirring

Pouring in the
permanent die

Casted sample

Figure 1: Steps involved in the production of composites.
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3. Results and Discussion

Figure 2 illustrates the microstructure of the composites.+e
Al2O3 particles were equally spread over the matrix ma-
terial, according to the structure. +e presence of a white
film surrounding the reinforced particles suggests that Ti
was applied to the reinforced particles. K2TiF6 flux was used
to remove this titanium. +e wear proportion of composites
diminishes with the incorporation of reinforcing particles till
four weight percent, after which it increases, according to the
experimental data. +e average wear proportion of amal-
gams was 7% inferior than that of unreinforced alloy, 629mg
for pure metal and 588mg for composites reinforced with
4% Al2O3 particles, according to the Archard equation
(equation (1)). +e particles on the surface of the composites
get dislodged during sliding and reach the contact region.
Bothmetals are abraded by the ceramic particles, resulting in
the formation of a MML [25].+e presence of Fe in the worn
surface was confirmed through EDAX analysis, which re-
veals that the materials were mechanically mixed and averts
direct metal surface contact as depicted in Figure 3. +is
MML hangs between the contact surfaces, averting metal
surface contact and thereby reducing wear. When the
temperature is rapidly increased from 150°C to 300°C, the
wear rate increases by 100% as shown in Figure 4.

When sliding at 300°C, the material achieves its defor-
mation state and becomes significantly deformed, resulting
in increased material loss. At high temperatures, the pa-
rameters load and velocity have little effect on wear rate. +e
friction coefficient (COF) decreases to 0.166 as a result of the
deformation condition, which is 40% less than materials
sliding at 150°C as shown in Figure 5. All other variables
have a minor or no effect on COF.

W � K
PLV

3H
 , (1)

where P represents the applied load in N, L represents the
sliding distance in m, V represents the applied velocity in m/
s, H represents the hardness in HRB, and K represents the
experimental constant.

+e tensile strength of the AA7050/Al2O3 composites at
high temperatures is shown in Figure 6. +e composites with
4% reinforcement exhibited the highest tensile strength at
150°C. Orowan strengthening [26] induced the rise in
strength, which indicates that the particles in the matrix give
resistance to the movement of dislocation. +e alloy rein-
forcedwith2weight%providesgood tensile strengthat 300°C.

Wear � 163.000 + 15.5625Weight percentage

− 1.13333 Load(N) + 1.25000Velocity(m/s)

− 0.348333 Temperature(C)

− 0.843750Weight percentage∗Weight percentage

− 0.483333Weight percentage∗Velocity(m/s)

+ 0.0111111 Load(N)∗Velocity(m/s).
(2)

When the temperature is increased from 150°C to
300°C, the tensile strength is reduced by 95%. When a
material is heated to a high temperature, its viscosity
drops, resulting in an increase in percent elongation and a
loss in tensile strength [27, 28]. +e findings revealed that
adding reinforcement had the least impact on tensile
strength at high temperatures, and that material property
loss was linked to viscosity drop at high temperatures [29,
30].

Figure 7 shows how adding Al2O3 particles increases
the composites’ toughness [31, 32]. +e flux’s titanium
element encircles the reinforcing particles, prompting
them to bind together. +e titanium element refines the
grain size due to the Hall–Petch effect, which raises the
hardness value. +e hardness of AA7050/6Al2O3 was 16%
higher at 150°C than that of the unreinforced alloy and
11% higher at 300°C. When the temperature was raised to
300°C, the hardness value dropped by 75% [33, 34]. As
indicated in Table 4, the most influential factor influ-
encing material property is temperature, followed by
weight reinforcement.

Table 3: Wear process parameters and their levels.

Process parameters Levels
Reinforcement percentage 0, 2, 4, 6
Applied load (N) 15, 30
Speed (m/s) 15, 30
Temperature (°C) 150, 300

Figure 2: Microstructure of AA7050/Al2O3 composites.
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When compared to other composite materials, the
AA7050/4Al2O3 composites have a net �ow value of 0.386 and
have improved material properties at 150°C. e composite
AA7050/2Al2O3 performed best at 300°C, with a net �ow value
of −0.287 [35, 36]. At increased temperatures, the composites
show improved mechanical and tribological properties in all
cases. e mathematical model for wear was constructed by
connecting the results, as indicated in equation (2).

4. Conclusion

e liquid stir casting method was used to successfully create
AA7050/Al2O3 composites. Tribological and metallurgical
testing on composites was conducted, and the ensuing
observations were obtained.

(1) Leading to the generation of a MML, the wear re-
sistance of composites was 7% superior than pure
aluminium alloy. When the temperature rises
quickly from 150°C to 300°C, the wear rate increases
from trivial to severe. At high temperatures, COF
decreases as temperature rises, whereas velocity and
load have little e�ect on wear rate.

(2) e insertion of reinforcing particles increases the
tensile strength due to Orowan strengthening. When
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Table 4: ANOVA for altered process parameter.

Level Reinforcement
percentage

Speed
(m/s)

Load
(N) Temperature (°C)

1 191.5 191.5 190.8 151.1
2 191.0 191.0 192.8 232.2
3 183.7
4 198.4
Delta 14.6 0.5 1.6 82.1
Rank 2 4 3 1
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the temperature is increased to 300°C, the viscosity is
reduced by 95%, resulting in a 95% fall in tensile
strength.

(3) Because of the Hall–Petch effect, the presence of hard
ceramic particles (Al2O3) increases hardness. +e
ANOVA table revealed that temperature has the
utmost impact on material properties, trailed by
percent reinforcement. It was important for solar
header pipes to use the composite because it has
excellent strength at high temperatures.

5. Scope for Future Studies

In the future, tests may be conducted by varying the ge-
ometry of the particles and manufacturing them using di-
verse processes such as Compo casting and squeeze casting.

Data Availability

+e data used to support the findings of this study are in-
cluded within the article.
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