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Preface

Advances in Materials and Manufacturing Engineering comprise selected papers
from the fourth International Conference on Materials and Manufacturing
Engineering (ICMME 2019) at Sri Chandrasekharendra Saraswathi Viswa
Mahavidyalaya, Kanchipuram, India. This book covers a wide range of topics
within the materials and manufacturing disciplines. The content includes technical
papers and review articles mainly in two different areas, namely synthesis, devel-
opment and characterization of new materials and machining-associated studies on
different materials. In addition, the book also covers some recent advancements in
optimization techniques, computational fluid dynamics, tribology, alternate fuels,
turbomachinery, renewable energy, thermal engineering and metal forming. The
editorial team’s expertise covers a variety of aspects of mechanical engineering.
This collective expertise enabled the team to manage the editorial process efficiently
in particular by providing a high-quality review process. This book will be a
technological and scientific platform for researchers, scientists, engineers and
academicians seeking advancements in the area of materials and manufacturing
engineering.

Kanchipuram, India T. Rajmohan
Chennai, India K. Palanikumar
Aveiro, Portugal J. Paulo Davim
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About the Conference—ICMME 2019

The fourth International Conference on Materials and Manufacturing Engineering
(ICMM-2019) is organized by the Department of Mechanical Engineering, Sri
Chandrasekharendra Saraswathi Viswa Mahavidyalaya, Kanchipuram, India, dur-
ing March 21 and 22, 2019. The conference is aimed at providing a common
platform for researchers, industry personnel, academicians, students and partici-
pating professionals to interact and discuss the advances made in various areas of
Materials and Manufacturing Engineering. Special invited lectures by scientists and
experts from foreign universities, leading institutions, research organizations and
industries have been planned in addition to paper presentation. The conference will
focus on today’s technical challenges, research updates and breakthrough innova-
tions that are shaping the future of Materials and Manufacturing Engineering. The
conference convenes engineers, scientists and technologists for the purposes of
exploring solutions to global challenges and for the advancement of Materials and
Manufacturing Engineering worldwide.
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Impact Model for Grinding Process
in the Framework of Sustainable
Manufacturing

Jigneshkumar M. Parmar, Chetankumar M. Patel,
and Ajitkumar N. Shukla

Abstract Exposure tometalworking fluids (MWF) and grinding process is common
in machining processes across the globe and leads to skin and respiratory disease to
the operator. The aim of the study is to propose an impact model resulting due to the
exposure and adverse effect of the grinding process on the health of the operator as
studied in Rajkot, India. The impact model generated gives the guideline to perform
grinding process safely and make it more sustainable. Pulmonary function test (PFT)
and peripheral capillary oxygen saturation (SPO2)were taken for building thismodel,
performed on 100 grinding operators and 100 control group subjects to compare the
results. Various parameters considered for the study are forced expiratory volume in
1 s (FEV1), forced vital capacity (FVC), ratio of forced expiratory volume in 1 s to
forced vital capacity (FEV1/FVC), peak expiratory flow rate (PEFR) and peripheral
capillary oxygen saturation (SPO2). It successfully shows that 80 grinding operators
and 12 control group subjects have low lung functions. This is the first investigation
describing the exposure to MWF and grinding process and its adverse effect on the
health of the grinding operators in Rajkot, India. In general working condition in the
companies were acceptable, but the negligence of the safety and health precautions
was a major reason behind the adverse effect.

Keywords Metalworking fluid · Grinding process · Occupational hazards ·
Pulmonary function test · Peripheral capillary oxygen saturation

1 Introduction

Grinding process is the primary finishing process, which performed on all the
machined parts to get the better surface finish. To get better results, metalworking
fluid (MWF) is used in the grinding process. During the grinding process, material
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removed in the form of powder and due to the use of MWF mist gets generated,
which may enter into the respiratory system of the operator. This is a prime hazard
for the grinding operators, as it led to respiratory disease. The accuracy obtained
from the grinding process and the surface finish is far better than the turning and
milling operation [1].

TheMWF limits heat generation by reducing the amount of friction in the grinding
area as a result of its lubricating properties. It reduces the heat by putting some energy
into the liquid instead of the workpiece. Thus, cold fluid is more effective for heat
transfer [2]. In addition, the MWF is used to remove the chip from the grinding
operation [3, 4]. The grinding process is either dry or wet. The material removed
through the dry process is in the form of a powder which generally enters into the
respiratory of the operator. The wet grinding process laden with MWF is even more
dangerous as it produces mist during the operation of the process but gives the
better surface and extended tool life. During the grinding process, such a situation
leads to hazards like skin irritation and respiratory issues to the operators. Such
symptoms are common in the grinding operators after long exposure to a similar
working environment. The study on agate grinders shows the risk of digestive and
respiratory during the grinding [5, 6].

2 Material

The present study is performed to know the adverse effect of the grinding process
on the grinding operators of a diverse age group and build a model. Hence, two
different groups of subjects are examined, (i) subjects employed in the grinding shop
of various industries of diverse age group and (ii) subjects having no exposure of the
grinding process.

To perform this study, an ethical approval (RKU/SPT/2016/08/27, Dated
05/08/2016) was taken prior to the performance from the ethics committee of School
of Physiotherapy, RK University (ECR/259/Indt/GJ/2016).

This study is performed in accord with the consent of the organization to retain
confidentiality and the consent taken from each subject to participate in this study.
The study begins with the identification of the subjects on the random sampling basis,
for which the whole process in depth was explained to the subject. They were made
aware of the consequence as well as the purpose of the study.

All the subjects were examined using tools as under:

• Pulmonary Function Test (PFT): This test is a practical examination of lung func-
tion. It determines forced expiratory volume in 1 s (FEV1), forced vital capacity
(FVC), forced expiratory volume in 1 s to forced vital capacity (FEV1/FVC), peak
expiratory flow rate (PEFR).

• Peripheral Capillary Oxygen Saturation (SPO2): This test gives the oxygen
saturation rate in the blood of the subject.

• Weighing Machine
• Measure Tape



Impact Model for Grinding Process in the Framework … 3

3 Method

In this study, spirometric data of 200 persons were employed, as 100 grinding oper-
ators, working for 8–10 h a day on grinding machine and 100 subjects having no
grinding exposure of the grinding process formed the control group. Subjects were
called randomly, and a demo performance was given. The hygienic mouthpiece was
employed to train the subject for the exhalation and inhalation under normal condi-
tion. Later, they were requested to inhale through the mouthpiece connected with the
apparatus to get the result of the test in a minimum of three trials. Afterward, they
were asked to make inhalation under slow maneuver condition. The value of FEV1,
FVC, FEV1/FVC, and PEFR was recorded and examined. Statistical analysis was
performed using Office 365. Mean values and SD of age, height, weight, and expo-
sure to the grinding environment (EGE) were computed for both groups. Statistical
significance was evaluated using analysis of variance (ANOVA).

4 Result and Discussion

Table 1 shows the demographic characteristics of the grinding operators and control
group. There was no substantial change in age, height, and weight apart from
Exposure to Grinding Environment (EGE).

Table 2 shows the spirometric statistics of the grinding operators and control
group. The predicted values calculated using spirometer reading andmeasured values
are expressed in the absolute units and as a percentage of the predicted values. The
values of the grinding operators and control group were compared.

Table 3 shows the status of the pulmonary functions in the grinding operators
and control group. The results of the pulmonary functions propose that 80 grinding
operators suffered from some pulmonary disorder.

Table 4 shows the statistics of the SPO2 in both groups. The result suggests that
there is no impact of the EGE on oxygen saturation rate of any subjects of both
groups.

Table 1 Details of grinding
operators and control group

Group

Grinding operators (n
= 100)

Control group (n =
100)

Agea, y 30 ± 10 21 ± 3

Heighta, cm 165 ± 7 170 ± 7

Weighta, kg 60 ± 11.5 60 ± 13

EGEa, y 8 ± 8 0

Note aIndicates M ± SD
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Table 2 Measured and predicted values of pulmonary functions in the grinding operators and
control group

FEV1, L FVC, L FEV1/FVC, % PEFR, L/min

Grinding operator Predictablea 2.9 ± 0.4 3.9 ± 0.4 85 ± 3 589 ± 1

Measureda 3.0 ± 0.5 3.3 ± 0.5 92 ± 7 394 ± 111

Measured
predictablea

104 ± 16 97 ± 16 108 ± 8 74 ± 23

Control group Predictablea 3 ± 0.3 4 ± 0.7 84 ± 5 467 ± 8

Measureda 4 ± 0.3 5 ± 0.3 81 ± 6 490 ± 66

Measured
predictablea

86 ± 8 115 ± 10 76 ± 2 105 ± 33

Note aIndicates M ± SD

Table 3 Status of the
pulmonary functions in the
grinding operators and
control group

Status of pulmonary functions

Normal Obstructive Restrictive

Grinding
operators (%)

20 (20) 1 (1) 79 (79)

Control group
(%)

88 (88) 2 (2) 10 (10)

Table 4 SPO2 indices in the
grinding operators and
control group

Group

Grinding operators Control group

SPO2, % 97.8 ± 1.5 97.8 ± 1.1

Table 5 shows that operators considered for the study from Rajkot having average
EGE are around 8 years. So, all the indicators are benchmarked with this average
value of the exposure.

Table 6 shows the comparison of F and P value between two groups, which
suggests the significant difference between the two groups.

Total 200 subjects, 100 grinding operators and 100 control group subjects satisfy
all the inclusion and exclusion criteria and participated in PFT and SPO2.

In the restrictive lung disease, values of FVC, FEV1, PEFR decreases, and
FEV1/FVC increased compared to the normal value. In the obstructive lung disease,
FVC, FEV1, FEV1/FVC, and PEFR decrease compared to the normal value. Hence,

Table 5 Details of EGE of
the grinding operators

EGE, y

Range 0.1 ± 35

Mean ± SD 8 ± 8
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Table 6 Statistical analysis
of pulmonary functions’
indices and SPO2 in the
grinding operators and
control group

Index F pa- values F crit

FEV1, L 165.97 5.56E–28 3.89

FVC, L 464.06 8.5E–54 3.89

FEV1/FVC, % 139.4 1.04E–24 3.89

PEFR, L/min 54.45 4.3E–12 3.89

SPO2, % 0.01 0.92 3.89

Note aIndicates a significant difference between the grinding
operators and control group. Statistical significance assessed by
ANOVA

FEV1/FVC is the main parameter to determine the lung disease, whether it is
obstructive or restrictive [7].

The comparison of the FEV1/FVC of both groups clearly suggests that the value
of FEV1/FVC is high in the majority of the grinding operators compared to control
group subjects. It indicates that the majority (79%) of the grinding operators are
suffering from restrictive lung disease compared to the control group (10%). The
obstructive disease left out as only one in grinding operators and two subjects in
the control group having a low ratio than the normal value. In the current study,
the important variances were in the spirometric indices specified as a percentage of
predicted values in grinding operators (p < 0.001).

5 Impact Model

Lack of fluid management program has contributed to potentially increasing the
health risk associatedwithMWFoilmist. This reflects the need for an effectiveMWF
program. The effectiveMWFprogramwill include a comprehensive andwell written
Standard Operating Process (SOP) for all aspects of the program. The program
should include employee’s proper training, implementation guidelines, preventive
maintenance procedures, and follow-up action. This is an active approach rather
than a reactive. Adoption of SOP will solve many common problems [8].

Therefore, the strategy should be.

• Provide the manual of safety guidance that represents good practice.
• Provide various safety tools/gadgets that could be actively used in the workplace

like, laminated task sheets that establish detail safety procedure for common tasks,
posters containing dos and don’ts of the process, process monitoring strategies,
control sheets detailing the key issues.

• Demonstrate that the effectivemanagement ofMWF is good for employees’ health
as well as for the organization [9].

Recommended preventive action for the safe grinding process is:
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• Ensure that the workers have been properly trained to use the machine safely and
the grinder must be operated on the given standard operating range given by its
manufacturer.

• Always wear proper eye and face protection, such as a full-face shield while using
a grinder. Also wear protective shoes, adequate body cover clothes and hearing
protectives.

• Regularly inspect the properly guarded guard and handle.

Recommended PPEs for grinding process are:

• Eye & face protection: safety spectacles/goggles, face shield (if needed)
• Foot & leg protection: leggings (in case of extreme heat generation), combination

foot and shin guards, safety shoes
• Hand & arm protection: sleeves and gloves (leather gloves, aramid fiber gloves

to be chosen as per material to grind with MWF)
• Body protection: apron
• Hearing protection: single-use earplugs/earmuff [10]
• Respiratory protection: particulate respirator/Dust mask [10, 11].

6 Conclusion

This study documented that 80 grinding operators having lower lung functions (79
restrictive and one obstructive type disorder) compare to 12 control group subjects
(10 restrictive and two obstructive type disorder). In the control group subjects, this
disorder may due to hierarchy or due to some other reason. This study documents the
occupational changes in the pulmonary functions of the grinding operators compared
to control group. To diagnose the precise hostile consequence of the grinding process
on the operators’ health, it is essential to study individually by the process, MWF,
and material to be a grind. On the other hand, grinding does not produce only mist
and powder in the form of a chip, and also, it generates the hazardous gases during
the grinding process, depending upon the material, which very hazardous for the
grinding operators. So, the further study required on the type of process, material
to grind, MWF used and EGE on pulmonary functions. This study suggests the
impact model including the guideline for the safe practice in the grinding shop. By
implementing this model, one may have an improved working environment and the
safe practice, which may save the grinding operators from the adverse effect of the
grinding process on the health of the operators. This model may not eliminate all the
hazards from the working area, though may provide a better and improved working
environment, whichmay safer for the grinding operators andmore sustainable toward
the environment.
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Execution Analysis
of Vapor-Compression Refrigeration
System Using R12, R134a, R290
and R600a as Working Medium

M. Sivakumar and S. Mahalingam

Abstract In this paper, the execution of vapor pressure refrigeration framework is
broke down with R12, R134a, R290 and R600a as working liquid. At the point when
R12 refrigerant is utilized as working liquid, its outcome is high ozone exhausting
potential and an unnatural weather change potential. Different exploratory examina-
tions were completed for long haul substitution of R134a rather than R12 on account
of zero ozone exhausting potential, non-combustibility, security and comparable
vapor weight as that of R12. R134a has zero ozone consumption layer however there
is a high a dangerous atmospheric deviation. But R600a has zero ozone exhaustion
layer and negligible global warming. Unadulterated R290 or R600a is not reason-
able for direct swap for R134a in light of their immersion properties. Any blends
of R134a/R290/R600a at any mole part give better execution and COP level when
contrasted with R12.

Keywords Vapor-compression refrigeration system · Refrigerants · COP · And
compressor

1 Introduction

Refrigeration is the study of delivering and keeping up temperature beneath that
of the encompassing environment. This implies the expelling of warmth from a
substance to be cooled. Warmth constantly passes downhill, from a warm body to a
cooler one, until the point when the two bodies are at a similar temperature. Keeping
up perishables at their required temperature is finished by refrigeration. Perishables
as well as today numerous human work spaces in workplaces and production line
structures are air contingent also; a refrigeration unit is the core of the framework.
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In basic, refrigeration implies the cooling of or expulsion of warmth from a frame-
work. The gear utilized to keep up the framework at a low temperature is named
as refrigerating framework, and the framework which is kept at lower tempera-
ture is called refrigerated framework. Refrigeration is for the most part delivered
in one of the accompanying three different ways: (i) by liquefying of a strong, (ii)
by sublimation of a strong, (iii) by dissipation of a fluid. A large portion of the
business refrigeration is delivered by the dissipation of a fluid called refrigerant. It
is utilized for conservation of sustenance, assembling of ice, strong carbon dioxide
and control of air-molding framework. The refrigerants’ thermodynamic proper-
ties broke down their exhibition in salt water-to-air and brackish water-to-water
GSHPs, and talked about ongoing advancement in their utilization in GSHPs. Inves-
tigations of CO2 were the most widely recognized because of its good properties,
covering propelled cycles, direct extension, optional liquid and crossbreed GSHPs.
In spite of the fact that with poisonousness concerns, NH3 was the second generally
examined, including fume pressure GSHPs for warming, ingestion-type GSHPs to
take out ground irregularity and half-breed pressure assimilation GSHPs to augment
the working temperature go. A couple of studies assessed water as a refrigerant
for ingestion-type GSHPs, including applications for sun-based cooling, ground
awkwardness and regionwarming. Propanewas themain hydrocarbon considered for
GSHPs, remembering examinations for refrigerant charge, execution investigation
and propane as an auxiliaryliquid. We compared there frigerants’ thermodynamic
properties, analyzed their performance in brine-to-air and brine-to water GSHPs and
discussed recent progress in their use in GSHPs. Though with toxicity concerns,
NH3 was the second most studied, including vapor-compression GSHPs for heating,
absorption-type GSHPs to eliminate ground imbalance and hybrid compression-
absorption GSHPs to widen the operating temperature range [1]. However, due to
flammability and submission to severe regulations, the use of hydrocarbons requires
improvements in design and optimization of components to reduce the refrigerant
charge [2]. A theoretical performance study on a traditional vapor-compression
refrigeration systemwith refrigerantmixtures basedonHFC134a,HFC152a,HFC32,
HC290, HC1270, HC600 and HC600a was done for various ratios, and their results
are compared with CFC12, CFC22 and HFC134a as possible alternative replace-
ments. In spite of the HC refrigerants’ highly flammable characteristics, they are
used in many applications, with attention being paid to the safety of the leakage from
the system, as other refrigerants in recent years are not related with any effect on the
depletion of the ozone layer and increase in global warming [3]. A performance anal-
ysis on a vapor-compression refrigeration system with various eco-friendly refriger-
ants of HFC152a, HFC32, HC290, HC1270, HC600a and RE170was done, and their
results were compared with R134a as possible alternative replacement. The results
showed that the alternative refrigerants investigated in the analysis RE170, R152a
and R600a have a slightly higher performance coefficient (COP) than R134a for the
condensation temperature of 50 °C and evaporating temperatures ranging between
−30 and 10 °C [4]. A performance analysis on a vapor-compression refrigeration
system with various refrigerant mixtures of R152a, RE170, R600a and R290 which
were done for various mixture ratio, and their results were compared with R134a as
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possible alternative replacement. The results showed that all of the alternative refrig-
erants investigated in the analysis except R431A, [R152a (29%), R290 (71%)] have
a slightly higher performance coefficient (COP) than R134a for the condensation
temperature of 50 °C and evaporating temperatures ranging between−30 and 10 °C.
Refrigerant blend of R152a/RE170 (20/80 by wt%) instead of R134a was found to
be a replacement refrigerant among other alternatives [5]. The parametric investiga-
tions of actual vapor-compression refrigeration (VCR) cycle in terms of coefficient of
performance (COP), exergy destruction (ED) and exergetic efficiency of refrigerants
R134a, R152a and RE170 have been predicted with the help of vapor-compression
cycle design software (CYCLE_D4.0). The present investigation has been carried
out for evaporator and condenser temperatures in the range of −30 °C to 10 °C and
25 °C to 50 °C, respectively. The overall efficiency defect in the refrigeration cycle
working with RE170 is consistently better than those of R134a and R152a. It has also
been found that at higher evaporating temperatures, the exergy losses are minimal
for the refrigerants in the four components. The results indicate that COP and exer-
getic efficiency for RE170 are higher in comparison with R134a and R152a [6]. The
experimental analysis allowed the determination of cooling capacity, the electrical
power absorbed, the COP and other variables characterizing the working of the plant.
The results demonstrated that the cooling capacity for R422D was lower than for
R22, while the electrical power absorbed with R422Dwas higher than that with R22.
As a consequence, the COP of R422D was lower than that of R22 [7]. Long-period
food storage vertical freezers are small cooling capacity appliances usually working
with HC. The particular system architecture and the small thermal load allow the
use of natural draft wires and tube heat exchangers with large heat transfer areas.
Despite of the good performance achieved, high refrigerant charges with respect to
the cooling capacity of the system are required, due to the high volumes of the heat
exchangers. In this work, an experimental analysis of an apparatus with a typical
arrangement of the heat exchangers and capillary tube is presented. The system was
first designed according to the current standards to reach high performances. Then,
the working conditions of the system were completely characterized experimentally
in the whole range of refrigerant charges compatible with steady operation [8].

2 Refrigerants

Refrigerant is characterized as any substance that ingests warm through extension
or vaporization and loses it through buildup in a refrigeration framework. The term
refrigerant in the broadest sense is additionally connected to such optional cooling
mediums as virus water or saline solution, arrangements. These substances retain
warm at one place at low temperature level and reject the equivalent at some other
place having higher temperature and weight. The dismissal of warmth happens at the
expense of somemechanical work. Consequently, circling coldmediums and cooling
mediums are not essential refrigerants. In the early day’s just four refrigerants, Air,
Ammonia (NH3), Carbon dioxide (CO2), Sulfur dioxide (SO2), having substance,
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physical and thermodynamics properties allowing their proficient application and
administration in the useful plan of refrigeration hardware were utilized. All the
refrigerants change from fluid state to fume state during the procedure.

A. R12 (Chlorofluorocarbon)

The refrigerants chlorofluorocarbon (CFCs) and hydro-chlorofluorocarbon (HCFCs)
both have high ozone draining potential (ODP) and an Earth-wide temperature boost
potential (GWP) and contribute to ozone layer consumption and an Earth-wide
temperature boost.

B. R134a (Tetrafluoroethane)

The ODP of R134a is zero, yet it has a moderately high an unnatural weather change
potential. Numerous examinations are being completed which are focusing on the
utilization of condition count agreeable refrigerants in refrigeration frameworks.

C R290 (Propane)

R290 is the normal name for high immaculateness propane (C3H8) reasonable for use
in the refrigeration and cooling industry. The item ordinarily is in any event 99.5%
unadulterated with negligible dimensions of basic polluting influences including
dampness and unsaturated hydrocarbons.

D. R600a (Isobutane)

This work exhibits an investigation on the utilization of HFC134a to supplant R600a
in a residential cooler. A fridge intended to work with R600a with a gross limit exper-
iment. R600a low weight level is associated with a generally high basic temperature,
great performance, increased effectiveness, zero ozone exhaustion and irrelevant
worldwide cautioning potential (Table 1).

3 Experimental Setup of Vapor-Compression Refrigeration
System

The framework under investigation was made out of five fundamental parts, i.e.,
a blower, an evaporator, a condenser, fine cylinders and a fluid line filter–drier. In
this examination, the following were utilized arrangement of a three-stage, 220 V,
responding blower. The information intensity of the blower inside the framework
differed somewhere in the range of 230 and 300 W.

Globally, the production of cold housing is seen as a major energy challenge of
this new century. The economic development of developing countries, submitted
their majority in hot climates, will lead to a growing demand chilling requirements.
However as of now, the creation of cold arrangements is essentially founded on
refrigeration frameworks significant customers of electrical vitality. For some years
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Table 1 Properties of R12, R134A, R290 and R600a

Sl. No. Refrigerant R12 R134A R290 R600a

1 Sub-atomic mass (g) 100 100 100 100

2 Breaking point at
barometrical weight 14.7
Psia, 1 bar abs (°F)

−21.8 −26.1 −44 −31.2

3 The point of
solidification at
barometrical weight 14.7
Psia, 1 bar abs (°F)

−252 −280.5 −309.8 −217

4 Basic Point of R12, R134a, R290 and R600a

Temperature (°F) 234 220 206 306

Weight (Psia) 597 607 617 551

Explicitvolume
(CU.Ft/lb)

0.0287 0.0507 0.0728 0.0702

5 Inactive warmth of
KJ/Kg

165.24 216.87 423.33 364.25

6 Touchy limits in air, %
by volume

Non-flammable Non-flammable 2.3–7.3 1.8–8.4

7 ODP 0.82 0 0 0

8 GWP 8100 1300 20 20

now, because of their impact on the environment, the use of halogenated refriger-
ants has been progressively subject to quotas. In this context, the use of “natural”
refrigerants becomes a possible solution. The solution to the environmental impacts
of refrigerant gases would therefore pass by a gas which contains no chlorine, no
fluorine and does not reject any CO2 emissions in the atmosphere, in brief a green
gas. The aim of our project is to contribute to the protection of our environment [9].

The other evaluating and controlling fragments were used in the structure, that
were, an electrical switch, an imperativeness meter, a voltmeter, an ampere meter,
a modernized indoor controller for controlling the evaporator temperature, bourdon
tube type low weight measure and high weight check, thermocouples and pointer
what’s more, gas stream control valves (Fig. 1).

4 Experimental Procedure

The temperatures and weights of the refrigerant and beginning water temperatures
were estimated at different areas in the exploratory setup. The blower vitality utiliza-
tion is estimated utilizing a vitality meter. Three manual sort development gadgets
are utilized to manage the mass stream rate of refrigerant and to set weight contrast.
The refrigerant is charged after the framework had been emptied. The refrigerant
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Fig. 1 Experimental setup of vapor-compression refrigeration system

R290/R600a is azeotropic mix, which is charged in the fluid stage because of its
creation move and temperature float. Drop-in tests are completed with no alterations
to the test mechanical assembly. The investigation is begun with R134a to set up the
base reference for further examinations with the other two refrigerants. The warm
heap of the framework is changed with an outer electrically warmed unit.

A trial concentrate on the substitution of R12 and R134a by the new R290/R600a
refrigerant blend as drop-in supplanting refrigerant with and without the impact of
attractive field. With no change to the framework segments, drop-in exploratory
tests were performed on a fume pressure refrigeration framework with a responding
blower, which was initially intended to work with R12. Without any modification
to the system components, drop-in experimental tests were performed on a vapor-
compression refrigeration system with a reciprocating compressor, which was origi-
nally designed to operate with CFC12. The test results with no magnets showed that
the refrigerant R290/R600a had 19.9–50.1% higher refrigerating capacity than R12
and 28.6–87.2% than R134a. The mixture R290/R600a consumed 6.8–17.4% more
energy than R12. The coefficient of performance of R290/R600a mixture increases



Execution Analysis of Vapor-Compression Refrigeration System … 15

from 3.9–25.1% than R12 at lower evaporating temperatures and 11.8–17.6% at
higher evaporating temperatures [10].

5 Result and Discussion

The trial results got from the execution examination of R134a, R290 and R600a are
talked about as for COP. The exploratory aftereffects of the parameters influence the
COP of framework. A greater part of refrigeration frameworks in the India is utilizing
R134a as their refrigerant. In a refrigeration framework, the most costly segment is
the blower. Along these lines if a surrogate to R134a is accomplished which could
be utilized without the substitution of the blower, the substitute would be exception-
ally practical. Therefore, the most critical execution parameter that is considered for
choosing a particular structure from countless was the coordinating of the immer-
sion properties. The immersion properties of the HC blend (50%R600a/50%R290)
coordinate intently the immersion properties of R134a. Accordingly, the properties
of blend included at the amount of R134a (100 g), R600a (100 g) and R290 (100 g).
Consequently, any blend of R134a/R600a/R290 at any mole parts can have immer-
sion properties near R134a. The proposed elective ternary blend can be considered
as drop-in substitution for R134a iceboxes. Enable the framework to keep running
for couple of minutes. The esteem position is chosen to development valve condi-
tion. The device is permitted to achieve the relentless state condition by seeing the
temperature readings in the advanced temperature markers for around 5 min roughly
(Table 2).

A test execution concentrates on a fume pressure refrigeration framework with
the new R290/R600a refrigerant blend as drop-in supplanting was led and contrasted
and CFC12 and HFC134a. The fume pressure refrigeration framework was at first
intended to work with R12. Trial results indicated that the refrigerant R290/R600a
had 19.9% to 50.1% higher refrigerating limit than R12 and 28.6% to 87.2% than
R134a.The refrigerant R134a demonstrated somewhat lower refrigerating limit than
R12. The blend R290/R600a devoured 6.8% to 17.4% more vitality than R12 [11].

At the point when the framework achieves unfaltering state, the temperature read-
ings T1, T2 values are taken. A similar methodology is rehashed as taking another
a few readings and the readings are organized. At starting refrigerant temperature of
(T1= 20.5 °C and T2= 19.5 °C) in the framework, Fig. 5.1 demonstrates that COP
estimation of R12. At conclusive refrigerant temperature of (T1 = 19°C and T2 =

Table 2 COP values of R12,
R134A, R290 and R600a

Sl. No. Refrigerants COP

1 R12 (DICHLORODIFLURO METHANE) 2.267

2 R134A (TETRAFLUOROETHANE) 2.79

3 R290 (PROPANE)

4 R600A (ISOBUTANE)
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Table 3 Performance improvement of COP value used R12, R134a and R290 and R600a

Sl. No. Refrigerants COP (%)

1 Rate improved Of COP value R12 15.39

2 Rate improved of COP values of (R134A, R290 and R600A) 23.37

2.267

2.79
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Fig. 3 Performance improvement of COP value used R12, R134a, R290 and R600a

18 °C) shows that COP estimation of R134A, R290 and R600A is 2.79. At the last of
performance improvement of COP level is 23.37%. Consequently, the R134A, R290
and R600 refrigerants are superior to R12 refrigerant (Table 3; Figs. 2 and 3).

6 Conclusions

The trial examination of R12, R134a, R290 andR600a in vapor pressure refrigeration
framework was completed with the accompanying ends. The major natural effect,
for example, ozone layer consumption and a worldwide temperature alteration, is
diminished similarly alongside the dimension of coefficient of execution which is
higher. In this view, the utilization of R134a, R290 and R600a enhances warm solace
and can be utilized as drop-in substitution refrigerant rather than R12.
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Design, Optimization and Analysis
of Baja Suspension System Using Full
Factorial Approach

V. Ajay Ganesh Ram, T. S. Easwar, A. Vishal, A. Andrews,
and F. Michael Thomas Rex

Abstract The suspension system is used in vehicles to arrest the vibration. The
helical compression springs are used in the suspension system of light vehicles
because of its durability, lightweight and easiness of manufacture. Before selecting
the spring for any application, its properties should be analyzed. In this paper, a
helical compression spring was selected for a Baja vehicle. In general, the Baja vehi-
cles are designed for high durability and strength. Hence, the standard materials and
dimensions were taken and optimization was carried out among the standard mate-
rials and dimensions using a full factorial approach in MATLAB software. Then, the
structural analysis was carried out for the selected springs using ANSYSworkbench.
The results were compared, and the suitable springwas selected. Further, simulations
were carried out and the dynamic response of the selected spring was plotted using
MATLAB.

Keywords Helical compression spring · Factor of safety · Analysis

1 Introduction

Coil springs are used in car suspension systems and clutches, as well as valve springs.
Springs are also used in mechanical devices, such as toasters, door handles and other
types of handles that are constantly depressed. These springs are also used in the
suspension system of the buggy. Buggy is a specially designed compact size car
which is used in the Baja competition in “Society Of Automotive Engineers (SAE)”;
the vehicle must be capable of safe operation over rough land terrain including
obstructions such as rocks, sand, logs, steep inclines, mud and shallow water, and it
must have adequate ground clearance and traction for the terrain type at the compe-
tition. So, there is a need for a specially designed spring with a suitable material
to withstand the weight of the vehicle and to isolate the vibration created from the
rough surfaces.
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Researchers were used various methods for analysis and optimization of coil
spring. H. P. Pawar, D. D. Desale investigated by reducing the number of turns,
and the spring was optimized by designing the spring with IS4454 material [1]. S.
S. Gailkward, P. S. Kachare analyzed the safe load of helical spring used in two-
wheeler horn. The static analysis of the helical compression spring is performed
using NASTRAN solver, and the preprocessing of the spring model was done by
HYPERMESH software [2]. Pankaj Sharma et al. analyze the suspension spring by
designing a quarter car model with 2DOF and analyzed for overshoot and settling
time of sprung and unsprung mass in MATLAB [3]. Mohd Izaham Zainal Abidin
et al. investigated experimental and numerical investigation of SUP12 Steel Coil
Spring and analyzed using experimental and numerical methods, and they have used
HYPERWORKS for performing finite element simulation and numerical approaches
with practical spring maker and compared the result by tensile testing of SUP12 with
JIS specification [4].

In this paper, the helical compression spring was designed for a Baja vehicle by
considering the stiffness and factor of safety. The optimizationwas carried out among
a various combination of standard dimensions and standard materials by considering
a full factorial design using MATLAB. The selected spring was analyzed in ANSYS
workbench to identify the properties. Further, the dynamic response of the selected
spring was simulated using MATLAB.

2 Design of Suspension System

2.1 Standard Data

To design the suspension system, the total deflection of the spring is kept as fixed as
40 mm. The weight of the Baja vehicle is taken as 2943 N (i.e., 300 kg = 2943 N).
Total number of spring in Baja suspension system is 4. When the total weight is
acting downward, the spring has to withstand the weight and the total weight is
equally shared by four springs. Thus, the force acting on single spring was taken as
735.75 N.

2.2 Full Factorial Design

A full factorial design allows all the possible combinations of the input parameters.
With the full factorial design, the effect of each parameter in the output can be
studied. The standard dimensions of the spring were taken from DIN 2098. Various
combinations of the diameters were shown in Table 1. Also, four standard spring
materials were selected [5]. Chromium–vanadium alloy steel with an ultimate shear
stress of 590 MPa, stainless steel wire austenitic type 301 with an ultimate shear
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Table 1 Standard dimensions

Wire diameter
(mm)

Coil diameter
(mm)

Wire diameter
(mm)

Coil diameter
(mm)

Wire diameter
(mm)

Coil diameter
(mm)

4 20 5 50 8 50

4 25 5 63 8 63

4 32 6.3 32 8 80

4 40 6.3 40 8 100

4 50 6.3 50 10 50

5 25 6.3 63 10 63

5 32 6.3 80 10 80

5 40 8 40 10 100

10 125

stress of 276 MPa, copper base alloy phosphor bronze with an ultimate shear stress
of 360MPa and nickel base alloy Inconel alloy X750 with an ultimate shear stress of
690 MPa were selected as the spring materials for analysis. Thus, for each material,
all the standard dimensions were combined and 100 combinations were developed
using full factorial approach. A MATLAB code was developed to find out the factor
of safety and the number of turns for each combination.

The MATLAB output for the above combinations was shown in Figs. 1 and 2.
Figure 1 shows the factor of safety of each combinations, and Fig. 2 shows the number
of turns of each combinations. For four-wheeler suspension system, the minimum
factor of safety should be 3. Thus, by considering the factor of safety as higher than 3,
the optimization was performed. Among 100 iterations, four iterations have a factor
of safety of higher than 3 they were listed in Table 2.

Fig. 1 Iteration number
(diameter) versus FOS
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Fig. 2 Iteration number
(diameter) versus no of turns

Table 2 Material properties

Spring No Material Wire diameter (mm) Coil diameter (mm) FOS

1 Chromium–vanadium alloy
steels

8 40 3.076

2 Chromium–vanadium alloy
steels

10 50 4.806

3 Nickel base alloy Inconel alloy
X750

8 40 3.597

4 Nickel base alloy Inconel alloy
X750

10 50 5.621

The selected dimensions and materials from Table 2 were used for further anal-
ysis. The MATLAB code for suspension design was developed by considering the
analytical design procedure. So, to ensure the safety and to verify the results, the
structural analysis was carried out in ANSYS workbench.

2.3 Analysis in ANSYS

The springs were modeled in SOLIDWORK, and the structural analysis was
carried out in ANSYS workbench. Tetrahedral elements were used for this anal-
ysis. Figures 3, 4, 5 and 6 show the factor of safety of the selected springs. The total
weight of the BAJA vehicle is taken as 2943 N. Four springs were used in the vehicle.
So, the load on each spring is taken as 735.75 N.

From the above results, the factor of safety values is compared. The spring number
1 has a minimum factor of safety of 1.2181, the spring number 2 has a minimum
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Fig. 3 Safety factor of
Spring No 1

Fig. 4 Safety factor of
Spring No 2

Fig. 5 Safety factor of
Spring No 3
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Fig. 6 Safety factor of
Spring No 4

factor of safety of 1.6005, the spring number 3 has a minimum factor of safety of
1.1038 and the spring number 4 has the minimum factor of safety of 2.8436.

3 Results and Discussion

The factor of safety is the ratio between ultimate stress and the allowable stress. The
minimum factor of safety required for a safe design is one. If the factor of safety
is higher than one, the design is highly safe. The spring number 1 has a minimum
factor of safety of 1.2181, the spring number 2 has a minimum factor of safety of
1.6005, the spring number 3 has a minimum factor of safety of 1.1038 and the spring
number 4 has the minimum factor of safety of 2.8436.

In this design, for all the springs, the factor of safety is higher than one. So, the
factor of safety values was compared and spring number 4 was selected as a spring
for the Baja vehicle with the above-said loading conditions. Because it has the factor
of safety as 2.8436. Further, the maximum deformation and the maximum stress of
this spring were analyzed in ANSYS workbench. The maximum deformation of the
spring was obtained as 63.968 mm, and it is shown in Fig. 7. The maximum stress
of the spring was obtained as 485.3 MPa, and it is shown in Fig. 8.

The Inconel alloys are high oxidation and corrosion-resistant materials. This
nickel base Inconel alloy X750 can be used as a spring materials [5]. For nickel
base Inconel alloy × 750 with wire diameter 10 mm and coil diameter 50 mm, the
ultimate stress was 1380 MPa and the maximum stress acting on the spring was
485.3 MPa. By comparing the above stresses, the selected spring was safe for this
working loads.
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Fig. 7 Total deformation of
Spring No 5

Fig. 8 Equivalent elastic
strain of Spring No 5

Fig. 9 Time versus
displacement
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Fig. 10 Time versus
velocity

Further, the dynamic response of the selected spring was simulated in MATLAB
by providing the stiffness and damping coefficient of the suspension system and the
rubber tyre. The displacement plot and the velocity plot was plotted, and it is given
in Figs. 9 and 10 [3, 5–7].

4 Conclusion

In this work, the standard spring dimensions and materials were selected to design
a suitable suspension system for Baja vehicle. Then, various combinations were
selected using full factorial approach. A MATLAB code was developed to calculate
the factor of safety of each combination, and the optimizationwas carried out. Among
hundred combinations, four combinations were selected by considering a factor of
safety. The analysis was carried out in ANSYS workbench for the five selected
combinations. By comparing the results of ANSYS workbench, nickel base Inconel
alloyX750with awire diameter of 10mmand coil diameter of 50mmhas amaximum
stress of 485 MPa, while the ultimate stress of this material is 1380 MPa. Thus,
this spring was selected as the suspension system for Baja vehicle with the above-
mentioned loading conditions. Further, the dynamic response of this spring was
simulated in MATLAB. The displacement plot and velocity plot were plotted to
identify the dynamic behavior of the selected spring in road conditions.
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Aerodynamic Analysis of a 3D Small
Wind Turbine Blade Using NACA 63415
Aerofoil with MRF

Veludurthi Ajay and Bolleddu Venkateshwarlu

Abstract The flow characteristics over a small wind turbine blade with NACA
63415 aerofoil is analyzed using computational fluid dynamics (CFD). In this anal-
ysis, aerodynamic effectiveness over a symmetrical 3D blade is studied experimen-
tally in a low speed wind tunnel. The pressure on the aerofoil surface with chord
length of 150 mm was distributed, lift and drag forces were measured at −2, 0, 5,
10, and 15° angle of attacks (AOA) and mean velocity profiles were obtained over
the surface. The blade in moving reference frame (MRF) approach is used to verify
the pressure and velocity contours on the fan when moving at an optimum speed of
650 rpm. The blade is modelled in CATIAV5R20 and analysis is carried using CFX,
ANSYS, and FLUENT 18.1 softwares. It is found that the maximum aerodynamic
efficiency (Cl /Cd ) is achieved at 5° of angle of attack and it can be considered the
safe angle of attack. At this angle, the MRF approach is also carried out and the
results showed that the better torque of 14.2 N-m can be obtained at 650 rpm speed.
It is also observed that the critical angle of attack lies in between 0° to 10°. If this
critical angle value changes from this range, it is resulting in a substanitial decrease
of lift.

Keywords Aerodynamic effectiveness · Angle of attack · Drag · Lift · Wind
tunnel · Moving reference frame

1 Introduction

In the present scenario, because of an increasing energy crisis, it becomes important to
investigate for an alternative source of energy for power generation by replacing fossil
fuels. In fact, an economical source of energy for power generation is the wind which
can be converted into useful forms using wind turbines. The applications of wind
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Fig. 1 Nomenclature of aerofoil [1]

Fig. 2 Blade velocity diagram [2]

turbines for power generation are increasing steadily. Most of the previous research
work has been carried out on the aerodynamic analysis of wind turbine blades having
aerofoil cross section as shown in Fig. 1. The section with more curvature gives low
pressure air and high pressure air goes on the other side of aerofoil section. The
phenomenon will be resulting in the lift force which is perpendicular to the flow
direction of air as shown in Fig. 2.

2 Theory

In this model, we choose k–ε model based on the Reynolds-Averaged Navier-Stokes
equations. This is a two equation model (1) and (2) which shows the turbulence by
means of two transport equations [3]. The k–ε model is used to improve the mixing
length model and it is used to solve algebraically prescribing turbulent scales in
moderate to critical complexity flows. The first transported variable is the turbulence
kinetic energy (k) and the second variable is the rate of dissipation of turbulence
energy.

For turbulent kinetic energy

∂

∂t
(ρk) + ∂

∂xi
(ρkui ) = ∂

∂x j

[(
μ + μt

σk

)
∂k

∂x j

]
+ Gk + Gb − ρε − YM + Sk (1)
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For dissipation

∂

∂t
(ρε) + ∂

∂xi
(ρεui ) = ∂

∂x j

[(
μ + μt

σε

)
∂ε

∂x j

]

+ C1ε
ε

k
(Gk + C3εGb) − C2ερ

ε2

k
+ Sε (2)

In these equations, Gk represents the turbulence kinetic generation due to mean
velocity gradients, Gb is the turbulence kinetic energy generation due to buoyancy,
andYM represents the contribution of the fluctuating dilatation in compressible turbu-
lence to overall dissipation.C1ε,C2ε,C3ε are the constants. σε and σk are the turbulent
prandtl numbers for and k and Sk and S ε are user defined source terms.

2.1 MRF Approach

The multi-reference frame model is the simpler of the two approaches for number
of zones. In this steady-state approximation method, individual cell zones can move
at different rotational speeds. Each cell zone is solved using the moving reference.
Local reference frame transformation is performed to enable flow variables in one
zone which is used to calculate boundary of the adjacent zones.

In this MRF approach, it does not account for the moving zone relative motion
with respect to the adjacent zones, and by fixing the grid in the computation. The
analogous freezes the motion of the moving part in the specific position and checks
the instantaneous flow field with the rotor in the position. The necessity of the MRF
model is to compute the flow field which can be used as an initial condition for
transient sliding mesh calculations.

3 Aerofoil Blade Profile

In the present work, the meshing is done for 3D model of a blade using ANSYS
ICEM CFD 18.1 software. After completing the modelling of wind tunnel with a
blade inside, the splitting is done for the wind tunnel for capturing the wind blade.
After giving the edge parameters, the premesh is done. The meshed part of wind
turbine blade is shown in Figs. 3 and 4.

Figure 4 shows the blade with 80,800 elements formed on the surface and the
blade is meshed with the hexahedral meshing. For having the MRF approach, the 3D
blade is taken in to ANSA 16.0 software and periodic is done by rotor at the center
portion with the angle of 120° it is rotating and producing three number of blades
on the rotor part with including the blades. We create the reference frame for having
the rotation of air around the blades (Figs. 5 and 6).
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Fig. 3 Meshing of wind
turbine blade with wind
tunnel

Fig. 4 Meshing of wind
blade

Fig. 5 Modelling of blades
with rotor along MRF

Fig. 6 MRF far field of the
blade
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The wind tunnel is designed with four times the rotating diameter of blades, and
is meshed with quadrilateral with an element of 1.95 lakhs number and internal
meshing is done with a 80,800 elements formed on the blade and MRF section.

4 Formula

Area of aerofoil A = C × L = 0.15 × 0.3 = 0.045 m2,

Coefficient of drag, Cd = FD
0.5∗ρ∗V 2∗A , Coefficient of drag, Cl = FL

0.5∗ρ∗V 2∗A ,

Reynold number Re = ρvl
μ
, Power available, Pavail

A = 1
2 ∗ ρ ∗ V 3

o .

5 Result and Discussion

In this work, a 3D aerofoil profile using NACA 63415 aerofoil as shown in below
figures is analyzed for various angles of attack. The coefficient of lift and coefficient
of drag are calculated for this NACA 63–415 for various angles of attack from 0°
to 15° and the aerodynamic efficiency is calculated at those corresponding angle of
attacks. The 3D blade of contour plots as shown in figures predicts the velocity and
pressure variations in various regions near the blade of flow domain are observed.
From the calculated results, the coefficient of lift is increasing gradually from 0 to
11° (from 0.1129 to 1.0324), and then decreases from 11 to 15° (from 1.0324 to
0.9615) as we increase the angle of attack from 0 to 15°. The coefficient of drag
value is also increasing gradually from 0 to 9° (from 0.0100 to 0.0403), and rapidly
increases from 9 to 15° (from 0.0403 to 0.1143) as we increase the angle of attack
from 0 to 15° (Figs. 7 and 8).

Aerodynamic efficiency is the ratio of coefficient of lift and coefficient of drag. The
aerodynamic efficiency is calculated from the coefficient of lift and coefficient of drag
values. From the calculated aerodynamic efficiency values, we can said whether the
model will be aerodynamic model or not. For aerodynamic models, the aerodynamic
efficiency is more than 5. Coming to this obtained aerodynamic efficiency values,
the efficiency is slightly increasing and decreasing at different angle of attacks from
0 to 15°. From this, at what angle of attack the aerodynamic efficiency is more that
angle of attack will be called as safe angle of attack.

In this 3D model, the aerodynamic efficiency is more at the angle of attack 5°,
then that angle of attack 5 will be called as safe angle of attack. The pressure, density,
and velocity distributions are seen at different angle of attacks. The velocity vectors
are also seen at different angle of attacks. From this, contours where the stagnation
point will occur and how the pressure (low and high pressures) acting on the aerofoil
was seen clearly.
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Fig. 7 Pressure distributions
along the 3D

0 degree AOA 5 degree AOA

10 degree AOA 15 degree AOA

Fig. 8 Velocity distributions
along the 3D WTB 0 degree AOA 5 degree AOA

10 degree AOA 15 degree AOA

The static pressure distributions on the 3D wind turbine blade, i.e., leading edge,
trailing edge, lower surface, and upper surface. By this, the pressure distributions are
to be identified at different angle of attacks.

The velocity vector is representing the position and motion of a single particle
moving in the air. Velocity vectors consisting of arrows to indicate the direction of
fluid flow around the wind turbine blade. The velocity moving in the air was moving
with magnitude and particular direction. By the velocity vectors, the magnitude and
direction of the air flowing around thewind turbine blade can be studied. The velocity
vectors on wind turbine blade were shown in the above Fig. 9.

The velocity magnitude of the blade at dynamic condition is pointed at the MRF
approach of the blades to the rotor as shown below Fig. 10. The MRF zone setting
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Fig. 9 Velocity vectors along the blade at optimum speed

Fig. 10 Velocity magnitude of blade in dynamic conditions with MRF

with a rpm of 650 on the rotor is attained with a velocity of 12 m/s can be used for
working in dynamic condition at rotation of blades in the wind tunnel.

The below figures shows the various of pressure and velocity contours in dynamic
analysis are (Figs. 11 and 12).

.From the approach, the average torques coefficients of the three blades can be
located during rotation. For this approach, the pitch angle at 5° can be fixed the blades
to the rotor hub which gives the required torque.

Fig. 11 Pressure
distribution of blade
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Fig. 12 Velocity distribution
of blade

5.1 Graphical Representation on 3D

Figure 13 shows the coefficient of lift (Cl) versus AOA, the turbulent kinetic energy
and specific dissipation flow of air effects by changing the AOA values from −2 to
10°; the increases in Cl value from 0.1129 to 1.0324 and then AOA from 11 and 15°;
the Cl values was decreased from 1.0324 to 0.9615.

In Fig. 14, the Ccefficient of drag (Cd) versus AOA, the value of Cd is increased
gradually from 0.0100 to 0.0413 for AOA of 0 to 10° and then it was increased slowly
from 0.0413 to 0.1143 for 10 to 15° AOA.

In Fig. 15, the aerodynamic efficiency value was varying between 11.3098 and
8.4121. From this, the aerodynamic efficiency was gradually increased from 0 to
5° and then gradually decreased from 5 to 15° angle of attack. The aerodynamic
efficiency was more at the angle of attack 5°.

Fig. 13 Cd versus α in wind turbine blade
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Fig. 14 Cl versus α in wind turbine blade

Fig. 15 Aerodynamic efficiency versus α in WTB

5.2 Graphical Representation of Varing with Wind Speeds

The coefficient of drag value is estimated at different velocities of speed of 3, 12,
28 m/s. At these conditions, the values of coefficient of drag was increases with
increased speed and angle of attacks from −2 to 10 is observed and shown in above
Fig. 16.

The coefficient of lift values changed with a velocity of 28 m/s at−2 AOA is very
low initially and later it is varied and raised and at 12 m/s; the values are constantly
increased to maximum of 0.12 which is shown in above Fig. 17.
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Fig. 16 Varying the air velocities of Cd versus α in WTB

Fig. 17 Varying the air velocities of Cl versus α in 3D WTB

The aerodynamic values are varied for different velocities from 3 m/s to 12 m/s.
The cl/cd value is varied for AOA −2–5 is −8.5714–11.027 and is come down after
this value, for 12 m/s is 8.27–29.63 and downs the curve and for 28 m/s 8.2–18.71
is going steep for the further AOA are shown in Fig. 18. In this analysis the angle of
attack at 5° with 12 m/s is constantly having a good acceptable performance.
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Fig. 18 Varying the air velocities of Cl/Cd versus α in 3D WTB

5.3 Experimentation

The aerofoil was initially fixed at a zero-vs angle of attack in the wind tunnel which is
operated at proportionate air velocity. The AOA is differed with streaming behavior
of air on suction side of aerofoil velocity and point of separations along with reat-
tachments was noted. Further AOA is adjusted to 5° as by having the constant wind
tunnel, velocity of air is allowed to aerofoil which records the flow and separate
point is taken. The wind tunnel velocities are set for different angle with nominal
velocity. The distribution pressures along the aerofoil are trapped at different AOA
of −2, 0, 5, 10, and 15°. The aerofoil was again placed at a 0° angle of attack and
the downstream wake was measured using the pitot probe and traverse (Fig. 19).

Drag forces are mainly used to resist the forces of movement of solid that resists
themovement of a solid body through a fluid. The drag force usually has pressure and
frictional force components acting along the flow direction, which is unified all over

Fig. 19 Wind tunnel unit
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Fig. 20 Specimen placed
inside the tunnel

the surface of body. The drag force will depend much on body shape that results in
very complicated formula for drag force. Hence, by using drag coefficient approach,
the drag force equation is developed. By using this approach, the drag force gives
relevance with stagnation points. The above Fig. 20 shows the specimen of 0.15*0.3
of chord and length specimen is cut used for testing in wind tunnel and recorded the
following data (Table 1).

In this, keeping the tunnel velocity constant and changing the AOA of the flow
in attached Streamers. As the AOA is increased, the flow will separate the upper
surface of the aerofoil which results in stall and noted the decrease of the separation
of AOA in order for the flow to reattach. The following plots shows the coefficient of
lift, drag, and aerodynamic efficiencies to different angles of attack as shown below
(Figs. 21, 22 and 23).

The velocity is kept as 12 m/s as constant and varying the angle of attacks of −
2°, 0°, 5°, 10°, 15°. Varying and estimated the lift value from 4.42 N to 16.44 N and
drag forces varying from 0.66 to 4.65 N for these AOA. Keeping the number of ports
at different locations on aerofoils to evaluate the pressure taps at those locations
by using the monometers. The pressure obtained which multiplies the area of the
aerofoil section which in turn gives the forces on the surface of the aerofoil.

Fig. 21 Experimental dependence on Cl/Cd on AOA
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Fig. 22 Experimental dependence on Cl& Cd on AOA

Fig. 23 Experimental dependence on Fl&Fd on AOA

Table 1 Comparison of experimental results with CFD

Experimental CFD Error valve

AOA Fl (N) Fd (N) Cl Cd cl/cd cl/cd

−2 6.67 2.79 1.6813 0.7028 2.392 8.2758 5.885

0 4.42 0.66 1.1134 0.1662 6.697 13.9568 7.259

5 9.45 1.024 2.3805 0.2579 9.229 29.6339 20.404

10 14.3 1.66 3.6074 0.4181 8.627 22.8095 14.182

15 16.4 4.65 4.1414 1.1714 3.535 7.975 4.44
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6 Conclusion

This work is carried out to evaluate the aerodynamic characteristics and performance
of 2D and 3D aerofoil-shaped wind turbine blades at different angle of attacks. This
investigation primarily compares the results obtained fromCFDanalysis of 3Dmodel
with the experimental results obtained.

It is observed that the maximum aerodynamic efficiency (Cl /Cd ) is achieved at 5°
of angle of attack for 3D models and this angle can be considered the safe angle of
attack. At this angle, the MRF approach is also carried out and the results showed
that the better torque of 14.2 N-m can be obtained at 650 rpm speed. It is also
experimentally found that the critical angle of attack lies in between 0° and 10°.
If this critical angle value changes from this range, it is resulting in a substanitial
decrease of lift. The results obtained from 3D models and MRF approach are also
showing good agreement with experimental results of aero foil section.
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Trends on the Abrasive Flow and Electric
Discharge Machining of Polymer Matrix
Composites

R. Vinayagamoorthy , Shubham Kumar, Suraj Kumar, Mote Sai Sharan,
G. M. D. Afzal, and T. V. Rajamurugan

Abstract Machining of polymeric composites is very important to bring the compo-
nent to the required shape and size. A conventional machining technique uses a tool
and is less accurate, creates vibration, generates heat in themachining zone, develops
wastage in terms of chips and finally alters the material property. Unconventional
methods are advanced techniques which do not use cutting tool and hence elimi-
nate the vibration and reduce material wastage. Among the popular unconventional
machining techniques, abrasive flow machining and electric discharge machining
are widely used methods for machining polymeric composites. The present research
gives a detailed insight of various challenges faced and possible solutions to those
challenges during machining of polymeric composites. The survey also addresses
about the optimum cutting conditions arrived for different polymeric materials and
effective statistical tools for optimization of abrasive flow machining and electric
discharge machining.

Keywords Abrasive · Kerf taper ·Metal removal rate · Delamination

1 Introduction

Polymer matrix composites (PMCs) are man-made materials to compete the conven-
tional materials in terms of its properties. They are also known to be fiber-reinforced
plastics (FRPs) as fibers of different sizes are reinforced in the matrix in the form
of regular shapes [1]. During the earlier stage of development, PMCs are made by
using a man-made resin and a man-made fiber such as carbon, kevlar and glass as
reinforcements [2–4]. These composites are well known for its strengths and have
wide applications in various sectors. Since these composites fail in degradability,
researchers introduced biofibers derived from plants and animals as reinforcements
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and they enhance the nature of degradability to the composites [5–9]. Many research
works have been carried out in the recent past to assess the characters of biofiber-
reinforced plastics. Most of them have proved that hybrid composites made by inclu-
sion of a biofiber and a man-made fiber are best in all the characters, and they also
produce best machining characteristics [10–16]. Though PMC is usually made in
the shape of the final component, they need additional machining operations for
finishing and also for making it easy for assembly. Hence, the need for machining
of PMC is vital [17,– 19]. Many research studies have been made to investigate the
machinability of hole making process in PMC by using conventional drilling and slot
making by conventional milling [20–22]. In order to make the machining effectively
by reducing the removal waste materials, nowadays, unconventional machining is
done on PMC.

Among the unconventional machining techniques, abrasive flow machining
(AFM) is one of the vital methods in which abrasive particles are made pass on
to the workpiece where the material is to be removed. The machinability of AFM is
measured by the kerf taper, delamination factor and metal removal rate as expressed
From Eqs. 1 to 3. Kerf taper is measured by using the formula presented in Eq. 1
[23]. The delamination factor is measured by the expression shown in Eq. 2 [24],
and metal removal rate is expressed in Eq. 3 [25].

kerf taper = Lt − Lb

t
(1)

delamination factor = W0

W
(2)

metal removal rate = (Lt + Lb)t Lc

2T
(3)

where Lt denotes the kerf width at the top, Lb denotes the kerf width at the bottom, t
denotes the thickness of the composite,W0 denotes the maximum damaged width,W
denotes the nominal width, Lc denotes the length of cut and T denotes the operating
time.

2 Abrasive Flow Machining of PMC

Characterization is one of the important processes for any new composite material,
and as a next step, machining becomes vital for finishing the material and also
to support for assembly [26, 27]. AFM is one of the sustainable techniques used
for polishing, de-burring and other finishing of machined components. It is used
for finishing both external and internal surfaces which are very difficult to access.
The efficiency of AFM technique mainly depends on its process parameters like
volume flow rate of the abrasive, flow pressure, number of cycle, time, nature of the
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material, geometry of the material and properties of the abrasive particles [28, 29].
The major machinability parameters in AJM are surface roughness, kerf geometry
and delamination [30]. A study has been made to investigate the efficiency of AFM
technique for finishing the plastic gear teeth and reported that AFM technique is
a more effective way for finishing the gear tooth as compared to the conventional
methods. It has been recorded that, AFM technique increases the surface finish and
accuracy of the tooth profile.Also, time consumed formachining is also very less than
that of the conventional methods [31]. A research on abrasive water jet machining
(AWJM) of carbon-reinforced epoxy laminates investigated the delamination and
kerf taper during machining. It has been reported that the delamination goes up with
an elevation in abrasive flow rate and pressure, whereas it goes down with a hike
in the standoff distance and traverse rate. On the other hand, it is recorded that kerf
taper goes down with an elevation in the pressure and goes up with a hike in the
standoff distance and traverse rate [32].

Another research on the same material revealed that the standoff distance and
feed rate have major dominance over kerf taper, delamination and metal removal
rate. Also, it is noted that the surface roughness is affected by the fiber orientation
and jet pressure. Among the three fiber orientations, namely 450, 600 and 900, a
fiber orientation of 450 produced optimum results [33]. Apart from AWJM, two
other methods, namely snow blasting and ice blasting, may also be done for material
removal. The difference among these methods is only the jet material, and it is
found that water jet is the most appropriate way for an optimum machinability. This
has been proved by comparative testing on carbon fiber-reinforced plastics [34]. A
comparative study has been made between the AWJM and conventional machining
on glass fiber-reinforced composites and reported that AWJM is more suitable for
machining under a minimum surface roughness as compared to the conventional
machining [35] (Table 1).

3 Electric Discharge Machining of PMC

Another research electric discharge machining (EDM) is a widely used method for
creating complicated geometries and also for making very small holes in compo-
nents. The main advantage of this technique is that during machining, there is no
contact between the tool and the workpiece and hence reduces the vibration and
chatter. Also, this technique is mostly used for machining components of very small
thickness. A study has been conducted to investigate the efficiency of EDM process
on carbon–carbon composites and reported that the delamination, surface roughness
and the thickness of recast layer vary proportionally to the input power. Also, it is
suggested that high-quality holes could be produced only by reducing the temper-
ature in the machining zone and are possible at low discharge energy [48]. The
influence of cutting direction and fiber orientation is a major factor that affects the
efficiency of EDM process. The metal removal rate goes up with the pulse-on dura-
tion during machining normally to the fiber direction, whereas it remains constant
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Table 1 Optimum machining condition for AJM

S. No Fiber/abrasive
used

Matrix used Optimized
inputs

Optimized
outputs

References

1 Carbon Epoxy JP = 75 MPa,
SOD = 10 mm,
NS =
200 mm/min

DF = 0.4,
MRR = 10
mm3/s,
Ra =
2.5 µm

[33]

2 Sundi wood
dust/garnet

Epoxy JP = 150 MPa,
SOD =
3.5 mm,
NS =
125 mm/min

Ra =
0.1072 µm,
PT =
0.0616 s

[36]

3 Graphite,
glass

Epoxy JP = 90 MPa,
NS =
75 mm/min
Abr % = 10
wt%
SOD = 1 mm

KW =
0.864 mm

[37]

4 Carbon, glass Polyester FR =
600 g/min,
JP = 320 MPa,
SOD = 2 mm,
NS =
1000 mm/min

Ra =
5.603 µm

[38]

5 Carbon Epoxy JP = 175 MPa,
NS = 35 mm/s,
FR =
200 g/min,
SOD = 50 mm

MRR = 193
mm3/s

[39]

6 Glass/silicon
carbide

Epoxy JP = 0.6 MPa,
SOD = 2.5 mm

MRR =
3.8 g/s

[40]

7 Carbon Epoxy SOD =
0.59 mm,
NS =
252.5 mm/min,
t = 5.62 mm

Ra =
1.84 µm,
KT = 0.370

[41]

8 Carbon Polye-ether-ether-ketone JP = 320 MPa,
NS =
1.425 mm/s,
FR = 5.5 g/s

MRR =
245.09
mm3/s

[42]

9 Banana Polyester JP = 26 MPa,
NS =
40 mm/min,
SOD = 1 mm

KT = 0.430 [43]

(continued)
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Table 1 (continued)

S. No Fiber/abrasive
used

Matrix used Optimized
inputs

Optimized
outputs

References

10 Glass Epoxy FR =
100 g/min,
JP = 150 MPa,
SOD = 2 mm

Ra =
0.94 µm

[44]

11 Glass, carbon Epoxy NS =
137 mm/min,
FR =
454 g/min,
JP = 300 MPa,
SOD = 2 mm

Ra =
3.38 µm,
KT =
0.4080

[45]

12 Carbon Polye-ether-ether-ketone JP = 200 MPa,
NS = 4 mm/s,
FR = 7 g/s,
SOD = 2 mm

KT = 0.80 [46]

13 Glass/SiC Epoxy AS = 200 µm,
JP 0.6 MPa,
SOD = 0.5 mm

MRR =
0.621 g/min

[47]

JP Jet Pressure, SOD Standoff Distance, NS Nozzle speed, t thickness, Abr Abrasive, FR Abrasive
Flow Rate, AS Abrasive Size, DF Delamination Factor, MRR Metal Removal Rate, Ra Surface
roughness, PT Process Time, KW Kerf Width, KT Kerf Taper

whenmachining parallel to the fiber direction [49]. In a study, carbon fiber-reinforced
plastics are subjected to dry EDM and oil EDM for de-burring of drilled holes. It is
inferred that the metal removal rate is mainly influenced by the voltage, capacitance
and gas pressure in both the EDM. Also, it is found that when oxygen is used as
dielectric medium, the metal removal rate is enhanced by three times, and when air
is used as dielectric, the metal removal rate is enhanced by two times. The overall
performance of dry EDM is found to be better than that of the oil EDM for de-burring
of drilled holes [50].

EDMon carbon fiber-reinforced plastics has beenmade to producemicro-holes of
size 110 microns using tungsten carbide electrode. A highest aspect ratio of 10.9 has
been achieved for a drill depth of 1.2 mm, and it is reported that this could be possible
by targeting the discharge electrons only on the carbon layers. Also, it is shown that
a high level of voltage and capacitance must be used for achieving a maximummetal
removal, whereas a low level of voltage and capacitance must be used for a lowest
tool wear [51]. The electrode material used during EDM has a significant effect on
the output parameters. A study on the EDM of carbon-reinforced plastics concluded
that copper electrodes are far better than the graphite electrodes in terms of tool wear,
and also, it is suggested that tools with positive polarity produce the highest metal
removal. Also, a high current density makes the matrix to smear over the surface
and affects the metal removal; hence, a minimum current density must be used for a
highest metal removal [52]. The optimum conditions arrived during EDM of PMC
are presented in Table 2.
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Table 2 Optimum machining conditions for EDM

S. No Fiber/electrode
used

Matrix used Optimized inputs Optimized
outputs

References

1 Carbon Carbon PC = 5 A,
POD = 100 µs

MRR = 0.75
mm3/min

[48]

2 Carbon/copper,
graphite

Epoxy POD = 200 µs,
Duty factor = 20%

MRR = 2.8
mm3/min,
Ra = 5 µm

[49]

3 Carbon Epoxy C = 10 pF,
OCV = 220 V,
GP = 0.3 MPa

MRR = 16–18
mm3/min,

[50]

4 Carbon Epoxy PC = 1.2 A,
POD = 110 µs

MRR = 10.5
mm3/min

[52]

5 Carbon Epoxy PC = 1A,
POD = 100 µs,
OCV = 120 V,
ES = 1000 rpm

MRR =
0.015 g/min
Ra = 8 µm

[53]

6 Carbon Epoxy OCV = 50 V,
PC = 2 A,
POD = 70 µ mim

Ra = 3.1 µm [54]

PC Pulse Current, POD Pulse-On Duration, C Capacitance, GP Gas Pressure, OCV Open Circuit
Voltage, ES Electrode Speed, MRR Metal Removal Rate

4 Statistical Tools for Unconventional Machining of PMC

The use of statistical tools is inevitable for any machining processes, and nowa-
days, design of experiments is used as a common tool for machining [55]. Like the
conventional machining analysis, many statistical tools have been utilized to assess
the machinability parameters during unconventional machining of PMC. Among
different tools, response surface method (RSM) is one of the effective ways for
designing an experiment, analyzing the data, optimizing the results and predicting
the parameters. RSM may be used in different ways like central composite design
(CCD), D-optimal design [56–59] or Box–Behnken Design [60]. A study on the
delamination and kerf geometry of carbon-reinforced composites used CCD for
designing the experiment. Mathematical models have been created to predict the
responses and suit well for the study. Optimization has been done on the bases of
desirability function and reported that the output parameters are mainly affected by
the process parameters, namely the abrasive flow rate, traverse rate, pressure and
standoff distance [30]. In addition, CCD effectively helps to reduce the number of
experiments and thus eliminates unnecessary experimentations [1, 61, 62]. A study
on the AWJM on wooden-dust-reinforced plastics used Box–Behnken design for
analysis and optimization of responses, namely surface roughness and process time.
It is shown that the surface roughness is predominantly affected by the pressure and
nozzle speed, whereas the process time is affected only by the nozzle speed. Also, it



Trends on the Abrasive Flow and Electric Discharge Machining … 49

is concluded that the response surfacemethod is found to be an apt way for predicting
and analyzing the data [32].

Optimization may be done in several ways. Technological research makes use of
design softwares for optimizing the design dimensions and statistical tools for process
optimization [63]. Taguchi method is another technique which is most widely used
in all engineering problems. The experiments are designed on the basis of orthog-
onal array and the data analysis, prediction and optimization also done efficiently.
A research on the EDM of carbon-reinforced plastics used Taguchi technique and
suggested that the discharge current is the most dominating factor for surface rough-
ness [64]. A study on the top kerf width during AWJM of graphite-filled glass-
reinforced composites used sequential quadratic programming (SQP) for optimiza-
tion. It is found that the standoff distance does not have significance on the kerf
width and the kerf width could be minimized by using appropriate nozzle diam-
eter [37]. Neural network modeling is another advanced technique for designing
and predicting of optimal parameters. A research used neural network modeling in
combination with the CCD for prediction of metal removal rate, bottom kerf and top
kerf during AJM of glass-fiber-reinforced plastics. It has been reported that the jet
pressure affects both the bottom and top kerf predominantly. Also, it is noted that the
neural network modeling effectively predicts the process parameters of AJM [40].
Hence, the statistical tools are proven to be best while assessing the performances of
natural composites [65, 66, 67].

5 Conclusion

The present survey has made a comprehensive review on various literatures available
relating to AFM and EDMof polymeric composites. Themajor conclusions obtained
are as follows:

• The efficiency of AFM depends on volume flow rate of the abrasive, flow pres-
sure, number of cycle, time, nature of the material, geometry of the material and
properties of the abrasive particles.

• Themajor machinability parameters in AJM are surface roughness, kerf geometry
and delamination. AFM technique is a more effective way for finishing the gear
tooth as compared to the conventional methods.

• EDM is a widely used method for creating complicated geometries and also for
making very small holes in components under a reduced vibration and chatter.

• Metal removal rate of EDM is mainly influenced by the voltage, capacitance and
gas pressure. When oxygen is used as dielectric medium, the metal removal rate
is enhanced by three times, and when air is used as dielectric, the metal removal
rate is enhanced by two times.

• The electrode material used during EDM has a significant effect on the output
parameters. Copper electrodes are far better than the graphite electrodes in terms
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of toolwear, and also, the toolswith positive polarity andminimumcurrent density
produce the highest metal removal.
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Influence of Process Variables
on the Ultimate Tensile Strength
of Friction Stir Welded AA6061 Matrix
Composite

Arun Kumar Shettigar, Subramanya R. Prabhu B., Mervin A. Herbert,
and Shrikantha S. Rao

Abstract The present study is focused on the application of the friction stir welding
process (FSW) to weld aluminium matrix composites (AMCs). Joints are formed
by varying FSW process variables such as tool revolving speed (TRS), tool traverse
speed (TTS) and the tool pin geometry (TPG). Influence of these parameters on
the ultimate tensile strength (UTS) of the joints is investigated. Process variable
optimization is done using Taguchi L18 orthogonal array design. Optimum process
variables are determined and confirmed by confirmation tests based on the analysis
of variance.

Keywords Friction stir welding · Aluminium matrix composite · Ultimate tensile
strength · Optimization

1 Introduction

Ability of joining hard to weld materials such as aluminium, magnesium, alloys and
aluminiummatrix composites made friction stir welding a novel welding process [1].
Nowadays, FSW process is used generously to join aluminium alloys, magnesium
and its alloys, copper, steel and even dissimilar metals. FSW eliminates the common
defects which are associated with the fusion welding process such as liquation and
solidification cracking, porosity, segregation of reinforcing particles, loss of alloying
materials, etc.[2]. Although FSW has numerous advantages, improper selection of
process variables results in defective welds as well as poor joint strength. Selec-
tion of suitable range for process variables and evaluation of these variables plays
an important role in attaining superior mechanical properties. Several studies were
done to understand the effect of process variables on metallographic behaviour and
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joint strength of FS welded parts [2–5]. Most of the study was focused on the clas-
sical experimental study where one variable was varying by keeping other variables
constant and finding its effect on the joint strength. This technique consumes a lot
of money and time.

A statistical technique developed by Taguchi and Konishi has to optimize the
industrial problems in order to understand the behaviour of the chosen process
variables. It is a simple yet powerful method to identify the best value of design
variables. Few studies were performed using orthogonal technique to improve the
optimum values of the process variables [4–8]. Lakshminarayanan and Balasubra-
manian (2008) effectively used Taguchi techniques in FSW of aluminium alloys by
considering TRS, TTS and the axial force as variables to understand the effect of
each variable on the joint strength. Sundaravel et al. (2010) used Taguchi-based grey
relational analysis for multi-objective optimization of FSW process variables during
welding of AA5083 alloy. The variables are TRS, TTS and axial force correlating
the UTS of the FSW joint.

The influence of the tool geometry on theUTSof the aluminiumalloys is evaluated
by taking TRS, TTS and the depth of tool plunge as process variables were analysed
by Suresh et al. (2013). The dynamic volume to static volume ratio of the FSW tool
pin plays a key role on improving the joint strength. Several studies were performed
in understanding the effect of tool geometry on the strength of the joint. But a very
few studies were done on usage of dual profiled pin in FSW. FSW tool with dual
profiled pin offers different dynamic to static volume ratios, alters the material flow
and enhances the joint strength.

2 Methodology

Based on process variables, levels and the interaction effects, standard orthogonal
designs are chosen for the current study. The FSWprocess involves TRS, TTS and the
TPG as three control factors. For each factors, three levels were chosen based on the
trial experiments. The range for the variables were determined by conducting several
experiments, and it is fixed by considering the range which gives defect-free welds.
Values of three levels for TTS and TRS were fixed by taking maximum, minimum
and mid values within the range. The FSW was performed for AA6061–4.5%Cu–
5%SiC and AA6061–4.5%Cu–10%SiC composite. The composition of SiC is also
selected as one of the control factors with two levels. Mixed level L18 orthogonal
array is chosen for the evaluation as the degrees of freedom are less than 18. Table 1
shows the control factors and their levels used in the current study. UTS of the FSW
joint is taken as the response of the study. The effect of variables on the responses
is determined through the signal-to-noise (S/N) ratio and means. As the higher UTS
is desirable, “Larger is Better” criterion is chosen for the study. Using S/N ratio, the
shift of the joint quality from the experimental values was evaluated and shown by
Eq. (1)
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Table 1 Control factors and
their levels

Control factor Level-1 Level-2 Level-3

% Sic 5 10 –

TRS (rpm) 710 1000 1400

TTS (mm/min) 50 63 80

TPG 1 (TC) 2 (DP) (SP)

ηy = −10 log

[
1

n

∑
b2xyz

]
(1)

where z is the test number andbxyz is the experimental values of the x quality behaviour
in the yth experiment at the nth test. After the analysis, the response values are shown
in terms of means of UTS and S/N ratio.

AMCswith 100×50×5mmsizewere used for the study. Thematrix is reinforced
with SiC particles with 5% AND 10% compositions. The FSW is performed on
vertical millingmachine (BFW). Figure 1 depicts the FSW setup. The tool is tilted by
an angle 1.5°with respect toworkpiece to improve the axial force. The parentmaterial
moved in the tool traverse direction because of increase of pressure resulted from
the tilting of the tool. Three types of TPG were used in the study, namely threaded
cylindrical pin (TC), square pin (SP) and the dual profiled pin (DP) with threaded
cylindrical and the square profile on a single pin. The dynamic to static volume ratio
(DSR) of TC, SP and DP was 1.01, 1.26 and 1.17, respectively. Dynamic volume of
the pin is represented by the volume swept by the pin during rotation, whereas static
volume refers to the volume of the pin at the rest. Higher DSR results in better mixing
of the material at the weld zone as well as higher heat input due to the larger frictional
force at the tool workpiece interface [9]. The tensile test specimen is prepared as per
the ASTM E8-04 standards from the welded composite, across the weld direction
using wire electro-discharge machining. Tensile test is conducted on computerized
tensometer.

Fig. 1 FSW setup
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3 Results and Discussion

Analysis of variance at 95% level of confidence is used to evaluate the influence of
variables, namely TRS, TTS, TPG and the % of Sic particles. Tables 2 and 3 list
the ranking of each variable on using Taguchi DOE and evaluation for means and
S/N ratio achieved at various variables. The term delta in the Tables 2 and 3 shows
the acute alter of UTS resulting from the factorial deviation. Larger difference in the
delta values reveals that the response is greatly affected with respect to the control
factor under consideration. Tables 2 and 3 indicate that the % composition of SiC
is the key factor affecting the UTS followed by TRS. TTS and TPG have exhibited
minimal effect on the UTS.

Using analysis of variance (ANOVA) of the means, the relative importance of the
control factors was further evaluated. Tables 4 and 5 list the outcome of ANOVA
for mean and S/N ratio of the UTS, respectively. The results indicated that % of
SiC, TRS, TTS and TPG are consequential variables which influence the UTS. The
interaction among the % SiC and the TRS does not have major influence on the
UTS. To measure the importance of each term existing in the model, percentage
contribution (PC) is used which is defined as the ratio of sum of square to the total
sumof square. By looking into the PCof various factors forUTS, the%SiC shows the
highest contribution of 72.43%, whereas TRS follows the %SiC with a contribution
of 14.70%. The other factors show minimal impact. Thus, %SiC is a key factor to be
considered followed by TRS while welding of composite by FSW technique.

The optimum process variables for maximizing the UTS can be evaluated by
considering the factors consisting larger S/N values and means [10]. The condition
for maximizing UTS is obtained as

Table 2 Mean value

Level % SiC TRS (rpm) TWS (mm/min) TPG

1 141.1 162.4 158.3 163.5

2 200.2 189.9 171.1 171.0

3 – 159.2 182.1 177.4

Delta 59.1 30.7 23.5 14.0

Rank 1 2 3 4

Table 3 S/N ratio value

Level % SiC TRS (rpm) TWS (mm/min) TPG

1 42.92 44.06 43.78 44.06

2 45.99 45.43 44.52 44.45

3 43.89 45.07 44.86

Delta 3.06 1.54 1.29 0.80

Rank 1 2 3 4
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Table 4 ANOVA for means of UTS

Source DF Seq SS F-ratio P-value P%

% SiC 1 15,727.5 658.38 0 72.69

TRS (rpm) 2 3395.9 71.08 0 15.70

TTS (mm/min) 2 1658.5 34.71 0 7.67

TPG (TC BP SP) 2 587.2 12.29 0.04 2.71

%SiC * TRS (rpm) 2 75.5 1.58 0.264 0.35

Residual error 8 191.1 – – 0.88

Total 17 21,635.7 778.04 100

Table 5 ANOVA for S/N of UTS of composite joined through friction stir welded

Source DF Seq SS F-ratio P-value P%

% SiC 1 42.2414 639.55 0 72.43

TRS (rpm) 2 8.5738 64.91 0 14.70

TTS (mm/min) 2 5.0333 38.1 0 8.63

TPG (TC BP SP) 2 1.9095 14.46 0.002 3.27

%SiC * TRS (rpm) 2 0.0378 0.29 0.758 0.06

Residual error 8 0.5284 – – 0.91

Total 17 58.3242 757.31 100

Predicted S/N = % SiC_2+ TRS_2+ TTS_2+ TPG_3− 3×
= 45.99+ 45.43+ 45.07+ 44.86− 3(44.45) = 47.97 (2)

where x represents the average S/N ratio
Predicted mean= 202.2+ 189.9+ 182.1+ 174.4−3(170.61)= 237.74 N/mm2.

4 Confirmation Test

As the above variable combination was not present in the L18 experiment, the
predicted value of the UTSwas tested by performing experiments at those levels. The
average UTS attained from the experiment is 244 N/mm2. The S/N ratio was within
the range of confidence interval. The mean effect plots of all the factors are shown in
Fig. 2. The mean value is utilized to evaluate the importance of each control factor.
From Fig. 2, it can be seen that the % SiC, TRS, TTS and the TPG have major effect
on the UTS. It can also be observed that an increase in the % of SiC the UTS also
increases. Increase in UTS is due to the presence of SiC particles which prevents
the movement of the dislocation. As the % of SiC increases, the particle-to-particle
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Fig. 2 Main effects plot for means of friction stir welded composites

distance decreases, leading to the increase in the resistance to the motion of dislo-
cation. Hence, during the deformation of the material, either the deformation has to
bypass the particle or matrix has to push the particles further. Due to this, pile up of
dislocation was taking place and the plastic flow in the matrix was restricted which
enhances the composite strength. The dislocation density increases as the quantity
of particles increases which improves the UTS. As the TRS increases from 710 to
1000 rpm, the UTS of the joint increases and the further increase in the TRS reduces
the UTS. TRS controls the quantity of heat generated at the weld region [11]. At
lower TRS, the lesser heat is generated irrespective of the TWS, causing lesser plas-
ticization and the improper material flow which results in lower UTS, whereas at
higher TRS, huge amount of heat was generated at the weld area resulting in turbu-
lent material flow and coarsening of grains, which ultimately reduces the UTS. From
the study, it was understood that neither the low TRS nor the high TRS gives a better
joint strength.

The TTS controls the heat input quantity at the weld region [11]. It has observed
that as the TTS increases, the UTS also increases. This is due to the diminishing
of softened area as the TTS increases. Lower TTS provides higher heat input and
slower cooling, thereby assisting in grain growth. Coarser grain at the weld region
reduces the UTS. As the TTS increases, the UTS also increases till a critical TTS
value. Beyond this, the weld defects were farmed such as tunnel hole, pin hole, etc.

The TPG has a significant effect on the material flow in the weld region. As the
DSR of SP was better than the TC and DP tool, it provides grain refinement. SP
tool provides pulsating action during rotation of the tool and sweeps more material
for the given static volume, thereby improving grain structure at the weld zone.
Smaller grains and uniform distribution of particles in the weld zone enhance the
joint strength. The DP tool exhibits close value of UTS as that of SP tool, whereas
the UTS of the joint fabricated by the TC tool is much lower. The heat generated
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during the process with the TC tool is much lesser than the other tools due to the
lesser area of contact and the nonappearance of pulsating action

5 Microstructure Analysis of FS Welded Composite

Figure 3 shows the microstructure of stir zone of FS welded composite at TRS of
1000 rpm and the TTS of 80 mm/min using SP tool. The average size of the grains
found at the stir zone is 2.13 ± 0.14 microns. Stirring action of the tool at the weld
zone develops plastic deformation and generation of frictional heat which results in
the grain refinement [12, 13].Also, stirring action of the tool leads to the redistribution
of the particle from segregated heterogeneous distribution at the base metal to the
uniform distribution at the stir zone. Generally, the dislocation density is low at the
stir zone. Compared to the base material, the stir zone consists of numerous tiny hard
SiC particles. Striking of reinforced particle to one other and the abrasive effect of the
revolving FSW tool leads to the tiny particles. As the tool rotates and travels along the
weld line, it caries the particle along the periphery of the tool pin and redistribute the
particles uniformly in the weld region. The load bearing capacity of the composite
increases due to the presence of homogeneous distribution of particles [14]. Hence,
increase in the % of SiC results in the enhanced joint strength and the hardness.
The stir zone showed 25% higher hardness as compared to the base material with a
hardness of 105 Hv.

Figure 4 depicted the fracture surface of the FS welded composite joined at a TRS
of 1000 rpm and TTS of 80 mm/min using SP tool. The fracture surface indicates

Fig. 3 Nugget zone SEM image of Al–Cu–Mg–Si–10%SiC



62 A. K. Shettigar et al.

Fig. 4 Facture surface of friction stir welded composite

the ductile fracture, characterized by dimples with tearing edges. All the specimens
are fractured at the heat-affected zone which was the weakest zone in the weld area.

6 Conclusions

• FSW of AMCs was successfully accomplished, and the optimum value of the
variables which gives maximum UTS has been ascertained. It has been observed
that % of SiC has the highest contribution in achieving higher UTS with a contri-
bution of 72.43% followed by tool rotational speed of 14.70% tool traverse speed
of 8.63% and the tool pin geometry of 3.27%.

• As the % of SiC increases, the UTS also increases due to the presence of more
number of hard particles which restricts the movement of dislocation

• As the tool rotational speed increases, the UTS also increases up to a certain value,
and then, it starts to decrease as speed increases further. The highest UTS was
obtained at a speed of 1000 rpm.

• UTS has a direct relationship with tool traverse speed. As the speed increases,
the UTS also increases, but the increase of speed beyond certain value results in
defective welds.

• Square profiled tool offers better UTS due to the grain refinement caused by the
pulsating action of the tool.

• An adequate agreement has been attained between the optimum value of the
variables obtained from ANOVA and those from the confirmation experiments.
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Mechanical Properties
and Microstructural Characteristics
of Friction Stir Welded Aluminium
Matrix Composite

B. Subramanya R. Prabhu, Arun Kumar Shettigar, Mervin A. Herbert,
and Shrikantha S. Rao

Abstract Nowadays, friction stir welding process appears a promising technique
to weld difficult materials by conventional welding techniques. Present study aims
to analyse the significance of process variables on the mechanical behaviour of
aluminium matrix composite joined by friction stir welding (FSW) technique. FSW
is carried out at different welding conditions using conventional threaded cylin-
drical tool (TC). Microstructural study indicates several tiny reinforced particles are
uniformly distributed in the nugget region. Recrystallization and grin refinement
are observed in the weld area. Nugget region exhibits higher hardness compared
to the base material. Joint efficiency of up to 89% is obtained for the FS-welded
composite. The fracture surface reveals that the matrix undergoes a ductile fracture
whereas reinforced particles exhibit brittle fracture.

Keywords Aluminium matrix composite · Friction stir welding · Nugget region ·
Microstructure

1 Introduction

Recently, materials with high strength-to-weight ratio gain more interest in the auto-
mobile, aviation, marine, and structural industries. This can be realized by combining
several constitute of materials, such as reinforcing hard ceramic materials in the
aluminium matrix, called aluminium matrix composites (AMCs). Such materials
have tolerable mechanical, electrical, and thermal properties [1, 2]. These materials
fail to serve their purpose when they are joined by conventional welding process. The
drawbacks of conventional welding of MMCs are segregation of ceramic particles
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during solidification, thermal stress generation due to variation in thermal expansion
coefficients, interfacial chemical reaction resulted from high temperature, and high
solubility of gas in the molten state that deteriorates the mechanical properties of
the joint [3, 4]. To overcome this problem, friction stir welding (FSW) process is
adapted. This method has been used to join aluminium alloys, magnesium, steel,
copper, metal matrix composites, and dissimilar metals [5–7].

FSW rotating tool is used to mechanically deform and transfer the material under
frictional heat. The heat generated at tool and base material depends on the process
variables like tool revolution speed and welding speed. Several researches have high-
lighted that the process parameters also affect the grain and distribution of particles [1,
8–10]. It is also found that numerous fragmented particles are uniformly distributed
at weld region. All these factors will assist in increasing the mechanical properties
of the materials [2]. Hence, to get desired joint strength, one has to study the process
parameters to evaluate the process.

2 Experimental Set-up

In this study, stir cast aluminium matrix composite consists of AA6061-4.5%copper
as matrix 10% SiC as reinforcement particle. Table 1 lists the chemical composition
of matrix. These composites were sized to a dimension of 100 × 50 × 6 mm by
using conventional machining process. Table 2 lists the mechanical properties of
the composite. These composites were joined by the vertical milling machine with
suitable set-up to convert them to friction stir welding process. Figure 1 shows the
FSWprocess set-up.M2 steelwas used to prepare FSW tool and hardened to 55HRC.
A threaded profile pin had M6× 1 mm pitch, 16 mm shoulder diameter, and 5.7 mm
height. Table 3 lists the process variables used in the study. The metallographic
characterization was done by using scanning electron microscope (SEM). The size
of the grains was measured by using ASTM E112-10 standard taking readings at
bottom, middle, and top of the weld nugget region. The ultimate tensile strength
(UTS) was measured by tensometer as per ASTM E8M standard.

Table 1 Matrix—AA6061-4.5 wt%Cu—Chemical composition

Cu (wt.) Mg (wt.) Si (wt.) Iron (wt.) Mn (wt.) Al (wt.)

4.5 0.8–1.2 0.4–0.8 0.7 0.15 Remaining

Table 2 Sir cast AMC’s mechanical properties

AMC Hardness (Hv) UTS (N/mm2) Tensile elongation (%)

AA6061-4.5 wt% Cu-10 wt%
SiC

104 ± 3 252 ± 4 6.4% ± 0.2
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Fig. 1 Set-up used in
friction stir welding

Table 3 Process variables
and their values used In
friction stir welding

Variables Values

Traverse speed 50, 63 and 80 mm/min

Revolution speed 710, 1000, and 1400 rpm

3 Results and Discussion

3.1 Microstructure of the FS-Welded Joint

The plastic deformation of the material caused by the severe stirring action of the
revolving FSW tool results in refinement of grains. The weld area indicates consid-
erably altered microstructure in comparison with the parent material. The analysis
of the microstructure FS-welded sample was carried out using SEM.

Figure 2 shows image of one such sample. The microstructure gradually changes
from the initial non-deformed, coarse grains of the parent AMCs to equiaxed, fine
grains at the mid region of the weld area. Variation in the microstructure divides the
weld area into three zones, namely nugget region (NR) which is previously occupied
with the FSW tool pin, thermo-mechanically affect region (TMAR)which is adjacent
to NR and the heat-affected region (HAR), region between TMAR and the parent
material (PM).

Figure 3a–e illustrates the SEM images of AMC‘s FS-welded using TC tool.
The joining of composite was carried out with traverse speed of 50 mm/min and
revolving speed of 710 rpm. Figure 3b–d represents the grain size distribution at the
top, middle, and bottom of the NR, respectively. The average size of the grains at the
top, middle, and bottom of the NR is 5.4 ± 0.21, 4.9 ± 0.24, and 4.3 ± 0.23 µm,
respectively. It is clear that the grain size changes from top to bottom of the weld
zone with bigger grains at the top and smaller ones at the bottom of the NR. Large
centrifugal force acts at the top region compared to the bottom of the weld zone
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Fig. 2 Scanning electron
micrograph of FS-welded
composite

Fig. 3 SEM image of grain size distribution of FS-welded composite joined with a traverse speed
50 mm/min and revolution speed of 710 rpm. a TMAR retreating side b NR Top, c NR middle,
d NR bottom, and e TMAR advancing side

[11]. A small extrusion crushing force was acted on the material causing a larger
crystal nucleus during recrystallization. At the same time, the shoulder generates
very high frictional heat at the tool workpiece interface. The cooling time reduces
results in the grain growth. Whereas due to the smaller length of the pin compared to
the workpiece thickness, the tip of the pin reaches slightly above the other end of the
workpiece. Due to which insufficient stirring and forging take place at the bottom of
the NR result in poor plasticization and the flow of material. At the root of the joint,
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Fig. 4 Average size of the grains at nugget region

the back plate on which workpiece is kept, acts as a heat sink enables heat flow from
NR to the back plate through conduction. The extrusion process at the bottom of the
NR was formed at slightly lesser temperature than the top of the NR. Due to these
finer grains formed at the bottom of the NR [12]. Figure 3a–e represents the grain
structure obtained at TMAR on either side of the NR. Highly deformed, elongated,
and non-homogeneous coarser grains were found in the TMAR due to the severe
stirring effect of the FSW tool. The average reduction in the grain size at the NR is
91.5%.

Figure 4 depicts graphically, the distribution of average grain size formed at NR
of MMC during FSW. It is obvious from the plots that, the size of the grains at
the top of the NR is larger and gets reduced as one approaches the bottom of the
weld NR. The joint formed at traverse speed of 50 mm/min and revolution speed
of 1400 rpm exhibited largest average grain size of 5.8 ± 0.25 µm. Higher heat
conditions prevailing at lower traverse speed (50 mm/min) with reduced cooling rate
resulted in coarsening of grains in the NR. On the other hand, the joint formed with
traverse speed of 80 mm/min and revolution speed of 1000 rpm exhibited smallest
average grain size of 3.7 ± 0.21 µm. This is because, the increased welding speed
(80 mm/min) led to lower heat input due to shorter time available for friction in
the process. It also appears that, the prevailing low heat condition also contributed
towards inducement of more strain and strain rate, resulting in more dynamic recrys-
tallization which in turn, contributed to grain refinement. Further, the pinning effects
[13] of silicon carbide particles which are mostly residing at the grain boundaries,
prevent the grain growth and hence the grain size becomes smaller.
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3.2 Tensile Properties

Table 4 presents the result of tensile tests of joints FS-welded at different combination
of revolution speeds and traverse speeds. The UTS of the joints increases as the tool
traverse speed increases from lower to higher value and reaches to a maximum value
at a speed of 80mm/min. Sampleswelded at traverse speed less than 80mm/minwere
fractured at HAR. Further increase in the traverse speed, beyond 80 mm/min, results
in the welding defects such as pin holes, worm holes, and tunnel defects. Therefore,
the specimens fracture atNR [17] reduces the tensile strength. The forwardmovement
of the revolving tool makes the plasticized material to move from the front to the
rear of the tool pin. Revolution speed controls the heat input rate [9]. The traverse
speed regulates the duration of exposure of frictional heat per unit length of the
joint which affects the heating of the material and thereby growth of the grains was
affected [17]. At high traverse speed, the quantity of heat input to the joint area
is less, and increases the cooling rate. Increase in the revolution speed from lower
value to 1000 rpm increases the UTS. Further increase in the revolution speed results
in reduction in UTS. Weld formed at a revolution speed of 1000 rpm and traverse
speed of 80 mm/min exhibited highest joint efficiency. Decrease in joint efficiency
was observed with further increase in the revolution speed. In the present study, the
optimal parameter values for FSW were turned out are traverse and revolution and
speed combination of 80 mm/min and 1000 rpm.

Figure 5a–c shows the fracture surface of base material, FS-welded joint across
and along the weld direction. It shows the fracture surface of composite joint FS-
welded at revolution speed of 1000 rpm and traverse speed of 63 mm/min using TC
tool. The microscopic examination of the fracture surface, at high magnifications,
shows the large dimples, large voids, associated with matrix particle decohesion, tear
ridges, and occurrence of small dimples inside the large dimples due to the ductile
failure of the matrix.

Table 4 UTS results of FS-welded composite

Rotational
speed (rpm)

Welding speed
(mm/min)

Yield strength
(N/mm2)

UTS (N/mm2) Elongation % Joint
efficiency (%)

710 50 114 ± 3 167 ± 3 6.1 ± 0.1 66

710 63 132 ± 2 184 ± 3 5.8 ± 0.1 72

710 80 137 ± 3 195 ± 3 5.6 ± 0.1 77

1000 50 156 ± 2 201 ± 3 4.9 ± 0.1 79

1000 63 170 ± 4 211 ± 5 4.8 ± 0.1 83

1000 80 172 ± 3 226 ± 3 4.2 ± 0.1 89

1400 50 119 ± 2 161 ± 2 5.3 ± 0.1 63

1400 63 122 ± 2 174 ± 2 5.1 ± 0.1 68

1400 80 132 ± 3 196 ± 3 4.8 ± 0.1 77
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Fig. 5 SEM image of the fractured surfaces of a Parent material, b FS-welded composite perpen-
dicular to the direction of weld, c Along the direction of weld, joined at traverse and revolution and
speed combination of 80 mm/min and 1000 rpm

3.3 Hardness

In FSW process, the tool revolution speed is an important process variable which
assists in plasticization of the material by generating frictional heat between the
interface of revolving tool (pin and shoulder) and the material. Stirring and transfer
of the plasticized material around the pin are controlled by the revolution speed
[9, 10]. The presence of hard reinforcements in the matrix increases the nucleation
sites thereby reduces the grain size in the matrix [14]. Figure 6 depicts the plots

Fig. 6 Hardness across nugget region for the joints prepared at different welding condition (A-
Advancing side, R-Retreating side)
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depicting the hardness variation across the mid region of FSW joints. FS-welded
samples reveal highest hardness in the NR than the parent material because of the
finer grain size [2]. High plastic strain caused by the stirring action of the revolving
FSW tool results in redistribution of reinforcements from agglomerated and non-
uniform arrangements in the parent material to uniform distribution in the NR [15].
This phenomenon has been observed in all the samples at different combinations of
traverse speed of 50, 63, and 80 mm/min and revolution speed of 710, 1000, and
1400 rpm. Hardness decreases as the distance is increased from the mid-point, on
both sides of NR. HAR shows a lowest hardness value in the weld region. Softening
of grains was resulted from the heating effect, caused by revolving FSW tool, reduces
the hardness. From Fig. 6, it can be seen that for a given tool traverse speed, hardness
value decreases as the revolution speed is increased from 1000 to 1400 rpm. This is
due to the increase in the heat input. The higher heat input makes the weld material
to experience higher temperature and higher strain rate [9]. This phenomena result
in grain growth. Increase in traverse speed from lower to higher value, the hardness
of the weld region also increases. This is because of the decrease in the duration of
exposure of frictional heat at tool workpiece interface. The more the duration, large
amount of heat is supplied, eventually affects the growth of the grains [16].

4 Conclusions

FSW technique was effectively used to join AA6061-4.5Cu-10SiC composite. The
influence of tool traverse speed and revolution speed on metallographic behaviour,
mechanical properties of FS-Welded composite is studied. Theweld region exhibited
fine grain size as in comparison with the base material. The microstructure at the
NR exhibited fine recrystallized and equiaxed grains of size ranging from 2 to 7 µm.
Homogeneous distribution of SiC particles was seen at NR. The size of the reinforced
SiC particles was reduced due to the severe stirring action of the revolving FSW
tool. The size of the particles also reduced due to the striking of reinforced particles
with each other. Higher hardness found at the NR irrespective of tool revolution
and traverse speed due to finer grains and smaller-reinforced particles. The tensile
test exhibited fractures along the HAR zone on the advancing side, perpendicular
to the tensile stress axis, where minimum hardness was observed irrespective of
revolution speed and traverse speed. The microscopic examination of the fracture
surfaces revealed ductile fracture. The optimal process variables are traverse and
revolution and speed combination of 80 mm/min and 1000 rpm.
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Influence of Honeycomb Core on Static
and Vibration Responses of Sandwich
Structures

Sudhansu S. Patro, Ranjan K. Behera, Nitin Sharma,
and Kamal Kishore Joshi

Abstract This paper investigates the effect of honeycomb core on flexural and the
modal responses of a flat sandwich platewith honeycomb core. Static andmodal anal-
yses are carried out for different boundary conditions using finite elements method.
The geometry of the same mid-plane kinematics has been modelled by in ANSYS
using APDL code, which is based on first-order shear deformation theory (FSDT).
The whole model has been formulated using an eight node serendipity SHELL281
element. Initially, the values of natural frequency of sandwich plate are compared
and validated with available results. Then, a number of numerical examples have
been demonstrated to study the effect of cell size, face sheet thickness, and core
thickness on the natural frequencies, central deflection.

Keywords Sandwich plate · Honeycomb core · Natural frequency · Central
deflection · FEA

1 Introduction

A sandwich panel has two thin and stiff surface skins at the top and bottom and
they are separated by a thick core which is made up of less stiff material. These are
commonly used as structural materials due to good strength-to-weight ratio, mechan-
ical properties, and long fatigue life. Aluminum honeycomb is mostly used as core
material by aerospace industries. As these structures are subjected to structural vibra-
tion, it is very important to test its strength and vibration responses. Ranjbar et al. [1]
used numerical methods to predict dynamic responses of vibrating structures. Hao
et al. [2] used two-dimensional model with equivalent elastic constant to simplify the
numerical methods to perform modal analysis of complex structure like sandwich
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panels with honeycomb core. He also studied different theories to formulate equiv-
alent elastic properties of sandwich panels. Boudjemai et al. [3] used an equivalent
numerical model to evaluate vibration responses of honeycomb panels. Boldrin et al.
[4] used both theoretical and experimental methods to investigate dynamic behavior
of honeycomb panels. Mahi et al. [5] used hyperbolic shear deformation theory in
his study of the free vibration characteristics of flat sandwich panels. Patro et al.
[6, 7] and Behera et al. [8, 9] have evaluated the natural frequencies of stiffened
composite plates. Kumar et al. [10] used a 2D FEM based on higher order zigzag
theory to calculate the free vibration response of sandwich shell. Arunkumar et al.
[11, 12] studied about vibro-accoustic responses of honeycomb sandwich panels. Sui
et al. [13] studied the effect of honeycomb structures on total weight and the sound
transmission loss.

The objective of this paper is to model and simulate the static and dynamic anal-
yses of flat sandwich panels with honeycomb core. First, the sandwich plate with
honeycomb core is modelled using an eight-nodded element (SHELL281) available
withinANSYS. Successively, the validity aswell as convergence of the currentmodel
is studied and several numerical examples have been discussed.

2 Methodology

Figure 1 shows the honeycomb core and the sandwich panel, which is studied in the
current investigation. The dimensions considered for the panel are: a, b, s, d, t, h and
l, where a and b are plate length and width, h is half of the core height, s is the cell
size, d is the face sheet thickness, t is the thickness of cell wall, and l is the width of
side.

Themethodology employed in the current investigation is presented in this section.
First, using sandwich theory [2], the honeycomb core is converted into a orthotropic
plate. It is assumed that the orthotropic plate has equal stiffness. Also, in sandwich
theory, it is assumed that the transverse shear deformation can be resisted by the
core and so, it has in-plane stiffness. Hao et al. [2] reported following equations to
evaluate the equivalent material properties of honeycomb core:

Fig. 1 a Dimension of sandwich panel b Dimension and configuration of honeycomb core
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where Ex, Ey and Gxy, Gyz, Gxz are equivalent material properties (Modulus of
elasticity and modulus of rigidity respectively). E is the Modulus of elasticity and
G is the modulus of rigidity of the material, and a corrected coefficient (γ ) whose
value lies between 0.4 and 0.6 [2] is used in the equation.

[q r s]′ = [q0 + z θxr0 + zθy r0 + zθz]′ (2)

where q, r and s are the vectors for displacement of any point along x-, , y-, and
z-directions, respectively, at time t. Themodal parameters used in this modal analysis
are evaluated by solving the following equation:

[(KH − KI ) − ω2M]{φ} = 0 (3)

whereKH ,KI ,M,ω, and {ϕ} are the linear global stiffnessmatrix,matrix of global
geometry, mass matrix, natural frequency, and shape vector for corresponding mode,
respectively.

3 Results and Discussion

The static and dynamic responses of a flat rectangular sandwich plate with honey-
comb core are investigated using ANSYS 15 and presented in this section. To test
the accuracy and reliability of the present model, convergence and validation with
existing literature are studied. The influence of face sheet thickness, core height,
and cell size on deflection and free vibration responses is calculated for different
boundary conditions (clamped at all edges (CCCC), simply supported at all edges
(SSSS), two edges are clamped and others are simply supported (SCSC)). A flat
rectangular sandwich plate of dimension 4 × 2 × 0.02 m3 with honeycomb core is
employed throughout the present analysis unlessmentioned otherwise. The following
material properties, reported byArunkumar et al. [11], are considered for the analysis
unless mentioned otherwise: E = 68 GPa, μ = 0.3, ρ = 2700 kg/m3.
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3.1 Study of Convergence and Validation of Natural
Frequencies

In this section, the natural frequencies are calculated with increasing mesh sizes
to investigate the convergence behavior of the model used for the present analysis.
First, a flat sandwich rectangular plate with honeycomb core with all edges clamped
(CCCC) is modelled. The dimensions of the core are: h = 10 mm, s = 4 mm, d =
0.5 mm, and t = 0.04 mm. The changes in natural frequencies for different modes of
frequencies are shown in Fig. 2. It can be seen that, the values of natural frequencies
for all modes of frequencies are converging nicely with increasing mesh sizes. Based
on this, a 20 × 20 mesh is selected for further investigations.

In order to check the reliability of the methodology followed in the current
analysis, the values of natural frequencies computed are compared with the results
published byArunkumar et al. [11] and are presented in the Table1. It can be observed
that the results obtained using current methodology are very close to the reference.

Fig. 2 Convergence of
natural frequencies

Table 1 Validation of natural frequency

Natural frequency
(Hz)

F11 F21 F12 F22 F32 F42

Arunkumar et al.
[11]

16.19 25.81 42.22 55.13 64.55 64.57

Present 16.291 26.013 42.13 55.38 64.527 65.02
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Fig. 3 Influence of face
sheet thickness on natural
frequency

3.2 Influence of Face Sheet Thickness on Natural
Frequencies

The effect of change in face sheet thickness on natural frequency of a flat rectangular
sandwich plate with honeycomb core with all edges clamped is investigated in the
current example. The total thickness (ht = 2h+ 2d) of the plate is kept constant. The
ratio between face sheet thickness and total height (d/ht) is varied from 0 to 0.15.
The variation of natural frequencies for all modes is presented in Fig. 3. It can be
observed that initially (from d/2h + d = 0 to 0.05), the values of natural frequencies
are increasing with increasing (d/ht) ratio. But, after one point (d/ht = 0.05), the
values of natural frequencies start decreasing with increasing (d/ht) ratio.

3.3 Influence of Core Height on Natural Frequencies

In this example, the variation in the value of natural frequencies with core height
is studied. The plate dimensions and material properties are kept same as used in
the previous example. The boundary condition is used in this SSSS. Again, the total
thickness of the plate is kept constant. The ratio between core height and total height
(2h/ht) is varied from 0.5 to 1. The change in values of natural frequencies with the
ratio (2h/ht) is shown in Fig. 4. It can be observed that, as the ratio (2h/ht) increases
from 0.5 to 0.9, the values of natural frequencies increases. Afterwards, the values
of natural frequencies starts decreasing as the ratio increases.
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Fig. 4 Influence of core
height on natural frequency

3.4 Influence of Cell Size on Natural Frequencies

The influence of cell size on the values of natural frequencies is studied in this
illustration. The dimensions of sandwich plate considered here are total height =
21 mm, core height = 20 mm, face sheet thickness = 0.5 mm, and cell thickness =
0.06 mm. All these dimensions are kept constant and the cell size is varied as 2, 3, 4,
5, 6 mm for this example. First, using Eq. (1), the equivalent mechanical properties
are calculated for different cell sizes. The boundary condition used in this example
is SCSC. Figure 5 shows the variation of the values of natural frequencies with cell
size. It can be observed that, the natural frequencies decreases with increasing value
of cell size.

Fig. 5 Influence of cell size
on natural frequency
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Fig. 6 Influence of face
sheet thickness on deflection

3.5 Influence of Face Sheet Thickness on Deflection

The influence of face sheet thickness on the deflection at the center is investigated
and presented in this section. The dimensions of the plate with all edges clamped
used here are same as the previous examples. First, an uniformly distributed load
of intensity of 10.25 N/m is applied at the center line parallel to X axis. The ratio
between face sheet thickness and total height (d/ht) is varied without changing the
total height. The central deflections are calculated for different ratios and presented
in Fig. 6. It is clear from the figure that, the deflection decreases as the ratio increases.
Also, the variation in deflection is higher at the lower value of the ratio.

3.6 Influence of Core Height on Deflection

The influence of core height on the deflection at the center is investigated and
presented in this section. Loading pattern is kept same as the previous example. A
SSSS-type boundary condition is used in this analysis. The ratio between core height
and total height (2h/ht) is varied without changing the total height. The deflections at
the center are calculated for different ratios and presented in Fig. 7. It can be observed
that, the magnitudes of the deflection increase as the ratio increases.

3.7 Influence of Cell Size on Deflection

The effect of cell size on the deflection at the center is investigated and presented in
this part.ASCSC-type boundary condition is used in this calculation. Themagnitudes
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Fig. 7 Influence of core
height on deflection

Fig. 8 Influence of cell size
on deflection

of deflection for different cell size are calculated and shown in Fig. 8. It is clear from
the figure that, the magnitudes of the deflection increase as the cell size increases.
The variation is almost linear.

4 Conclusion

The static and vibration responses of sandwich flat plate with honeycomb core
are explored in ANSYS 15 using APDL code. First, the results are validated with
published results to ensure the accuracy and the reliability of the model used for the
analysis. Then, the values of natural frequencies and the magnitudes of the deflection



Influence of Honeycomb Core on Static and Vibration Responses … 83

at the center of the plate are obtained for various dimensions of face sheet thickness,
core height, and cell size for different boundary conditions. It is observed that, when
the ratio between face sheet thickness and total height (d/ht) is varied from 0 to
0.05, the magnitudes of natural frequencies for all modes increase and then starts
decreasing with increasing d/ht ratio. The similar trend is observed when the ratio
between core height and total height (2h/ht) is varied. Also, it is found that the values
of natural frequencies decreases with increasing value of cell size. It is also observed
that the magnitudes of the deflection decreases as the ratio between face sheet thick-
ness and total height (d/ht) increases. Whereas, the magnitudes of the deflection
increase as the ratio between core height and total height (2h/ht) increases.
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Influence of Point Mass Over FGM Plate
for Vibration Signature in Different
Boundary Conditions Using FEA

Kamal Kishore Joshi, Ranjan K. Behera, V. R. Kar, and Anugam Chakra

Abstract This paper investigates the effect of mass ratio and volume fraction on
natural frequency for functionally graded (FG) square plate having same aspect
ratio under clamped, simply supported, and simply-clamped supported condition.
The fundamental frequency is calculated using first-order shear deformation theory
(FSDT)with point mass attached at the center of the plate. Themechanical properties
of the square plate are assumed to vary across the thickness of the plate by power
law distribution. Numerical results for different mass ratios and volume fraction
index with different support conditions are obtained and some results of fundamental
frequencies are also validated with published results. It is observed that with increase
in mass ratio and volume fraction index, the non-dimensional frequency of the plate
decreases.

Keywords FGM · Point mass · Boundary conditions · Fundamental frequency

1 Introduction

Composite materials are widely used materials due to their adaptability and ease
of combination with other material to serve specific purpose. Because of higher
strength-to-weight ratio, it finds application in automotive and aerospace industries.

From the literature review, it is observed that considerable amount of work is done
by the researchers on composite plates. However; very few literatures are available
on static and vibration analysis of functionally graded material (FGM). Talha et.al.
[1] applied vibrational approach to derive fundamental equation for FGM plates.
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Results were obtained by using Lagrangian finite element method. Uymaz et al. [2]
investigated the effect of aspect ratio and volume fraction index on free vibration in
FGM rectangular plate by using linear elasticity theory. Yang et al. [3] analyzes the
pre-stressed functionally graded plates under thermal environment for free and forced
vibration. Kelly et al. [4] applied third-order shear deformation theory to investigate
the effect of thermal buckling vibration on FG plates. Kuilla et al. [5] reviews the
development and fabrication methods of graphene-based polymer nano-composites.
Prusty et al. [6] apply higher order theory to analyze the effect of high temperature
loads on FGM plates. Kapuria et al. [7] implemented zigzag theory-based model
in combination with modified rule of mixtures to study static and free vibration
response of layered beams made of Al/Sic and Ni/Al2O3. Tornabene et al. [8] use
generalized differential quadrature method to obtain natural frequency of sandwich
shell structures of variable thickness, made of FGM. Patle et al. [9] proposed higher
order fuzzy finite element model to determine the frequency and static deflection for
laminated structure. Lanzi et al. [10] apply multi-objective optimization technique
to design composite stiffened panels which are under post buckling environment.
Ali et al. [11] implemented Rayleigh–Ritz method to study the effect of mass ratio
and volume fraction on natural frequency for clamped FG plate. Bisen et al. [12]
fabricated the natural fiber-reinforced epoxy composite to calculate frequency and
deflection both numerically and experimentally.

The objective of the present work is to model and simulate the free vibration
behavior of FG plate when point mass is added at the middle position of the plate
and at the different position considering different boundary conditions and volume
fraction index. The FGM plate is modeled using ANSYS in the framework of FSDT.

2 Theoretical Formulation

2.1 Geometrical Description

Layered FGM square plate of length (a), uniform thickness (h), and width (b) having
mass (M), made of metal and ceramic is shown in Fig. 1. A point mass (MP) is
attached at the center position of the plate.

Fig. 1 Layered FGM square plate a added point mass and b cross-sectional view
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2.2 Functionally Graded Material Properties

The material property of functionally graded materials varies continuously in the
thickness direction from one surface to another. The property variation is shown
here by power law distribution as given in Eqs. (1) and (2).

E(z) = (Et − Eb)

(
z

h
+ 1

2

)n

+ Eb, − h/2 ≤≤ h/2 (1)

ρ(z) = (ρt − ρb)

(
z

h
+ 1

2

)n

+ ρb, − h/2 ≤ z ≤ h/2 (2)

where n is the volume fraction index and h is the thickness of plate. The young’s
modulus E(z) and the density ρ(z) vary along the thickness of plate and are given by
Eqs.(1) and (2), respectively, whereas Poisson’s ratio (ν) is assumed to be constant.

2.3 Constitutive Relations

The middle plane dynamics for shell or plate structure is calculated based on FSDT
and given in Eq. (3):

u(x, y, z, t) = u0(x, y) + zθx (x, y)
v(x, y, z , t) = v0(x, y) + zθy(x, y)
w(x, y, z, t) = w0(x, y) + zθz(x, y)

⎫⎬
⎭ (3)

where u, v andw are the displacements of the point along the x- , y- , and z-directions.
The equation used for carrying out modal analysis for the given structure is given by
Eq. (4).

[K ] − ω2[M]{ϕ} = 0 (4)

where [M], {ϕ},ω and [K] are themassmatrix, mode shape factor, natural frequency,
and stiffness matrix.
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Table 1 Properties of FGM
plate

Material Properties

E (Gpa) ρ (kg/m3) ν

Aluminium (Al), metal (m) 70 2707 0.3

Zirconia (ZrO2), ceramic (c) 151 3000 0.3

Table 2 Comparison of first natural frequency parameter λ = √
12(1 − ν2)ρmω2a2b2/π4Emh2

for different boundary condition of FG square plate with different mesh size (n = 5, a/b = 1, a/h =
5)

Boundary
condition

Mesh size Umyaz et al. % difference

2 × 2 4 × 4 6 × 6 8 × 8 10 × 10

CCCC 2.1849 2.0899 2.0856 2.0849 2.0847 2.1447 2.87

SSSS 1.4212 1.3946 1.3936 1.3934 1.3934 1.4106 1.23

SCSC 1.8218 1.7673 1.7648 1.7644 1.7642 1.8055 2.34

3 Results and Discussions

3.1 Validation of Natural Frequency Parameter Under
Different Boundary Conditions

Shell 281 element is taken to carry out the modal analysis of FG square plate in
ANSYS. The material properties used for the analysis are shown in Table 1.

Firstly, convergence study (10× 10) of non-dimensional frequency parameter (λ)
is carried out to check the validity of the model. The present results of analysis of
FG square plate are compared with the Uymaz et al. [1] as shown in Table 2. There
is a good agreement between the present results and the published results.

3.2 Influence of Added Mass on Fundamental Frequency
Parameter Under Different Boundary Condition

The variation of fundamental frequency due to the addition of point mass having
different mass ratios, volume fraction index, and boundary conditions are given
below. Results indicate that for a particular value of volume fraction index as mass
ratio increases fundamental frequency parameter decreases for all the boundary
conditions. Further, highest value of frequency parameter is obtained for clamped
condition whereas lowest value is for simply supported condition as shown in Table
3, Figs. 2 and 3.



Influence of Point Mass Over FGM Plate for Vibration Signature … 89

Table 3 Variation of non-dimensional frequency, λ = √
12(1 − ν2)ρmω2a2b2/π4Emh2 of square

FG plate (ZrO2/Al) with attached point mass (a = b = 1, a/h = 10)

M/MP n 0.1 0.2 0.5 0.8 1 2 5 10

0.05 CCCC 4.39 4.30 4.09 3.95 3.89 3.74 3.60 3.50

SSSS 2.58 2.52 2.40 2.32 2.29 2.20 2.14 2.08

SCSC 3.61 3.53 3.36 3.25 3.20 3.07 2.96 2.88

0.1 CCCC 4.33 4.24 4.03 3.90 3.84 3.69 3.55 3.45

SSSS 2.56 2.50 2.37 2.30 2.26 2.18 2.11 2.06

SCSC 3.61 3.49 3.32 3.21 3.16 3.04 2.93 2.85

0.2 CCCC 4.21 4.12 3.92 3.79 3.73 3.58 3.45 3.36

SSSS 2.51 2.45 2.33 2.26 2.22 2.14 2.07 2.02

SCSC 3.49 3.41 3.24 3.14 3.09 2.97 2.86 2.78

0.3 CCCC 4.10 4.01 3.81 3.69 3.63 3.49 3.36 3.27

SSSS 2.46 2.41 2.29 2.21 2.18 2.10 2.04 1.98

SCSC 3.41 3.33 3.17 3.06 3.02 2.90 2.80 2.72

0.4 CCCC 3.99 3.90 3.71 3.59 3.54 3.39 3.27 3.18

SSSS 2.42 2.36 2.24 2.17 2.14 2.06 2.00 1.94

SCSC 3.33 3.26 3.10 3.00 2.95 2.84 2.73 2.66

0.5 CCCC 3.89 3.80 3.61 3.50 3.44 3.31 3.18 3.10

SSSS 2.38 2.32 2.21 2.13 2.10 2.03 1.96 1.91

SCSC 3.26 3.19 3.03 2.93 2.89 2.77 2.68 2.60

1 CCCC 3.45 3.37 3.21 3.10 3.06 2.93 2.82 2.74

SSSS 2.19 2.14 2.03 1.96 1.93 1.86 1.80 1.76

SCSC 2.94 2.88 2.74 2.65 2.61 2.51 2.41 2.35

3.3 Influence of Position of Added Mass on Non-dimensional
Frequency Under Different Boundary Condition

The effect of added mass position on frequency parameter is shown in Fig. 4. It is
clear that when the mass is placed at the middle position of the plate, it results in
lower frequency whereas the frequency parameter increases symmetrically when the
mass is moved closer toward the support.

4 Conclusions

• It is observed that, for a given value of volume fraction index, as mass
ratio increased, the non-dimensional frequency decreases for all the boundary
conditions.
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Fig. 2 Variation of non-dimensional frequency for different mass ratios and volume fraction index

Fig. 3 Effect of added mass
placed at middle position on
non-dimensional frequency
(M/MP = 0.2, a/h = 10)

• Results indicates that, for a constant mass ratio and volume fraction index, the
highest value of non-dimensional frequency is achieved when the FG plate is in
clamped (CCCC) condition followed by simply clamped support (SCSC) and the
lowest value is for simply supported condition (SSSS).

• Analysis of square FG plate indicates that, for a fixed mass ratio when point
mass is moved closer to the supports, the non-dimensional frequency increases
symmetrically for all boundary conditions. When the mass is placed at the middle
of the plate, it results in lowest frequency.
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Fig. 4 Effect of point mass
at middle of the width on
non-dimensional frequency
(M/MP = 0

• The value of non-dimensional frequency decreases as the volume fraction index
increases for a fixed mass ratio.
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Design and Development of Seed
Metering Device Implemented in Power
Tiller

C. Devanathan, E. Shankar, A. Sivanand, R. Manimaran, and A. Gopinath

Abstract This proposed work is focused on designing and implementation of seed
sowing process in power tiller vehicle. This project dealswith the design of amechan-
ical machine, which is affordable to farmers, which can plough and sow seeds simul-
taneously in order to save time. The sowing operation includes laying fertilizer and
seed in proper rows at the regular interval, following the covering the seeds with soil
and confirming the proper compaction over the seed. To ensure the seed planting at
the regular interval, the seed metering device is used in this work which is considered
as the key component of the seed sowing process. A wheel is used to drive the seed
metering device. This system could effectively reduce the influence of inhomoge-
neous sowing caused by the slipping of groundwheels. This project aims in designing
a machine whose function is to sow groundnut, crops, etc. This designed machine
will be more attractive and very much beneficial to all farmers because it reduces
the wastage of seeds, time required for sowing, and less man power is required with
reduced time consumption. The observations showed that usingmachine, it consumes
9 s to sow 0.003 h whereas the manual sowing tool 13.2 s.

Keywords Metering device · Seed sowing · Ploughing · Power tiller

1 Introduction

In India, the agriculture acts as a basic backbone and becomes the main source for
livelihood for about 58% of India’s population. As compared to the developed coun-
tries, the increasing population and low level of land production become the problem
in developing countries likeAsia and their neighbourhood countries. Farmers looking
for applying the new technologies will not disturb the soil quality but will raise the
total crop manufacture. In India, cereal yield is 2600 kg/ha approximately, whereas
in USA, yield is nearly 6000 kg/ha which is nearly three times higher than India.
This is possible due to implementation of automation technologies in agricultural
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forming. In the USA, the automation technology in agricultural forming has already
been implemented the cereal yield is neatly 6000 kg/ha, which is three times more
than in India whose yield is just 2600 kg/Hectare approximately.

Now in India, according to the Department of Industrial Policy and Promotion
(DIPP), some of the major investment and development are, by earlier 2019, India
will start exporting sugar to china, startups related to agri-related foods received
more funding, and in Rajasthan, the first mega food park was inaugurated in March
2018.

In India, farmers do agriculture manually, and it involved lot of pain in performing
each and every operation. A farmer may sow at preferred seed rate, but inter-row
and intra-row spacing of the seeds are likely to be irregular which in turn result
in clustering and gaps in the field. The pain and problems involved in doing all
operations can be reduced bymeans of introducing the simple technology. Amachine
names seed sowing machine which assists the farmers in the sowing of seeds at the
desired position and therefore saves money and time.

To achieve the best yield, the spacing between one row to another row, rate of seed
sowing, distance between one seed to another seed, and the depth at which the seed is
placed can be controlled. These factors can vary from one crop to another. Nagesh B.
Adalinge et al. discussed the diverse characteristics of seed sowing machine which
will be supportive for the agriculture industries tomove in the direction ofmechaniza-
tion [1]. Thorat swapnil V. et al. had designed and fabricated seed sowing machine in
which problem encountered during the manual planting was reduced. The machine
was developed to plant different types and different sizes of seeds with the required
spacing [2]. Kunal A. Dhande et al. developed an automatic operated seed sowing
machine in which researchers replaced complex gear system by Hall Effect sensors
for easier operation in seed sowing and also lessen the want of labour. The authors
concluded that the developed model is very useful for small-scale farmers [3]. Pranil
V. Sawalakhe et al. were explored the today’s era is marching towards the hasty
development of all sectors including the cultivation. To encounter the upcoming
food demands, the farmers have to tool the new technique and which will not disturb
the soil texture but will intensify the overall crop production [4]. Senthilnathan et al.
have fabricated and automated the seed sowing machine using Internet on things
(IOT). Agriculture technology is the process of implementing the recent techniques
to develop the crops that are being produced [5]. Due to poor quality, the seeds and
incompetent farming practices, lack of cold storage and harvest spillage around 30%
of the production are wasted.

From the literature, it was found that, powering the farmers with some machines
can increase the yield, so in the proposed project work, seed sowingmachine is devel-
oped which has very less cost and the machine can be easily operated by unskilled
farmers. The primary purpose of the invention is to incorporate both seed sowing
and ploughing in power tiller. Seed metering device is used for seed sowing process,
which ensures seed spacing rate equal and grouping of seeds are avoided.
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Table 1 Main components of the model

S. No. Component name Type/function

01 Engine 150 cc two stroke IC engine

02 Gauge wheel Cultivator gauge wheel is used which drives the metering device in
order to avoid wastage of seed

03 Plough tool Chisel type plough tool is used which initially loosens the sand
while leaving the rubbish on top. It is usually set at 8′′–12′′ deep.
The maximum depth possible is 18′′

04 Metering disc The disc is made of mild steel, which is placed inside the metering
device. Used to carry the seed from storage tank to the outlet pipe
one by one to ensure the uniform distribution

05 Metering device Its basic function is to place the seed in rows at desired depth and
ensures the spacing between one seed to another, shield the seeds
with sand, and provide proper compaction over the seed

06 Frame To support the various other parts of the machine

2 Components of Seed Sowing Machine

The proposed model has the different components arranged in certain fashion to
perform the required task. The main components and its basic function in the model
are given in Table 1.

3 Design of Seed Sowing Machine

The various components of the proposed model were designed using the modelling
software. Fig. 1 shows the model of sowing machine in 2D. The CAD model of the
metering device is shown in Fig. 2. The original metering device is shown in Fig. 3.

Fig. 1 2D model of sowing machine
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Fig. 2 3D model of metering device

Fig. 3 Metering device

In the designedmodel, themetering device is an important onewhich is connected
with the shaft, and it forms the surface contact leads to lower pair. The components
were designed based on the capacity of the power tiller at which it is modified and
fitted. The detailed design calculations were done for rotating the metering device
which is driven by chain drive. The metering device was connected to the larger
sprocket so that it rotates at lower speed than the driven sprocket. Ploughing tool
was fitted at the rear end of the setup which has two ploughing tools. The different
components were arranged as per the proposed model, and the machine was ready
for checking. The sowing cum ploughing machine is shown in Fig. 4.

The designed seed sowing machine is shown in Fig. 5, and it was tested for its
fitness in real-time applications, and the results were discussed in the observations
chapter.

3.1 Observations

The machine is tested for its performance and compared with the manual sowing. It
showed the good improvement in terms of uniform seed sowing and saves human
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Fig. 4 3D model of seed hopper with metering device

Fig. 5 Seed sowing machine

effort. The developed model was tested in real time, and results were compared
with the manual sowing. While using the machine, it took 9 s to sow 30,000 cm2

area which is equal to 0.003 ha. Whereas in manual operation for the same area, it
took 13.8 s. It showed that the considerable reduction in time and improvement in
uniformity of sowing.

4 Conclusion and Future Work

The seed sowing and ploughing machine was designed and fabricated in power tiller
which has the great prospective to increase the productivity of the seed sowing.
The machine was developed using the simple mechanical components with low
cost which can be easily affordable by the farmers. Since the machine performs the
ploughing and sowing operations simultaneously, it saves lot of energy and reduces
the labour cost and labour time. In future, the work can be extended for different
types of seeds by changing the design of the metering wheel.
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Pareto Optimization and Metallurgical
Characterizations of Dissimilar Friction
Stir Welded AA6061–AA7075 Alloys

R. Dinesh Kumar, R. Varthini, and S. Muthukumaran

Abstract Dissimilar friction stir welding of AA6061 and AA7075 is carried out
to analyse the influence of tool shoulder profile, travel speed and rotation speed on
microstructural and mechanical properties. Placing AA6061 on the retreating side
and AA7075 on the advancing side, welding is done with varying shoulder profile
such as flat shoulder, concave shoulder and threaded shoulderwith taper threaded pin.
Numerical models were developed to predict the mechanical characteristics such as
ultimate tensile strength, impact toughness, yield strength and elongation under the
influence of welding process parameters. Further, the welded joints characterization
is done to correlate the microstructure and metal flow with mechanical properties.

Keywords Tool shoulder · Pareto analysis · Precipitate · Strength

1 Introduction

Joining of dissimilar metals is gaining a huge momentum due to its vast application
and usage. AA6061 and AA7075, the heat treatable aluminium alloys, are very diffi-
cult to be joined by the fusionwelding process; and even if welded, they are subjected
to defects like porosity, slag inclusion, solidification cracking and distortion. Friction
stir welding (FSW) was an accidental invention by The Welding Institute (TWI) of
UK in 1991 which is now being an ideal solution for most of the conventionally non-
weldable aluminium alloys [1, 2]. Aluminium alloys are efficiently utilized for FSW
process which has better-joining strength compared to other fusion welding process.
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At higher rotational speed, placing AA6061 on advancing side the tensile strength
increases [3]. The fracture surface reveals that the low rotating speed leads to poor
mixing resulting in the failure of weld nugget [4]. The tool pin with taper thread is
found to have better mixing and strength [5]. The microstructural analysis exhibits
high-density precipitates of zinc and magnesium causing hardening of processing
zone and high level of mechanical strength [6]. Many researchers reported the effect
of tool pin profile onmechanical andmetallurgical properties [7, 8]. However, there is
limited work on the study of the influence of tool shoulder profile on the mechanical
and metallurgical property of weld join. This study mainly focusess on the impact of
tool shoulder profile over the mechanical property for dissimilar welding of AA6061
with AA7075.

2 Experimental Procedure

Dissimilar aluminium alloys such as AA6061 and AA7075 of size 100 mm × 60
mm × 6 mm are butt-welded by friction stir welding process. The tool is made of
D3 material with taper threaded pin having different shoulder profile such as flat
shoulder, concave shoulder and threaded shoulder. The shoulder diameter is 18 mm,
pin diameter and length are 6 mm and 5.6 mm, respectively, with different shoulder
profile such as flat shoulder and taper threaded pin (FTTP), concave shoulder and
taper threaded pin (CTTP) and shoulder and taper threaded pin (STTP) as shown in
Fig. 1. The chemical composition in weight percentage and mechanical property of

Fig. 1 Tool with different shoulder profile
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Table 1 Chemical composition of AA6061-T6 parent metal (wt%)

Parent
metal

Chromium Copper Iron Magnesium Zinc Silicon Manganese Aluminium

AA
6061-T6

0.16 0.31 0.48 0.99 0.1 0.67 0.09 Balance

AA
7075-T6

0.22 1.2 0.23 2.1 5.9 0.1 0.12 Balance

Table 2 Mechanical
properties of base metal

Material Yield stress
(MPa)

Ultimate
strength (MPa)

Elongation (%)

AA6061 T6 276 306 17.3

AA7075-T6 527 571 12

Fig. 2 Specimen for tensile testing

the alloy are shown in Tables 1 and 2. The welded samples are cut for tensile testing
based on ASTM E8 standard using wire EDM as shown in Fig. 2.

Further tensile testing is done with strain rate of 1 mm/min. The samples used
for Charpy V-notch testing are of dimensions 55 mm × 10mm × 6 mm with V
notch at the centre of depth 2 mm and angle 450 included. Micro and macrostruc-
tures were observed by mounting the samples in cold setting powder machined, and
then, polishing is carried out in different stages like emery polishing with Grade
200, 400, 600, 800, 1000, 1200, 1500 followed by alumina polishing with alumina
slurry of 5 microns and diamond polishing with diamond paste of 2 micron size.
Modified Keller’s reagent does etching with 190 ml of distilled water, 5 ml of HNO3,
3 ml of HCl and 2 ml of HF is used to reveal the micro and macrostructure. The
microstructural observation is carried out by stereo and optical microscope.
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3 Results and Discussions

3.1 Modelling Using Response Surface Methodology

A full factorial design was used to create the experimental plan in Minitab 15 statis-
tical software as shown in Table 1. The experimental trials were randomized to
avoid any systematic errors and the corresponding responses such as ultimate tensile
strength (UTS), impact toughness (IT), yield strength (YS) and elongation (EL)
were measured. For each tool profile, a second-order polynomial regression model
was developed based on the experimental data shown in Table 3. For this purpose,
the developed full factorial design was analysed using response surface method-
ology in Minitab. In addition, the developed mathematical models are tested for the
significance of the regression coefficients using ANOVA.

3.2 Numerical Model Under the Effect of CTTP

Using the experimental data (see trial1-9) shown in Table 3, an empirical model
to estimate the UTS, IT, YS and EL of welded joints under the effect of CTTP is
developed as follows:

Maximise UTS = 4.46667A − 0.437083B − 0.0283333A2

+ 0.000216667B2 − 0.000625AB + 298.389

Maximise IT = 4.45A + 0.005B − 0.045A2 − 6.89951E

− 21B2 + 2.03961E − 19AB − 100

Maximise YS = −2.63333A − 0.241667B + 0.0333333A2

+ 0.000108333B2 − 0.0005AB + 398.444

Maximise EL = −1.44419A − 0.0362634B + 0.0187778A2

+ 0.0000231946B2 − 0.000214850AB + 55.0445

40 ≤ A ≤ 60

1000 ≤ B ≤ 1400 (1)

3.3 Numerical Model Under the Effect of FTTP

Similarly, a numericalmodel to estimate the responses under the effect of FTTP using
the experimental data (see trial 10–18) shown in Table 3 is developed as follows.
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Table 3 Experimental design and the responses

Trial
No.

Travel
speed (A)
mm/min

Rotational
speed (B)
(rpm)

Tool
profile
(C)

UTS
(MPa)

Impact
toughness
(J)

Yield
strength
(MPa)

Elongation
(%)

1 50 1000 CTTP 199 191 5.9456 15

2 40 1400 208 191 9.5300 13

3 60 1400 224 192 12.4956 12

4 40 1200 191 190 7.4889 12

5 60 1000 207 198 10.2000 10

6 50 1200 199 185 6.2000 16

7 40 1000 186 193 5.5156 11

8 60 1200 207 190 10.3856 11

9 50 1400 222 191 10.0289 17

10 60 1400 FTTP 220 172 15.0789 7

11 50 1200 201 168 10.5022 12

12 50 1000 196 171 8.5289 10

13 40 1400 205 172 12.1822 8

14 40 1000 176 169 6.3800 6

15 50 1400 224 175 14.4000 12

16 40 1200 187 169 10.0722 8

17 60 1000 197 172 10.9956 5

18 60 1200 202 168 12.9000 7

19 60 1000 STTP 197 148 15.0356 7

20 40 1000 182 148 12.1389 8

21 40 1400 205 147 16.2222 9

22 50 1200 201 143 14.5422 13

23 60 1200 202 145 17.0089 8

24 60 1400 214 144 17.4000 8

25 50 1400 218 146 16.6522 13

26 50 1000 195 145 12.5000 12

27 40 1200 193 150 15.9000 9

Maximise UTS = 10.9167A − 0.275833B − 0.0916667A2

+ 0.000158333B2 − 0.00075AB + 34.1111

Maximise YS = 1.48333A − 0.185417B − 0.01A2

+ 0.0000875B2 − 0.000375AB + 238.833

Maximise EL = 0.30572A + 0.0177056B + 0.00124450A2

+ 0.00000257B2 − 0.000214862AB − 19.3779

40 ≤ A ≤ 60
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1000 ≤ B ≤ 1400 (2)

4 Numerical Model Under the Effect of STTP

Under the effect of STTP, a numerical model for the prediction of the responses is
presented below.

Maximise UTS = 7.28333A − 0.1B − 0.0583333A2

+ 0.0000791667B2 − 0.00075AB + 35.2222

Maximise IT = 4.45A + 0.0325B − 0.045A2 − 1.25E − 5B2

− 4.06829E − 20AB − 118

Maximise YS = −2.01667A − 0.00458333B + 0.02333A2

+ 0.000008333B2 − 0.000375AB + 202.944

Maximise EL=0.708575A + 0.0691094B + 0.010528A2

− 0.0000206388B2 − 0.000214862AB − 16.0958

40 ≤ A ≤ 60

1000 ≤ B ≤ 1400 (3)

The above-developed models were then tested statistically for adequacy using
ANOVA. Generally, the coefficient of determination (R2) is used widely to determine
the reliability of the formulated model. The statistical results showed higher values
of calculated and adjusted R2 values (greater than 0.85) and p-values less than 0.05
implying that the models are highly reliable and significant, respectively.

5 Multi-Objective Optimization Using Augmented Epsilon
Constraint Method (AUGMECON)

In order to determine the optimal responses, the numerical models developed in
the previous section were subjected to a multi-objective procedure—AUGMECON.
This posteriori or generation method, proposed by [9], is a development over the
conventional epsilon constraint method, where each objective function is prioritized
based on the decisionmaker’s preference. AUGMECONwas coded in GAMS 23.5.1
and solved on a 64-bit server with a 3.20 GHz Intel® Core(TM) i5-4570 CPU and
4 GB of RAM using BARON which is a NLP solver.

The Pareto fronts of the developed mathematical models (Eqs. 1–3) are shown in
Fig. 3a–c, respectively. The ideal solution (IP) in each model is also plotted in Fig. 3.



Pareto Optimization and Metallurgical Characterizations … 105

(a) Pareto front of CTTP model (b) Pareto front of FTTP model

(c) Pareto front of STTP model

Fig. 3 3D Pareto front of the developed model with the four objectives—UTS, IT, YS, EL.

The decision maker chooses appropriate design variables for the desired objective
functions based on the non-dimensional solutions obtained. From Fig. 1, it can be
observed that, for smaller values of IT, the Pareto surfaces (i.e. feasible region)
under all three cases become narrower, and a higher EL is found in these regions. For
larger IT, a simultaneous reduction in other responses was also observed. Further,
the responses UTS, YS and IT reach a maximum value under the effect of CTTP,
and EL reaches a maximum under the effect of STTP.

5.1 Heuristics to Determine the Best Compromise Solution

In order to select the best compromise solution among the developed Pareto solutions,
the following heuristics based on the work of [10] is proposed.

Step 1Normalize each objective function in the Pareto front as shown in Eq. (4).

f ′
i (x) = fi (x) − min( f (x))

max( f (x)) − min( f (x))
(4)

where

f ′
i (x) Normalized value of the objective function f (x).
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max( f (x)) Maximum value the objective function f (x) can reach (indicated in the
ideal solution).

min( f (x)) Minimum value of the objective function f (x) among the generated
Pareto solutions (i = 1, 2, … n).

Step 2Determine the Euclidean distance between the normalized ideal Pareto
solution (1, 1, 1, 1) and the normalized objective functions (UTS, YS, IT, EL).
Step 3Select the best compromise solution with the least Euclidean distance from
the normalized ideal solution.

Accordingly, the best compromise solutions were determined as (224.225,
191.391, 13.507, 11.816), (223.453, 173.549, 11.738, 14.057) and (216.908, 143.67,
12.3, 16.329) for the design variables (58 mm/min, 1400 rpm), (53 mm/min,
1400 rpm) and (51 mm/min, 1400 rpm) under the effect of CTTP, FTTP and STTP,
respectively. Based on the results, it can be observed that with the reduction in the
travel speed, a significant increase in elongation is observed; albiet with reduction
in UTS and YS.

6 Metallographic Analysis

6.1 Macrostructure and Microstructural Analysis

Macrostructural image captured by a stereo microscope shown in Fig. 4f. with 2
× magnification reveals the different weld region such as nugget zone, thermo-
mechanically affected zone (TMAZ), heat affected zone (HAZ) and base metal of

Fig. 4 Microstructure and macrostructure of AA6061 and AA7075
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both AA6061 and AA7075 alloys. The microstructure of the weldments observed in
400 × magnification Fig. 4a shows the parent metal of AA6061 with coarser grains.
Figure 4b shows the interlayer formed at TMAZ of 6061 having mixture of coarser
and finer grains. Figure 4c results with fine equi-axised grains in the weld nugget
with a proper mixture of both the materials. Figure 4d exhibits both finer grains and
elongated grains in the TMAZ of 7075 side, the interlayer is also clearly visible, and
finally, Fig. 4e is observed to have elongated grains revealing the rolled nature of
7075 base metal.

7 Conclusion

Dissimilar FSW of AA6061 and AA7075 was successfully carried out by varying
tool shoulder profile, travel speed and rotation speed. The following conclusions are
derived:

1. Numerical models to predict the responses—ultimate tensile strength, impact
toughness, yield strength and elongation under the effects of process parameters
are developed

2. Concave shoulder and taper threaded pin (CTTP) result in better ultimate tensile
strength, yield strength and impact toughness with amaximumvalue of 224MPa,
197 MPa and 17 J under the and Elongation reaches a maximum of 17.5% under
the effect of Shoulder and Taper Threaded Pin.

3. When travel speed is reduced, a significant increase in elongation is observed;
albiet with reduction in ultimate tensile strength and yield strength.

4. Micro and macrostructure reveals the proper mixing of AA6061 and AA7075 in
the weld nugget.
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Emission Reduction in Four-Stroke S.I
Engine Using EGR and Catalytic
Converter

Abhijith Reji, P. Anu Nair, A. K. Saurav, Insam Ismail, and Nidhin Babu

Abstract The objective of this investigation is to reduce the NOx, CO and HC
emissions by using catalytic converter and exhaust gas recirculation. The EGR is to
reduce theNOx emissions, and catalytic converter reduces the CO andHC emissions.
The experimental study was carried out in a four-stroke single cylinder spark ignition
engine. The experimental results show that appreciable reduction of NOx by 40% for
every 2.5% EGR introduction, while CO and HC emission level increases to certain
level. The combined effect of EGR and catalytic converter simultaneously reduce the
CO, HC and NOx emissions. The emission parameters were analysed and compared
with the pure gasoline operation

Keywords EGR · Catalytic converter · Emission

1 Introduction

Internal combustion engines produce undesirable emissions during the combustion
process. It is the dream of the researcher in the field of IC engines to develop fuel
and engine with less quantity of harmful emissions (i.e. NOx, HC and CO) are
generated, and these could be let into the surrounding without a major impact of
the environment. The major causes of emission are dissociation of nitrogen, non-
stoichiometric combustion and impurities in fuel and air. The emission of the SI
engine is worse than the CI engine.

Several technical developments have takenplace to combact the stringent emission
standards world over that are ranging from new engine design for low emissions
to fuels specification and advancement in three-way catalytic converter, oxidation
catalytic converter and EGR technology [1]. The current emission standards would
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need to incorporate all the technologies together, and metal substrate type catalytic
converters are in the market. Metallic substrates possess the technical properties
necessary to conform with both current and future legislations, particularly with
regard to durability, light off and space requirements. Due to the low heat capacity
of the metal in relation to its weight, the amount of heat which the exhaust gas
must transfer to the substrate is less in order to reach the light-off temperature [2].
The metallic catalytic converter can reach the operating temperature about twice
as fact when compared to ceramic converter. This leads to significant decreases
in emissions whenever the vehicle is started under cold starting condition. As the
thermal conductivity of themetal substrate is higher, there is less thermal shock stress
resulting in long life to the converter. Anu Nair et al. [3] conducted an experiment
to study with the use of an exhaust gas recirculation (EGR) system on a given spark
ignition engine for studying the performance and emission characteristics.

Generally, three ways of catalytic converter are employed in SI engines for
reducing the CO, HC and NOx emission. Temperature is an important parameter
for better chemical reactions [4]. However, catalyst ageing tendencies are higher
at very high temperatures [5]. The problem of reduction of NOx emission using
catalytic converter has attracted many people, and they have done lot of research on
this problem.

This paper presents about experimental investigation carried on a four-stroke
single cylinder spark ignition engine usingEGRand catalytic converter. The emission
characteristicswere studiedonSI enginewith andwithout catalytic converter, exhaust
gas recirculation, and it is compared for different speeds with constant load. The
noble metals are generally used as catalyst in catalytic converter. It is very expensive,
so attempts are made to use low cost catalytic material—copper oxide in catalytic
converter, and tests are conducted on the engine.

2 Experimental Methods

The experiment was conducted out in a Hero Honda, four-stroke spark ignition
engine. The oxidation catalytic converter is fixed in exhaust pipe, and EGR valve
is connected with inlet manifold of engine as shown in Fig. 12. The engine was
run at various speeds of constant load without connecting the EGR and catalytic
converter was studied. Then, experiment is conducted on engine using EGR and
catalytic converter for various speeds at constant load. The exhaust emissions CO,
HC, CO2 and O2 are measured by NDIR analyser, and NOx emissions is measured
by exhaust analyser. The emission characteristics are studied on SI engine for the
following attempts at different speeds at constant load.

• Engine operated without EGR and catalytic converter
• Engine operated with EGR for different speeds
• Engine operated with catalytic converter for different speeds
• Engine operated with EGR and catalytic converter for different speeds.
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3 Results and Discussions

Engine parameters such as CO, NOx, HC and conversion efficiency are presented
against different speeds for all the attempts. Figure 1 shows the variation of CO
emission with different engine speeds. It can be observed that CO emission increases
marginally with increase in the engine speed. CO will be increased by about 2%
volume for every 1.5% of EGR introduction. This is due to O2 concentration which
is slightly reduced while increasing the EGR ratio at higher speeds.

Figure 1 shows the HC emission versus different engine speeds. This results
show that HC will be increased by about 200 ppm for every 1.5% of EGR introduc-
tion. Generally, if EGR ratio increases, it is possible that combustion temperature is
reduced with EGR on account of lower oxygen concentration.

Figure 2 shows the variation of NOx emission with different engine speeds. The
results show that NOx emissions appreciably are reduced at higher speeds, when
compared to sole fuel operation. This reduction is due to introduction of exhaust gas
regulation which reduces the combustion temperature. From these investigations, it
can be confirmed that, the use of EGR reduces the NOx emissions.

Variation of CO and HC with different engine speeds is shown in Figs. 3 and 4.
The initial temperature of the bed is low; hence, the marginal reduction of CO is
achieved. The bed temperature increases, as reduction of CO level increases from
2.5% volume to 3.5% volume. It can be noticed that the appreciable reduction in the
CO emission level is obtained where optimum engine speed is reached.

Figure 5 shows the variation of NOx emissions at various engine speeds. It can be
observed that the catalytic converter can help to reduce theNOx emissionmarginally.
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Fig. 3 NOx versus speed
with EGR
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Fig. 4 CO versus speed
with catalytic converter
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Fig. 5 HC versus speed
with catalytic converter HC Vs Speed
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The NOx level does not vary appreciably with use of catalytic converter. This is due
to the copper-coated catalyst to oxidize the CO and HC emissions [6]. The emissions
of HC and CO are much higher for an engine without catalytic converter insert.

Figures 6 and 7 show the effect of EGR with catalytic converter fitted on the
exhaust on CO % by volume and HC in ppm in exhaust, respectively. Initially, the
CO emission is marginal reduction due to lower bed temperature of the catalytic
converter. After 30 km/h, the CO level shows decreases about 2.5% by volume. This
is due to prominent effect of increased bed temperature, due to metal supported
catalyst converter to reach faster the light of temperature. The temperature of the
catalytic converter bed is increased due to resistance offered to the flow of exhaust
gases and due to chemical activity in the bed of the catalytic converter. The effect of
the catalytic converter reduces HC level uniformlywhich decreases about 100 ppm at
maximum engine speed when compared to standard engine. The combined effect of

Fig. 6 NOx versus speed
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Fig. 7 CO versus speed with
EGR and catalytic converter
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Fig. 8 HC versus speed with
EGR and catalytic converter
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EGR with catalytic converter is a significant change in the emission level of exhaust
gases.

Figure 8 gives the NOx emissions with various engine speeds. The results
show that the NOx emission decreases about 300 ppm at maximum speed of the
engine. The combined effect of EGR with catalytic converter reduces the NOx emis-
sion appreciably. This will result in simultaneous reduction in CO, HC and NOx
emissions.

Figures 9 and 10 show the conversion efficiency of CO/HC emissionwith different
engine speeds. The conversion efficiency is low at lower speeds due to lower bed
temperature. The increase in temperature favours oxidation of Carbon monoxide and
Hydrocarbons resulting in good conversion efficiencies [3].

Figure 11 gives the NOx emissions and their reduction rate with EGR ratio. The
results show that NOx emissions decreases linearly with increase in the EGR ratio
andNOxwill be reduced by 10% for every introduction of 1.5% of EGR [3] (Fig. 12).

Fig. 9 NOx versus speed
with EGR and catalytic
converter
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Fig. 10 Conversion
efficiency versus speed for
CO/HC emission
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4 Conclusions

The significant conclusions from the experimental investigation are summarized
below. From the obtained results, the following points were observed.

• There is drastically reduction if CO and HC emissions of engine with catalytic
converter fitted. 2.5% volume CO and 100 ppm HC are reduced with catalytic
converter when compared to sole fuel operation.

• By introduction of EGR, NOx emissions reduction rate increases with increase
in EGR ratio. But the CO and HC emissions increased marginally.

• The combined effect of EGR and catalytic converter shows the simultaneous
reduction of CO, HC and NOx emissions

Therefore, from the above investigations, the combined effect ofEGRandcatalytic
converter shows the reduction of CO, HC and NOx emissions.
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Experimental Analysis of Fuel Spray
Impingement Against the Tip
on the Performance of CI Engine

G. Gopeekrishnan, P. Anu Nair, Midhun Das, Sandeep Santhosh,
and Tom Mathew

Abstract In this study, the conventional DI diesel engine is modified by installing
the impingement head in the form of triangular tips in the cylinder head. The tips
are installed in the path of fuel spray issued from the nozzle hole. Each fuel spray
after impingement is broken into two zones resulting in more uniform and wide
distribution of fuel in combustion chamber. The improved performance in terms of
lower-specific fuel consumption and lower smoke level is obtained.

Keywords DI engine · Impingement · Emission

1 Introduction

The theme of the project is to impinge the fuel spray from nozzle hole against the
impinging wall head. The impinging wall head is in the form of small 30° triangular
bar of 1 mm size named as impingement tip and is installed in the cylinder head in
the path of fuel spray from nozzle hole as shown in Fig. 1.

The spray from the nozzle hole impinges on impingement tip, breaking the fuel
spray as shown in Fig. 2, which results in more uniform and wide distribution of
fuel inside the combustion chamber [1, 2]. Also the use of impingement tip results
in diffused nature of spray and fuel evaporation at initial stage because of the fuel
impingement on hot tip. The purpose of this experimentation is only to verify the
possibility of improving diesel combustion process by the impingement of spray
against the tip [3, 4]. The experimentation is carried out on three configurations,
namely original engine, engine fitted with three tips and engine fitted with single tip.
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Fig. 1 Triangular
impingement tips installed
on the cylinder head

Fig. 2 Fuel spray after
impinging against the edge
of triangular impingement
tip brakes into two zones

2 Experimental Set-up and Experimentation

A single-cylinder, vertical, water-cooled, DI, stationary, Kirloskar make AVI-type
diesel engine was used for experimentation. The schematic representation of the
experimental test set-up used is shown in Fig. 3. The engine specifications are given
in Table 1.
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Fig. 3 Experimental set-up diagram

Table 1 Specification of engine

Specification Details

Engine type Single-cylinder, four-stroke, direct injection, water-cooled,
AVI-type Kirloskar make diesel engine

Rated power (1500 rpm) 3.7 kW

Bore and stroke, mm × mm 80 × 110

Compression ratio 16.50

Fuel injector Multihole fuel injector with three holes, centrally mounted on
combustion chamber

Combustion chamber Central hemispherical cavity on the top of piston

The test set-up for performing the trials was provided with rope brake
dynamometer for measuring brake load with two 50 kg spring balances. The fuel
consumption was measured by digital weighing balance and stopwatch. The exhaust
gas temperature was measured at a distance of 10 cm from the flange of exhaust
manifold with the help of thermocouple. The smoke level in exhaust was measured
in terms of smoke number k with Neptune make Opax—2000 II smoke meter. The
value of smoke number k ranges from 0 to 10. The cooling water circuit was specially
designed for maintaining the engine at constant temperature irrespective of load. The
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outlet coolant temperaturewasmaintained at 70 °Cby usingmixing tank. The coolant
flow was circulated by the pump, and rotameter was provided for measuring the flow
of coolant through the engine.

The impingement tips installed in the cylinder head were in the form of triangular
bars. The angle of isosceles triangular tip faces the incoming spray breaking it into
two zones. This angle is termed as tip angle. The size of the tip is the length of side
opposite to tip angle. The impingement tips in the form of 30° triangular bars having
size of 1 mm were used for experimentation.

The experimentation was carried out on three configurations as original engine,
engine fitted with three tips and the engine fitted with single tip. The performance
parameters selected for this experimentation were BSFC and smoke level. The effect
of injection pressure on the performance parameters was also seen.

The observations for various configurations were taken by changing the load on
the engine and keeping the engine speed constant. The engine speed was kept at
1500 rpm, and the injection pressure was varied for three values of 180, 200 and
220 bar.

3 Results and Discussions

3.1 Effect on BSFC

The engine fitted with single impingement tip shows lower fuel consumption than
original engine at all loads (Fig. 4). It gives 7% decrease in BSFC at full load and
21.6% at 20% load, whereas the engine fitted three tips show higher BSFC at port
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load and lower BSFC at full load. The decrease in BSFC is 5.3% at full load for three
tips.

From the results obtained, it is found that the engine fitted with single tip gives
lower-specific fuel consumption compared to original engine.This gives an indication
for improvement in fuel consumption by reducing the fuel sticking to the tips.

The reduction in fuel consumption with the use of impingement tips may be
because of spray diffusion or early evaporation of fuel droplets fromhot impingement
tips. Their exact contribution towards the improvement in diesel combustion couldnot
be predicted since it requires analysis ofP − θ diagramand combustion photography.

Comparing the results obtained, the present spray impingement system demon-
strates less fuel consumption from part load to full load compared to NICS [5]* and
OSKA-DH [6]* system. The present system gives 21.6% decrease in BSFC at part
load and 7% decrease at full load. The NICS system gives 3% increase in BSFC at
part load and 20% increase at full load. The OSKA-DH system shows 10% decrease
in BSFC at part load and 2% decrease at full load.

3.2 Effect on Smoke Level

The smoke level increases with the increase in load for each configuration (Fig. 5).
The sharp rise in smoke level was observed at full load. This is quite obvious, with
the increase in load, the quantity of fuel injected increases leading to incomplete
combustion. The engine fitted with single tip shows lower smoke level at all loads
compared to original engine, whereas for the engine fitted with three tips, the smoke
level was slightly higher at middle engine loads and lower at part load and full load
compared to original engine. The reduction in smoke level for the engine fitted with
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impingement tips is mainly because of brake up of core and diffused nature of broken
spray.

Comparing the results obtained, the present spray impingement system demon-
strates lower smoke level compared to NICS [5]* and OSKA-DH [6]* system. The
present system gives 60% decrease in smoke level at part load and 23.07% decrease
at full load. The NICS system gives 62.5% increase in smoke level at part load and
12.5% increase at full load. The OSKA-DH system shows 15.38% increase in smoke
level at full load.

3.3 Effect on Exhaust Gas Temperature

The exhaust gas temperature increases with increase in load for all configurations
(Fig. 6). This is because of the fact that, with the increase in load, the amount of fuel
injected increases which results in more degree of incomplete combustion, hence
more afterburning of the charge and more exhaust gas temperature. The interesting
trend is exhibited by the three configurations from 60 to 100% load. The exhaust gas
temperature is decreasingwith the increase in number of fuel zones in the combustion
chamber.

4 Conclusions

The significant conclusions from the experimental investigation are summarised
below. From the obtained results, the following points were observed:
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1. The engine fitted with impingement tip gives marginally lower smoke level and
fuel consumption compared to original engine.

2. The observation of the tips after the total running of 12 h shows no carbon
deposition with brown colour appearance which is an indication of good diesel
combustion. The diesel engine run was normal.

3. The reduction in both parameters smoke level and specific fuel consumption
together with no evidence of carbon deposition on tips clearly indicates the
improvement in diesel combustion process with the use of impingement tip.

4. Themarginally lower performance of enginewith three tips as compared to single
tip is because of the more amount of fuel sticking to the tips.

5. Finally, the use of impingement tip clearly gives the clue for improvement in
combustion process which requires further detailed study on spray diffusion
with tip.
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Solving the Flexible Job Shop Scheduling
Problem Using an Effective Jaya
Algorithm

Rylan Caldeira and A. Gnanavelbabu

Abstract Flexible job shop scheduling problem (FJSSP) is considered to be NP-
hard, in which the allocation of operations to machines is not predetermined. Due
to the complex nature of this problem, various metaheuristics have been increas-
ingly employed to address the problem, obtaining satisfactory solutions in a reason-
able computational time. In this work, an upcoming heuristic named Jaya algo-
rithm (JA) is employed to minimize the makespan. The JA enjoys the advantages of
absence of any algorithm-specific parameter to be tuned to achieve optimal solutions
and reduced computational effort. Although JA has powerful exploration capabil-
ities, it lacks exploitation capability. To enhance this shortfall, an effective local
search technique is integrated to improve the local search ability of the JA. Hence,
the proposed approach possesses superior diversification and intensification search
abilities. The performance of the effective Jaya algorithm is compared with other
well-known reported algorithms with Kacems benchmark instances. Experimental
results revealed that the proposed algorithm gave the best results for all five problem
instances.

Keywords Flexible job shop scheduling · Local search ·Makespan · Jaya
algorithm

1 Introduction

Competitiveness is the backbone of sustenance of an industry. One of the factors
through which the latter can be achieved is through an effective scheduling system.
Scheduling is the process of allocating resources in a manufacturing plant. It is
considered to be a complex but most essential process for the efficient functioning of
the manufacturing system. Scheduling is required to meet customer demands on or
before the due date, thereby improving customer satisfaction. Proper scheduling will
also enable the available resources to be utilized effectively. FJSSP is a classification
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of the JSSP which is a NP-hard problem [1] in which the allocation of operations
to machines is not predefined. In FJSSP, machines are capable of processing all or
some jobs. This makes it more practical and complex as compared to JSSP. The FSSP
consists of two subproblems: (1) routing subproblemwhich dealswith the assignment
of each operation to a machine from a set of capable machines; and (2) sequencing
subproblem in which developing an arrangement of the assigned operations on the
assigned machines satisfying precedence constraints and optimizing a predefined
performance measure. Depending upon the flexibility to process operations, FJSSP
can be classified as total FJSSP wherein each operation can be processed on any of
the available machines and partial FJSSP in which some of the operations can be
processed on certain available machines.

The paper is ordered as follows: after the literature review in Sects. 2, 3, it defines
the FJSSP. Section 4 describes the Jaya algorithm and the local search technique.
The computational results are presented in Sect. 5. Finally, Sect. 6 concludes the
paper suggesting the directions for future research.

2 Literature Review

Over the past years, various methods and techniques were employed to address
the FJSSP. The earliest contributions are being that of Brucker and Schlie [2]. In
recent years, due to its complexity, a large number of evolutionary algorithms and
hybrid techniques were used by researchers to achieve near-optimal solutions in
a reasonable time. Shen et al. [3] addressed the FJSSP with sequence-dependent
set-up times considering the performance measure of minimizing makespan and
developed an improved TS algorithm to solve large instances of the problem. Zandieh
et al. [4] employed SA along with an improved imperialist competitive algorithm to
enhance the performance by efficiently exploring the solution space for the FJSSP
under condition-based maintenance. Zhang et al. [5] addressed a multi-objective
FJSSP and employed amulti-population genetic algorithm considering themakespan
and the machine workload as objectives. Wang et al. [6] proposed an effective ant
colony optimization (ACO) algorithm which included improved selection rules for
machines, initializing uniformly distributed ant mechanism, a pheromone guiding
mechanism, node selection method and a pheromone updating mechanism. Zhang
et al. [7] solved the FJSSP employing a chaotic differential evolution algorithm
with the performance measure as makespan. Gao et al. [8] addressed the FJSSP
considering fuzzy processing times and new job insertions and proposed a two-stage
artificial bee colony (TABC) algorithm to solve it with an objective tominimize fuzzy
makespan. Zeng and Wang [9] proposed a novel artificial immune algorithm (AIA)
integrated with PSO to maintain diversity and prevent being trapped in the local
optima. Buddala and Mahapatra [10] solved the FJSSP considering an integrated
approach using teaching–learning-based optimization (TLBO) along with a local
search, to improve the solution quality and a mutation strategy, to maintain the
diversity of the population.Gao et al. [11] addressed the FJSSPwith new job insertion
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and employed Jaya algorithm to solve it with an objective to minimize machine
workload.

From the above literature, it can be seen that various metaheuristics are increas-
ingly employed to solve the FJSSP. An upcoming metaheuristic named Jaya algo-
rithm, proposed recently by Rao [12] ,is employed in this work. Jaya algorithm is
considered to have superiority over other algorithms in terms of absence of any
algorithm-specific parameters which need to be tuned to achieve optimal solutions
and reduced computational effort due to less number of function evaluations [13].
Hence, an attempt ismade to investigate the performance of Jaya algorithm in solving
the FJSSP. The proposed Jaya algorithm is integrated with an effective local search
technique to improve its local search ability and thereby improving the solution
quality.

3 Problem Formulation

A FJSSP comprisesmmachines on which j jobs are to be processed. The processing
sequence of each jobmay be different. The FJSSP involves the allocation of operation
of jobs to machines from a set of available machines in the predetermined processing
sequence considering the specified processing times so as to minimize themakespan.
Each job has o number of predetermined operations O = {Oj1, Oj2, Oj3, …, Ojm} to
be processed on m machines. Each operation of the jobs can be processed on several
machines with different processing times resulting in R = {R1, R2, R3, …, Rr}
processing routes. The transportation time and machine set-up times are included
in the processing time of the jobs. For the complete processing of a job, all the
operations need to the completed in the predefined sequence resulting in a constrained
optimization problem. Pre-emption is not allowed, i.e. interruption of an operation
cannot be done once started. A machine can process only a single operation at a
time. All jobs and machines are available at time t = 0. The objective is to minimize
the makespan. The detailed mathematical model for the FJSSP can be referred to in
[10].

4 Jaya Algorithm

Jaya algorithm is recently proposed by Rao [14]. The algorithm tends to shift the
current solution in the direction of the best solution of a population and away from the
worst solution for every computational step. Unlike other metaheuristics, the algo-
rithm has an advantage of the absence of any algorithm-specific parameters which
need to be tuned to obtain an optimal solution, resulting in easy implementation.
Since the algorithm has only a single equation, the numbers of function evaluations
are also less as compared to other metaheuristics. The algorithm is mathematically
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described in the following manner. For each step, k, identify the best and worst solu-
tion as Fbest and Fworst, respectively, then the remaining solutions are modified as
follows:

Fnewk = Foldk + x1 × (Fbest − |Fk |)− x2 × (Fworst − |Fk |) (1)

where x1 and x2 are the two random numbers between 0 and 1. The terms x1
× (Fbest − |Fi |) and x2 × (Fworst − |Fi |) represent the tendency of the solution to
improve its value by moving in the direction of the best solution and away from
the worst solution. If the new solution results in a better value, it is selected. The
drawback of Jaya algorithm is that it lacks local search capability. Hence, an effective
local search is proposed to enhance exploitation capability and improve the solution
quality. Population initialization rules are employed to generate the initial population.

4.1 Local Search Technique

The following local search technique is performed after the Jaya algorithm during
each iteration.

(I) Select the set of worst solution from the current population, i.e. solution which
has minimum makespan value.
(II) For every solution, identify an individual operation among the set of
operations.
(III) Iteratively allocate machines other than the present machine allocated for
that operation.
(IV) If a solution generates a better value of makespan, replace it with the original
solution.

5 Computational Results

The performance of the proposed Jaya algorithm is compared with eight other meta-
heuristics on five Kacem’s [12, 15] benchmark problems. The algorithm was coded
in MATLAB 2011. The various test problem sizes range from four parts and five
machines to 15 parts and ten machines. Each of the test problems is solved five times
resulting in 25 instances of problems-solving, to explore the inherent randomness
present in the procedural in working of the algorithm. Average makespan values are
tabulated in Table 1. The convergence of Kacem’s 10 * 15 problem is shown in Fig. 1
for 30 iterations. A Gantt chart obtained using the proposed approach is shown for
Kacem’s 8 * 8 problem instance in Fig. 2. The x-axis shows the processing time, and
y-axis indicates the machine.
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Fig. 1 Convergence of Kacem’s 15 * 10 instance

6 Conclusion

This work considers makespan as the performance measure in the FJSSP. Experi-
mental results from Table 1 show that the proposed Jaya algorithm gives the best
results across all problem instances. The highlight of the Jaya algorithm is the absence
of any algorithm-specific tuning parameter and reduced computational effort making
its implementation easy and efficient. Previous metaheuristics employed to solve
FJSSP contain algorithm-specific tuning parameters making a selection of the right
parameter for the optimal solution a difficult task. An apparent extension of this work
is to incorporate the Jaya algorithmwith algorithms like simulated annealing and tabu
search. In addition, a time-based comparison of these heuristic can be explored.
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Fig. 2 Gantt chart of Kacem’s 8 * 8 instance
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Wear Analysis of Epoxy Resin
Composites Reinforced with Seashell

A. Sivanand, C. Devanathan, E. Shankar, and P. PrasannaKumar

Abstract Make in India initiative becomes a major drive for Indian Composites
Market growth. For renewable energy, gas and oil, chemical industries, smart city
construction (building and construction) and water management, the components
made of composites are imminent. To support the effort, in this project work, two
different composites were prepared and tested for its wear resistance and specific
wear resistance using pin on disc apparatus. Composites were made with pure epoxy
and 20% seashell mixed with epoxy resins. This type of composites was mostly used
with large number of resins, motor housing, telephones and electrical fixtures, etc. To
carry out the wear analysis load, sliding velocity and sliding distance had been taken
as different parameters. From the results, it was learnt that the parameters considered
were indirectly proportional to wear resistance and specific wear resistance. When
comparing the two composites, seashell mixed composites had offered better wear
resistance than the pure epoxy resin.

Keywords Epoxy resin · Seashell · Natural composites · Pin on disc

1 Introduction

Epoxy resins are more costly than polyesters but their comprehensive range of prop-
erties canmake them the better choice for critical applications like aircraft. Themajor
benefits of using epoxy include its capability to tailor made to different products with
low shrinkage, strong mechanical properties, which can be used at higher tempera-
ture as high as 1750 °C and are compatible with common reinforcement. The viable
importance in epoxy resins was initially made by the German Patent publication with
number 676 117 by I G Farben1 in 1939.

An epoxy resin belongs to a family of polymer materials under the support of
thermoset. Epoxy resins are formed by a reaction of an epoxide with a hardener
or polyamine that has tremendous cross linking to create a very tough and stiff
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polymer. Epoxy resin has been a dominant matrix material used in the development
of advanced composite materials because of the excellent properties. Zion Market
Research recently had published the survey report, according to which the IN 2016,
worldwide epoxy resins market accounted for 7.9 Billion USD in 2016 and is antici-
pated to extent 11.5 Billion USD by 2022, growing at a compound annual growth rate
(CAGR) of around 6.8% between 2017 and 2022. Manchester University scientist
Leeds acquired an inspiration from seashell, calcium carbonate to create a strong
and tough polymer.

Oladele et al. [1] studied the mechanical properties and wear resistance of
epoxy polymers filled with calcined particles of African land snail shells using
Taber Abraser and UTM and concluded that higher amount of loading of filler and
smaller particle size in bio composites have increased the mechanical properties and
resistance against wear. Larger particle size showed no significant enhancement in
mechanical properties.

Bello et al. [2] reviewed the currently ongoing research in epoxy resin hybrid nano
composites for engineering applications. Kumar et al. [3] investigated the tribolog-
ical properties of the composites fabricated by biowaste horn fibre and epoxy resin
and optimized using Grey relational analysis. The specimen prepared by optimum
parameters has lesser density and higher coefficient of friction, and therefore, they
can be used in brake pads, clutch discs, etc.

Vignesh et al [4], studied the mechanical properties of seashell particles with
various particle sizes which are mixed with unsaturated polyester resins. For smaller
particle size, the void is very thin, and in turn, it avoids the voids, so that the materials
are very strong. Odusanya et al. [5] considered the water absorption characteristic
of unsaturated polyester composites. Researcher tried 250 µm ground seashell at
different percentage of resin polyester and studied flexural strength, impact and
hardness properties. It was observed that the properties were greatly increased for
10% loading of seashell filler. Karthick et al. [6] made an attempt to analyse tribolog-
ical properties of seashell nano powder introduced in PMMA composites at different
volume fraction, and the results showed that 12% addition of seashell powder offered
more wear resistance. Further increase in reinforcement particles developed more
frictional force which results in the decrease in wear resistance.

In the proposed work, two different composites were prepared with 100 and 80%
epoxy with 0 and 20% seashell reinforcement. The composites were tested in pin on
disc apparatus for specific wear rate and wear rate.

2 Experimental Procedure

Raw materials such as seashell and isophthalic epoxy resin were taken and mixed
at required proportion, then catalyst methyl ethyl ketone peroxide and accelerator
cobalt naphthenate are added to ensure the proper and uniform mixing. The resin
and seashell powder are shown in Figs. 1 and 2. The mixture is then poured in the
designed mould and allowed for 6–8 h to prepare the composites. The used mould is
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Fig. 1 Isophthalic epoxy
resin

Fig.2 Powdered seashell
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Fig. 3 Composite mould

shown in Fig. 3. The cured composites were removed from the mould and prepared
for wear testing in pin on disc apparatus. Figure 4 shows the composites prepared
for further testing.

The basic concept of pin on disc is shown in Fig. 5. The experimental set-up
involves a hardened steel disc. The initial weight of the specimen was measured, and
after the test the final weight was measured with a single-pan electronic weighing
machine with an accuracy of 0.001 g. Material loss was determined by weight loss
method. The actual machine set where the experiments were conducted is shown in
Fig. 6.

Fig.4 Prepared composites
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Fig. 5 Concept of pin on disc set-up [9]

Fig. 6 Pin on disc testing machine

3 Results and Discussion

A tribometer is an instrument thatmeasures tribological quantities, such as coefficient
of friction, friction force and wear volume, between two surfaces in contact.

The volume of wear in any arrangement will, in general, depend upon the number
of system factors such as the machining characteristic, sliding velocity, sliding
distance and properties of the material. The value of any wear test method lies in
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Fig. 7 Pin on disc test
system

predicting the relative ranking of material combinations. The specimen for pin on
disc apparatus was prepared as per ASTM G99-05 which is shown in Fig. 7.

In the present work, to analyse the specific wear rate and wear rate for different
process parameters such as load, sliding velocity and sliding distance, these parame-
ters are taken at three different levels in order to conduct the pin on disc experiments.
L9 orthogonal array was selected for conducting the experiments. Table 1 shows the
different parameters and their levels.

The weight loss of the specimen was measured after the wear test in order to
calculate the specific wear rate by the following equation:

Specific Wear Rate(SWR) = �m/ρ.t.VS.FN
(
mm3/Nm

)
(1)

Wear rate is calculated by using the following equation:

Wear Rate (WR) = m/2�.r.n.t (2)

Table 1 Process parameters for wear test

S. No. Parameter Level 1 Level 2 Level 3

1 Load (N) 10 20 30

2 Sliding velocity (m/s) 1 2 3

3 Sliding distance (m) 1500 1000 500



Wear Analysis of Epoxy Resin Composites Reinforced with Seashell 139

The specific wear rate and wear rate were calculated for various parameters, and
its effect was plotted as graph. Figures 8, 9 and 10 depict the effect of load, sliding
velocity, sliding distance on wear rate and specific wear rate, respectively, for pure
epoxy resin without addition of seashell.

From Figs. 8, 9 and 10, it was clear that both wear rate and specific wear rate
decrease when the parameter value increases. All the three considered parameters
had inverse effect on output parameters. The current experimental results were very
similar to the results obtained by Emad omrani et al., while checking for polymer
matrix composites reinforced with natural fibres [7]. This trend is identical for
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20% seashell mixed composites, whereas the 20% seashell reinforced composites
were showed better results than the pure epoxy. Figures 11, 12 and 13 showed the
effect of load, sliding velocity, sliding distance on wear rate and specific wear rate,
respectively, for 20% seashell mixed composites.
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4 Conclusion

In the stated work, two different types of composites were prepared: one with pure
resin with addition of reinforcement and the other one with 20% addition of seashell.
These composites were tested on pin on disc apparatus to analyse various tribological
factors like specific wear rate and wear rate when changing various input parame-
ters like load, sliding velocity and sliding distance. The test results revealed that
increasing the above said parameters leads to decrease in the specific wear rate and
wear rate. This trend is common for both pure epoxy resin and 20% seashell mixed
composites. When comparing the values among these two composites, the seashell
mixed composites had given the better results than the pure epoxy resin composites.
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A Brief Review: Study of Machinability
Aspects of Hard Metals Using Micro
Textured Inserts

Indraneel Soppa and Swastik Pradhan

Abstract Nowadays, new technologies are being developed in thefield ofmachining
to enhance themachinability criteria of the cutting tools. In the current years, sustain-
able machining approach is used to improve performance of cutting inserts. The
recent advancement is made in the field of micro texture manufacturing on the rake
face and flank face of the cutting inserts. Fabricating micro texturing on the cutting
inserts leads improving of tribological properties. Current study provides fabrication
of micro texture, study of machinability aspect and comparison between coated the
uncoated micro texture tool. Present literature study shows that micro texture cutting
tools with inclusion of solid lubricants which is enhancing the performance of the
cutting inserts lead to increase in tool life.

Keywords Micro texture cutting insert · Tool wear · Chip morphology · Cutting
temperature · Surface roughness

1 Introduction

Dry machining of hard metals is difficult because of its poor thermal conductivity
and high reactivity. It causes severe tool wear, like adhesion wear and flank wear,
and deformation in tools takes place while machining of hard metals. So, researches
are used in cutting fluids to eliminate the effect on the tool. Its causes a harmful
effect to the operator and storing and disposal of cutting fluid is taking twice the cost
of total machining cost. So researches developed sustainable machining conditions
like surface texturing, solid lubrications cryogenic andminimumquantity lubrication
(MQL) conditions [1]. Recently, researches developed the micro and nano textures
on rake face with or without filling of the solid lubricant in the cutting tool inserts;
it also called as self-lubricating tools [2]. This technique is sustainable machining
which refers alternatively flooded machining. The present literature survey is carried
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out with respect to the last four-year enhancements in the field of the micro textured
insert.

2 Literature Survey

2.1 Surface Texture Manufacturing on Cutting Insert

Texturing on the surface of the inserts will act self-lubricating, and it can improve
tribological performance of the inserts [3]. There are several ways to create textures
on the surface [4]. These various researchers manufacture micro texture using wire
electric discharge machining [5–11], laser surface texturing (LST) [12–25], different
hardness tester and scratch tester micro texture are created on the surface on the
rake surface [26–29]. In this survey, researchers use different types of textures
like parallel, perpendicular, holes, elliptical, chevron, squares pyramid, dimples and
volcano shapes are created on the rake or flank face.

2.2 Cutting Forces

Cutting force acting on the cutting tool by its cutting conditions reduction of forces
would exhibit extension of tool life by following researchers. Machining of Ti-6Al-
4V cutting forces like feed and thrust forces acting on tool is reduced in perpendicular
texture tool than non-groove inserts [5].Comparison of experimental and simulation
results is almost equal in perpendicular texture tool [6].Between coated and uncoated
tool, cross texture insert is coated with TiAlN there reduced feed and thrust forces by
22% and 35%, respectively [7]. Reduction of forces in micro texture is coated with
TiAlN tool [24]. Parallel-type deep submillimetre texture tool is reducing cutting
force [16]. Comparison of cutting forces between AlCrN and AlTiN coated micro
texture tools shows that main cutting forces are exhibited maximum reduction up to
4.8% when compared to plain tool [17]. Machining of Al-Cu/TiB2 composites with
linear texture perpendicular to chip flow has reduced the principal cutting force [8].
Machining of hardened steel with a composite micro textured ceramic tool shows a
good reduction in all the three forces [9]. Force is increasedwith respect tomachining
speed and depth of cut in parallel texture insert under cryo-treatment [11].Machining
of 4340 hardened steel based onL27Taguchi layout cutting forces is reduced inmicro
texture design created at a distance of 100 µm, width of 100 µm, pitch of 360 µm,
dimple diameter of 100µm and depth of 140µm [12]. Machining of AISI 316 forces
investigated under dry and wet conditions with micro texture tool with parallel to
chip flow reduces forces by 5% in dry conditions and in wet conditions 4.7% is
reduced when compared to conventional tool [13]. Machining of ZK60 Mg alloy
under cryogenic conditions reduces maximum of 22% force in comparison with
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textured and untextured tool [15]. Machining of Al7075-T6 aerospace alloy cutting
force and thrust force reduces to 9% and 19%, respectively [18].Machining inA6061
alloy is that volcano type texture is lower in rough cutting force and in finishing
volcano type texture increases the force because of coolant [23]. By machining of
AISI 1040 alloy steel with micro textured coated and uncoated solid lubrication of
MoS2 on HSS tool, the forces get reduced in the solid lubricated coated tool [26].
Machining of AISI 1040 steel with HSS tool filled and unfilled micro texture tool
also reduces the forces [28]. Micro texture coated with MoS2 also reduced the forces
[29]. Machining of mild steel and aluminium with HSS tool affects the axial, radial
and main cutting forces by 41%, 38% and 22% and in the case of aluminium 20%,
18% and 13%, respectively, as compared to that of the conventional tool [27]. By
FEM simulation, cutting forces are reduced averagely 11.88% to plain tool [30]. In
microgroove tool, average of 16.68% reduction in main force than plain tool [31]
based upon microgrooves rake angles also plays a role in reduction in forces [32].

2.3 Cutting Temperature

Cutting temperature on the cutting tool plays a major role. By reducing the cutting
temperature of cutting tool reduces the tool wear, shear strength of tool and tool–chip
interface. Cutting temperature rise with respect to cutting speed but by using perpen-
dicular texture tool a reduction of 29% in cutting temperature was shown during
machining [5]. Comparison between coated and uncoated tools than TiAlN coated
tool shows 32% reduction in temperature with respect to remaining texture [7]. Angle
to chip flow texture has generated lower cutting temperature while in parallel to chip
texture temperature is increased because more chip interface is observed [9]. Using
MQL reduced the temperature in the micro texture design of 1 mm deep hole with
diameter 0.4 and 0.6 on different sides of the insert up to 40% and 30%, respec-
tively [10]. Under cryogenic conditions, maximum 50% reduction of temperature
is observed in micro texture tool [15]. Temperature of the workpiece increases with
respect to feed and speed whileMoS2 filled insert has reduced the workpiece temper-
ature [28]. HSS tool with micro textured has reduced temperature up to 3.28% in
mild steel while in case of aluminium there is a maximum reduction up to 12% [27].
Temperature is decreased in microgrooved tool due to less tool–chip interface [30].
Average cutting temperature microgrooved tool has 19.03% less than plain tool [31].

2.4 Surface Roughness

While machining, good surface roughness of the material should be achieved; other-
wise, manufacturing cost would increase. So the surface roughness on the cutting
tool is studied by the researcher. Desirable surface finished is achieved in micro hole
texture when compared to the normal tool [10]. Higher machining speed and depth of
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cut affect the surface roughness of thematerial in the case of parallel texture and cryo-
treatment [11]. There are three types of microgroove texture like parallel vertical and
a micro hole to cutting edge. The surface roughness of Gcr15 material is desirable
in the case of micro hole texture PCBN inserts [14]. Better surface finish is achieved
in under micro texture under cryogenic conditions. There is a 20% improvement
in surface finish compared to the conventional tool [15]. In terms of micro texture
on the flank face, there is no improvement [21]. Micro texture tools of coated and
uncoated achieved good machined surface when compared to conventional tool [24].
Due to the presence of graphite in micro texture, Ra value reduces approximately
40–20% at higher speed [25]. Surface roughness is improved 15% and 25% in mild
steel and aluminium, respectively, using micro texture tool with respect to cutting
speed [27]. Good surface finish got in lubrication filled micro texture. Surface finish
affects while increasing feed [28].

2.5 Chip Morphology

Chip morphology plays a major role in the cutting tool by reduction of tool–chip
interface will reduce tool wear and improve tool life and machining force by the
following researcher. Different types of chips produced while machining of Ti-6Al-
4 V that less saw tooth chips are formed at a lower speed. Due to less friction, curled
chips are formed in the case of perpendicular texture tool [5]. Serrated chips are
formed in TiAlN coated texture tool [7]. Snarled chips are produced in the long and
short chip in all types of insert. Diameter of snarled chips is reduced in perpendicular
texture tool [8]. Serrated chips are formed in case of traditional tool while in micro
textured breaking of serrated chips and chip width is also reduced [9]. Snarled ribbon
chips are formed in the normal tool while in micro texture tool coil-type chips are
formed [10]. Small and curled chips are formed due to micro texturing with CaF2
lubrication, and the tool–chip interface is less so friction is less [12]. Smaller thickness
with curling in textured coated tool was observed due to the reduction in tool–chip
interface area [17]. Chip formed in dimple texture gets adhesion and increases the
rake angle [18]. Texture inserts chips show texture impressions on the back side of
chips [20]. Powder chips are produced in green ceramic composites due to which
microgrooves abrasion wear is prevented by powder chips [21]. Curlier chips in
rough turning and smooth chips are formed in volcano type texture tool and act as
chip breaker [23]. Curled chips are formed, and curled radius of chips is reduced in
coated texture tools [24]. Due to the presence of MoS2 in micro texture tool, it acts
as thin-film lubrication and reduces tool–chip interface, and there is no change in
chip thickness [26]. Micro texture acts as a chip breaker and reduces the tool–chip
interface that forms a continuous chip in aluminium and mild steel [27].Serrated
chips are formed, and less chip thickness is observed in lubricated insert [28].
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2.6 Tool Wear and Adhesion

Based upon tool wear and adhesion, the tool life is dependent if the tool life is
increased more parts are to be manufacture by the following researcher. Tool wear
in micro texture tools less crater wear appeared than a normal tool [5]. The perpen-
dicular texture tool has low wear because of less friction. Maximum flank wear is
reduced in TiAlN coated perpendicular texture tool [7]. Low amount of adhesion
of perpendicular texture tool and no formation of built-up edge and tool wear are
reduced under the proper lubrication [8]. Adhesion of Fe is taking place in the tradi-
tional tool while micro texture tool of less deposition of Fe is observed [9]. Micro
holes have reduced the formation of built-up edge and reduction of flank wear that
increased tool life [10]. Due to abrasion mechanism between the rake surface of
textured cutting tool and chip coming out at the time of machining the texture flank
wear exists [11]. Deposition of Fe takes place in a conventional tool, and less depo-
sition of Fe takes place due to lubrication heat dissipated on the tool [13]. Adhesion
wear is found in dry conditions, and a smaller amount of adhesion is 27% of reduc-
tion in adhesive wear in parallel texture tool shown in cryogenic conditions [15].
Formation on built-up edge in tool due to abrasions and coating delamination takes
place in AlCrN coated tool, and due tomicro texture there is a reduction in flankwear
[17]. Micro dimples are filled with built-up layer also formed bulge [18]. Tool life is
increased by using of low pressure jet coolant, and flank wear is reduced in texture on
rake surface [19]. Combination of dimple and square pyramids texture on rake and
flank surface reduced the flank wear [20]. Low rake face wear exists, and abrasion
wear appears in flank face and parallel-type texture are good to wear resistance [21].
Volcano and microgroove texture have a similar type of adhesion, and crater wear
appears as filling of microgroove [23]. That coated textured tools are a reduction
in flank wear, and no cracks appeared in coated texture tool [24]. Lubrication filled
texture decreased the tool–chip interface, and lower tool wear exists [29].

3 Conclusion

The current literature study presents the study of different machining effect on the
machinability of the workpiece using the micro texture tool insert. Most of the
researcher manufactured the micro texture using laser surface texturing to achieve
more accuracy of desirable dimensions. Using micro texture on tool rake face that
reduces the tool and chip interface so that effect of cutting forces and cutting temper-
ature, tool wear is reduced by increasing the quality of the machined surface as
compared to conventional tool inserts. The overall performance of the coated micro
texture inserts is good as compared to uncoated micro texture inserts. Addition of
solid lubrication, minimum quantity lubrication (MQL) and cryogenic condition to
micro textured inserts will enrich the performance of the cutting by increasing the
tool life and surface finish.
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Optimization of Process Parameters
in EDM Using Standard Deviation
and MOORAMethod

J. Anitha and Raja Das

Abstract In the current study, the application of standard deviation and multi-
objective optimization based on ratio analysis (MOORA) is applied to optimize the
process parameters in Electro discharge machine (EDM). The impact of the process
parameters, namely current, pulse on time, duty cycle and voltage on the perfor-
mance measures like the material removal rate (MRR) and surface roughness (Ra) is
studied in this experimental work. MOORA in combination with standard deviation
is used as an improvement procedure. Standard deviation is applied to choose the
weights that are used for normalizing the performance measures which are obtained
from the experimental outcomes. The weights obtained using standard deviation are
as follows: MRR is 0.53 and Ra is 0.47. The best combination of process parameters
to maximize the MRR and minimize the Ra are current 15 units (level 3), duty cycle
50 (level 1), pulse on time 100 units (level 3) and voltage 50 units (level 3).

Keywords Multi-objective method-MOORA · EDM · Material removal rate ·
Surface roughness · Standard deviation

1 Introduction

Electric discharge machining (EDM) is a widely and efficiently used non-
conventional machining process. The main advantage of this process is that it can
engine any electrically conductive solid regardless of its hardness. It is mainly used
for manufacturing automobile components, aerospace components, injection molds,
plastic molds and surgical instruments. Difficult-to-machine materials such as alloys
based on nickel, titanium and hardened tool steel are used in this process. In the die
making and tool making, AISI D2 steel has a wide variety of application, as it can be
hardened and strengthened to give higher strength and wear resistance as compared
to other low-carbon steels [1–4].
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The manufacturers frequently face problems in decision making like judging a
wide range of alternatives and selecting the best one, which are generally conflicting
in nature. There is no single description method of selection to find the best option,
but the decisionmakermust consider a lot of options and finally select the best option.
The criteria for selection should be simple, systematic, logical and use mathematical
tools. The decision maker should consider several selection criteria and their interre-
lations [5]. Nowadays, several MODMs are prevailing to agree with varying criteria
and choice, and this paper mainly explores the application of new MODM method,
namely the multi-objective optimization on the basis of ratio analysis (MOORA)
method to optimize the process parameters in EDM. This method is quite simple,
easy to calculate, and helps the decision maker to remove undesirable alternatives
and select the suitable alternatives and helps in strengthening the selection procedure.

Many researchers used the MOORA method in different applications to prove
its potentiality, applicability and flexibility. Brauers [6] first introduced MOORA
method for estimating the stakeholder’s society design, also for privatization in
control and cybernetics [7], evaluation of inner climate [8] multi-objective contrac-
tors ranking [9], evaluating the road design [10, 11] and project management by
MULTIMOORA for transition economies [12]. Gadakh [13, 14] applied this method
for optimization in milling and WEDM process. Optimization using standard devi-
ation and MOORA method by Muniappan et al. [15]. Chakraborty [16, 17] has
used this method in solving six different problems like (a) a flexible manufacturing
system, (b) an industrial robot, (c) an automated system, (d) a rapid prototyping
process, (e) a computerized controlling machine and (f) the most appropriate non-
traditional machining process for given workpiece irrespective of its material and
shape feature combination. MOORA is a JAYA algorithm which is based on the
concept that the solution obtained for the problem moves away from the worst solu-
tion and moves toward the best solution. MOORA is a very simple algorithm which
shows outstanding performance in various applications.

2 Experimental Environment and Method

2.1 Experimental Setup

Experiments were conducted under the following machining conditions:

• Processing Machine: Electronica Electra plus PS 50ZNC.
• Workpiece material: A rectangular shaped AISI D2 tool steel, having a thickness

of 4 mm (with negative polarity) and density 7.7 g/cc is used.
• Electrode material: It is electrolytic copper with a positive polarity and 30 mm in

diameter.
• Flushing: Side flushing technique with 0.3 kg f/cm2 pressure.
• Dielectric fluid: A viable grade EDM oil which has a specific gravity of 0.76 and

freezing point of 94 °C.
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Table 1 Various input values along with units at different levels

Input values Unit Level 1 Level 2 Level 3

Ip A 5 10 15

Ton µs 50 75 100

Ƭ 50 66.5 83

V V 40 45 50

The four input parameters along with units are shown in Table 1.

2.2 Optimization Problem

If MRR = f 1(Ip, Ton, T, V ) and Ra = f 2(Ip, Ton, T, V ), then the multi-objective
optimization problem is

Maximize f1(Ip, Ton, T, V) and  
Minimize f2(Ip, Ton, T, V) 

Subject to 5≤Ip≤15 
50≤Ton≤100 
50≤T≤83 
40≤V≤50 

And Ip, Ton, T, V € R 

2.3 Weight Calculation Using Standard deviation Concept

Standard deviation is related to calculation of unbiased assignment of weights.

Step 1 Calculate

X1
i j = Xi j − min1< j<n Xi j

max1< j<n Xi j − min1< j<n Xi j
(1)

where max Xij is the maximum, and min Xij is the minimum value for the
measure (j)

Step 2 Calculate standard deviation using equation (2)

SDV j =

√
√
√
√

∑m
i=1

(

Xi j − Xi
j

)2

m
(2)
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where Xij is the average of the values for the jth measure, where j = 1, 2, 3
… n.

Step 3 Calculate weights using Eq. (3)

w j = SDVJ
∑n

j=1 SDV j
(3)

where wj are the weights for j = 1, 2, 3 … n.

2.4 MOORA Method

MOORA is one of the MCDM methods which is used to select the best option
from number of selections. This method was first presented by Brauers to solve intri-
cate decision-making problems in the manufacturing industry. TheMOORAmethod
(Kalibatas et al. [8]; Lootsma [18]) begins with a decision matrix that represents
various substitutes and objectives.

Step 1 Describing the problem and establishing the objectives are the first step. In
the present work, MRR must be maximized and Ra must be minimized.

Step 2 Next step is to create a decision matrix based on the experimental results of
the number of output parameters. Represent the decision matrix using X.

X =

⎡

⎢
⎢
⎢
⎣

x11 x12 . . . x1n
x12 x12 . . . x2n
...

...
...

xm1 xm2 xmn

⎤

⎥
⎥
⎥
⎦
. (4)

Step 3 The performance of the ith alternate on jth feature is normalized usingEq. (5)

x∗
i j = xi j

√
∑m

i=1 x
2
i j

(5)

where j = 1, 2, 3 … n.
Step 4 In the multi-objective optimization process, these normalized values are

added if it is a case of maximization and subtracted if it is a case of
minimization. Hence, the optimized values are calculated using Eq. (6)

yi=
g

∑

j=1

x∗
i j −

n
∑

j=g+1

x∗
i j (6)

where g are the number of features which have to be maximized, and the
number of features which has to be minimized is (n − g)



Optimization of Process Parameters in EDM … 155

Step 5 It is quite often detected that some features aremore significant than the other
features. To give more significance to such features, it is multiplied with
corresponding weight. The optimized problem is calculated using Eq. (7)

y
i=

g∑

j=1
w j x∗

i j−
n∑

j=g+1
w j x∗

i j

(7)

for j = 1, 2, 3 … n, where wj is the weight of the jth attribute, which is
determined using the standard deviation method.

Step 6 The yi values can be positive or negative depending on the maximizing
attributes and minimizing attributes in the decision matrix. Rank the values
from the highest to the lowest. The best alternative has the highest value of
yi, and the worst value has the lowest yi.

3 Results and Discussion

3.1 Allocation of Weights

In the current work, the weights are allocated to the output parameters MRR and
Ra. The range is calculated for these output parameters using Eq. (1), later standard
deviation is calculated using Eq. (2), and weights are calculated based on Eq. (3).
The corresponding weight for calculation of MRR is 0.53 and for Ra is 0.47.

3.2 Analysis

Table 2 shows the experimental values of MRR and Ra. The standardized values
of MRR and Ra are shown in Table 3. The normalized values of Xi and the ranks
calculated using MOORA method are shown in Table 4. The Material removal rate
ranges between 0.0270 and 0.2575 and the surface roughness in the range 0.0774–
0.1864. From these observations, experiment 4 has the best rank. The values for run
4 are Ip 15 units (level 3), pulse on time 100 units (level 3), duty cycle 50 (level 1)
and voltage 50 units (level 3).

4 Conclusion

In this study, the combined methods of standard deviation and MOORA are applied
for optimizing the machining parameters, so that MRR is maximized and Ra is
minimized. The conclusions are as follows:
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Table 2 Experimental values of MRR and Ra

Run Ip Ton T V MRR Ra

1 10 75 66.5 45 10.35 5.55

2 15 50 83 50 29.163 8.43

3 15 50 50 50 33.103 7.43

4 15 100 50 50 51.09 8.1

5 15 100 50 40 51.004 10.93

6 15 100 83 40 33.023 12.49

7 15 50 50 40 29.737 10.49

8 10 75 66.5 40 8.936 8.2

9 10 75 66.5 50 11.007 6.35

10 15 75 66.5 45 33.084 9.68

11 10 75 66.5 45 11.01 6.25

12 10 50 66.5 45 9.182 5.87

13 10 75 66.5 45 9.352 6.75

14 5 75 66.5 45 5.361 6.07

15 5 50 83 50 14.12 5.19

Table 3 Standardized values
of MRR and Ra

EXP_MRR EXP_Ra Standardized
MRR

Standardized Ra

10.35 5.55 0.0722 0.0995

29.163 8.43 0.0204 0.0063

33.103 7.43 0.0524 0.0033

51.09 8.1 0.3872 0.0012

51.004 10.93 0.3849 0.1778

33.023 12.49 0.0516 0.4036

29.737 10.49 0.0241 0.1306

8.936 8.2 0.0897 0.0023

11.007 6.35 0.0647 0.0423

33.084 9.68 0.0522 0.0627

11.01 6.25 0.0646 0.0482

9.182 5.87 0.0865 0.0737

9.352 6.75 0.0844 0.0228

5.361 6.07 0.1427 0.0596

14.12 5.19 0.0347 0.1330

Standard deviation 0.3284 0.2906
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Table 4 Normalized values of MRR and Ra and MOORA ranking

Run Normalized MRR Ra Weighted MRR Ra Max–min Rank

1 0.0984 0.1762 0.0522 0.0828 0.0306 9

2 0.2773 0.2676 0.1470 0.1258 0.0212 5

3 0.3148 0.2359 0.1669 0.1109 0.0560 3

4 0.4859 0.2571 0.2575 0.1209 0.1367 1

5 0.4851 0.3470 0.2571 0.1631 0.0940 2

6 0.3141 0.3965 0.1665 0.1864 0.0199 8

7 0.2828 0.3330 0.1499 0.1565 0.0066 7

8 0.0850 0.2603 0.0450 0.1223 0.0773 15

9 0.1047 0.2016 0.0555 0.0947 0.0393 11

10 0.3146 0.3073 0.1668 0.1444 0.0223 4

11 0.1047 0.1984 0.0555 0.0933 0.0378 10

12 0.0873 0.1863 0.0463 0.0876 0.0413 12

13 0.0889 0.2143 0.0471 0.1007 0.0536 13

14 0.0510 0.1927 0.0270 0.0906 0.0635 14

15 0.1343 0.1648 0.0712 0.0774 0.0063 6

a. Combined standard deviation and MOORA method are used to select the opti-
mized parametric combination in electric discharge machining of AISI D2 steel
workpiece with copper electrode.

b. The best rank is given to run 4 in the experiment. The corresponding parameters
for run 4 are Ip 15units (level 3), pulse on time 100 units (level 3), duty cycle 50
(level 1) and voltage 50 units (level 3).

c. Standard deviation is applied to find the relative importance of MRR and Ra.
The weight ratios for MRR are 0.53 and Ra 0.47.

d. The optimized results obtained are used in validation study, and the results
obtained can be effectively used for better productivity which helps the
manufacturers to compete in the world market.
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Wear Behaviour and Mechanical
Properties of AA2024/Al2O3/SiC/Gr
HMMC Using Advanced Squeeze
Casting Technique

L. Natrayan and M. Senthil Kumar

Abstract Hybrid metal matrix composites (HMMC) play a vital role in meeting
the global needs in automotive applications for low-cost, high-performance, and
qualitymaterialswith excellentmechanical and thermal properties. The study aims to
explore the wear and mechanical properties of AA2024-reinforced Al2O3/SiC/Gr
with different weight fractions using liquid metallurgy route particularly in advanced
squeeze casting technique. Different wt% of Al2O3/SiC/Gr reinforcement is added
to AA2024 and the effect of this combination on the material is evaluated based
on its tensile strength, hardness, wear rate and compressive strength. The fabricated
specimens were prepared and tested as per the ASTM standard. The results show
that increased reinforcement up to 9 wt% has better hardness and tensile strength.
On the other hand, the reinforcement metal matrix with Al2O3/SiC/Gr particles up
to 9 wt% shows less wear rate and high compressive strength. Wear worn surface
shows that fragments from the inner part of the material forms a layer on the
composite surface.

Keywords Squeeze casting · Hardness · Tensile strength · Compressive strength ·
Wear ·Worn surface ·Weight percentage · HMMC

1 Introduction

Most of the engineering applications require high strength light-weight mate-
rials besides offering greater resistance to corrosion and wear during their operation
[1]. Adding reinforcements improves its properties by transferring the load onto the
reinforcements [2]. The materials for engineering applications are selected based
on their properties like strength, wear, density, lightweight, melting point, cost, etc.
Aluminium (Al) and mild steel have better properties compared to other materials.
Steel is non-preferable for cylinder liners as it’s density is three times of Al with low
CTE and thermal conductivity. Having good thermal conductivity makes Al a better
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choice. Though theCTEof steel andAl are similar, Al piston satisfies the requirement
of lightweightmaterial. Al and its alloys exhibit low hardness and themechanical and
tribological properties degrade at elevated temperatures leading to their disadvan-
tage in engineering applications. Similarly, proper selection of reinforcements like
Al2O3, SiC, Gr, B4C, Si3N4, TiC, TiB2, TiO2, Ti and W helps the AMC in achieving
the desired mechanical properties [3]. Though studies about MMCs on the poten-
tials of agro unwanted waste ashes are still skimpy (compared to the synthetic rein-
forcement), the accessible outcome represents that Al-based synthesized ceramics
compounds such as silicon carbide and alumina have first -rate properties in correla-
tion to the agro waste ash augmented category [4]. When hard ceramic particles like
silicon carbide (SiC) is usedwithAl alloy, the abrasive nature of the ceramic improves
the strength, stiffness, corrosion resistance, wear and hardness of the composites [5].
Al2O3 is a low-cost corematerial [6]. Themixture ofAl2O3 with theAl alloy produces
lightweight materials due to excellent particle bonding. The lightweight materials are
used in energy consumption materials where it improves the load carrying capacity
than the usual metal matrix composites. The present investigation is undertaken to
determine the wear and mechanical properties of hybrid metal matrix composite by
adding different wt% of reinforcement particles such as Al2O3/SiC/Gr using squeeze
casting technique.

2 Material Selection

In this research, AA2024 was selected as a base material. Table 1 shows the chem-
ical properties of AA2024. Reinforcement with different wt% of Al2O3/SiC/Gr was
used. Table 2 shows the reinforcement wt% taken for this experimental study. The
reinforcement with the average particle size of 10 µmwas prepared by the advanced
squeeze casting technique.

Table 1 Of AA 2024 chemical composition

Element Mn Cr Fe Cu Si Mg Zn Ti Al

Weight % 0.01 0.05 0.17 0.33 0.71 1.12 0.1 0.01 Bal.

Table 2 Sample preparation

S. No. AA2024 (g) Al2O3 (g) SiC (g) Gr (g) Reinforcements (wt%)

S-1 1000 0 0 0 0

S-2 970 10 10 10 3

S-3 940 20 20 20 6

S-4 910 30 30 30 9

S-5 880 40 40 40 12
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2.1 Base Material

AA2024 is mainly used for automobile engine applications. It has a lower melting
point of 660 °C compared to other aluminium alloys, and the melted metal hardens at
a constant temperature with high flexibility. It retains high tensile strength, good
deformation, and good wear resistance.

2.2 Reinforcements

In the present study, different wt% of silicon carbide (SiC), aluminium oxide (Al2O3)
and graphite (Gr) have been selected as the reinforcements for their capability of
increasing the wear resistance and strength of the composite.

The hybrid metal matrix composites were developed by considering Al2O3/SiC
as primary reinforcement and graphite (Gr) as secondary reinforcement due to its
solid lubrication capability in a wide range of temperatures. Low density, high
reactivity with aluminium, high stability and thermal conductivity are the other
favourable characteristics of Gr.

3 Experimental Procedure

In the experimental set-up shown in Fig. 1, 1 kg of AA2024 alloy was taken in a
graphite crucible and was fired in a furnace at 750 °C, and stirred during the molten
state. The reinforcements Al2O3/SiC/Gr were preheated at 400 °C in a furnace and
were mixed with the molten aluminium during stirring. The preheated Mg 1 wt%
was added to increase the wettability [7]. The molten solution was stirred for 10 min
at 250 rpm to achieve the homogeneous dispersion. The experiment was conducted
in an argon atmosphere to reduce oxidation. The molten metal solution was poured
into the die cavity. 100 MPa of squeeze pressure was applied using a hydraulic
plunger. Pressure holding time was 20 s; pouring temperature took 800 °C, and
the die temperature of 250 °C was maintained constantly [8]. Die-metal interface
promotes rapid heat transfer, and then the sample was ejected from the die. The
specimens prepared according to the ASTM standards were characterized for their
hardness, tensile strength, compressive strength and wear.
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Fig. 1 Squeeze casting
machine

4 Results and Discussion

4.1 Hardness

Vickers hardness test machine was used to inspect the macrohardness of HMMC
as per ASTM E92 standard. Diamond-shaped indenter of 10 mm diameter with 0.5
kgwasused for 10 s at fivedifferent locations to the all specimens, and the averagewas
calculated [9]. Three trails of experimentswere conducted. The specimen surfacewas
prepared by grinding and polishing for a well-defined indentation. The relationship
between Al2O3/SiC/Gr wt% and the hardness of the composite is shown in Fig. 2.
From the results, it was found that hardness of Al2024/Al2O3/SiC/Gr increased from
137 to 167 HV with wt% increasing up to 9.
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4.2 Tensile Strength

Tensile test samples were prepared as per the ASTM E8M-08 standard, and cross-
head speed of 0.5 mm/min was used for the measurement of tensile strength [10].
Figure 3 shows the relationship of reinforcement particles and tensile strength of
the fabricated composite. Weight fraction of the composite reinforcement is vital in
UTS. Figure 3 shows the tensile values of the fabricated composites. AA2024 base
metal gives 420MPa.Sample 4 shows a tensile strength of 469MPawhen it is exposed
to reinforcement AA2024/Al2O3/SiC/Gr which is higher than the base metal. When
the Al2O3/SiC/Gr reinforcement up to 9 wt% was added with the AA2024 molten
metal, the tensile strength increased by 10%.The bonding boundary of thematrixwas
observed to be good.

4.3 Compressive Strength

Compressive test samples were machined as per the ASTM C39 (Cylinder shape)
standard, and cross-head speed of 0.5 mm/min was used for the compressive strength
measurement [10]. Figure 4 shows that the compressive strength of the fabricated
composite increased by 7%with increasedwt%ofAl2O3/SiC/Gr reinforcement up to
9wt%.Addingmore than 9wt%ofAl2O3/SiC/Gr particles inmoltenmetal decreased
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the compressive strength of fabricated composite due to fracture of reinforcement that
weakens the bonding boundary of the matrix.

4.4 Wear

Wear specimens were machined as per ASTMG99-05 standard. The selected dimen-
sions of the pin sample were 15 mm height and 6 mm diameter. Samples were tested
at the ambient condition, where the relative humidity was about 60–65%. Wear test
was performed at different sliding speeds of 2, 3, 4 m/s for loads 20 N and sliding
distance 1200 m, respectively. Measurements were performed in an unlubricated
condition. The dry sliding wear behaviour of HMMC at three different velocities is
shown in Fig. 5. Wear rate decreased with increase in the reinforcement up to 9 wt%
for different velocities. The wear rate of sample 5 was high with 12 wt% reinforce-
ment. The wear rate was found to be the lowest for sample 4 tested at a constant
velocity of 4 m/s.

4.5 Worn Surfaces

Figure 6a, b shows the worn surfaces of Al2024/Al2O3/SiC/Gr. During the wear test,
reinforcement thrown out of the composite pin gets logged on the disc. This converts
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(a) Sample 2 (b) Sample 4

Fig. 6 SEM micrograph of the worn surfaces of HMMC samples a sample 2, b sample 4

the adhesive wear into abrasive wear. Due to this a greater amount of material is
removed from the pin sample with lower wt% of reinforcement (sample 2—Fig. 6a).

An increase in interfacial temperature creates oxidation layer on the composite.
The oxide layer acts as a protective layer that prevents sliding interfaces (Fig. 6b).
Increase in sliding velocity from 2 to 4 m/s decreased the wear rate of the composite
by 28%.

5 Conclusion

AA2024 with different wt% of Al2O3/SiC/Gr reinforcement was fabricated with
advance squeeze casting technique, and fabricated HMMC was tested for hard-
ness, tensile strength, compressive strength, SEM worn surface and wear rate. The
specimens were characterized, and the subsequent inferences are drawn.

• The hardness of the HMMC improved significantly with the addition of the rein-
forcement particle. It increased from 137 HV to 167 HV in HMMC.

• The tensile properties of HMMC increased with increasing reinforcement up to
9 wt% due to good bonding with the matrix. From the experimental results, the
tensile strength of sample 4 increased by 10% compared to the other samples.

• When 9 wt% of reinforcement was added into the molten metal, the compressive
strength increased while adding 12 wt% of reinforcement decreased the compres-
sive strength as the bonding boundary of the matrix weakened due to the fracture
of the reinforcement.

• Wear rate engaged by various factors such as the velocity of 2, 3, 4 m/s, load of
20 N and sliding distance of 1200 m. Wear rate decreased in direct proportion
to an increase in the velocity. Wear rate decreased with increase in Al2O3/SiC/Gr
up to 9 wt%. Adding 12 wt% of Al2O3/SiC/Gr showed a high wear rate.
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• Wear worn surface observed that wear track was found on the edges of sample
2 and the removal of fragments from the inner composite surface was also high.
The surface damage and delamination were less in sample 4.
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Experimental Investigation
on Machining Properties Carbon
Fibre-Reinforced Epoxy Composites
with the Addition of Nano SiC

R. Ravi Kumar, Seshadri Sridharan, and Arun Kumar Srirangan

Abstract Composites of carbon fibre reinforced in polymer matrix competes with
aluminium–lithium alloys in aerospace applications because of its better balance
between strength and the weight. The major issue in CFRP composites was reduced
fracture toughness. To increase the fracture toughness of the composites, nanoSiC
was added to epoxy resin as reinforcement. In this study, the machining properties
of CFRP composites reinforced with nanoSiC were studied with weight fraction of
SiC, spindle speed, and feed rate as process parameters and the torque was obtained
as the response. The analysis and optimization of parameters were done using RSM
technique. It has been observed that the parameter with 1% weight fraction of SiC,
50 mm/min feed rate, and spindle speed of 1500 rpm has given the maximum torque
of 0.34 Nm.

Keywords Epoxy resin · Carbon fibre · Nano-SiC · Taguchi L18 orthogonal
array · Response surface methodology

1 Introduction

From the time, immemorial people are drawn towards the materials which have
distinct properties among them like less weight and more stiffness, so they have
been used in novel applications and they were called as composites [1]. Definition
for composites states that composites are materials composed of more than one
constituent which are mixed along the infinitesimal level with negligible solublity. It
is basically heterogeneous, having two or more physically distinct components, and
when combined together, they become stronger and stiffer and perform superior to
each of the distinct components. In general, composites are combination of two parts:
one is matrix which was known to be continuous nature while the other part is rein-
forcement seen present along thematrix as an intermittent phase [2]. Here, the matrix
is epoxy resin and the reinforcement is carbon fibre which contains carbon atoms
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whose diameter ranges from 4 to 5 µm. In the bundle form, the carbon fibres are five
times stronger and two times stiffer than the steel. Its four different views like plain
view, twill view, etc. Production of carbon fibres consists of an process in which the
carbon atoms which are crystalline are bonded together. To achieve the requirements
of maintaining high fraction of a relationship between strength and the volume, the
alignment of carbon atoms on the fibre plays an important role, and it should be noted
that bonding of the carbon atoms should parallel along the direction of the fibre [3].
Carbon fibres weigh only about two-thirds the weight of the steel and it has a tensile
strength of 5.9 GPa and tensile modulus of 300 GPa so that they are used in structural
applications in the field of aerospace and motor sports [4]. Epoxy resins are polymer
compounds which contain epoxide as their functional group. They react with poly-
functional amines and acid anhydrides though a process called catalytic homopoly-
merisation. These amines and anhydrides are called as hardners or curatives which
help to stabilize the epoxy resins. It is seen that the high strength of carbonfibre comes
with reduced fracture toughness since the brittleness is directly proportional to hard-
ness.In order to increase the fracture toughness of the material, nanosilicon carbide
is added to it. Chang-uk Kim et al., on their study of mechanical properties of carbon
fibre composites by adding reinforcements such as carbon nanotubes and graphene
nanoparticles found that more amount of reinforcement of nanoparticles increases
the mechanical properties of composites [5]. J. Herwan et al., on their investiga-
tion on the study of load handling efficiency of pin-jointed CFRP composites found
that the Poly Acrylo Nitrile (PAN) nanofibres spun by electro spinning technique
and deposited on the composites increased its load capacity [6]. PrashanthBanakar
and H. K. Shivananda on their investigation about mechanical properties aluminium
nanoparticle-reinforced glass fibre composites found that composites were showing
high compressive properties along the transverse direction of loading [7]. A. K. Birru
et al. proposed the technique of ultrasonification for uniform dispersion of nanopar-
ticles in epoxy matrix [8]. D. Chandramohan et al. reported that while carrying out
the drilling experiments on silicon carbide-reinforced metal matrix composites, feed
rate was the most dominant parameter [9]. From the literature review, it is felt that the
works on parameter optimization of machining properties of carbon fibre compos-
ites were found to be very little so the optimization of drilling parameters on CFRP
composites reinforced with nanoSiC was done.

2 Experimental Procedure

The experiment was carried out using carbon fibre-reinforced epoxy composites by
adding nanosilicon carbide at the wt% of (0, 1 and 3).The composites were fabricated
by “Hand Lay-up” method. The materials chosen were carbon fibre of 3 m length (3
sheets of 1 m each), epoxy resin (Araldite LY550), and hardener(Araldite LY951) at
an empirical ratio of 60% of epoxy resin to 40% of carbon fibre. Based on carbon
fibre weight, nanoSiC was added to 60% of the epoxy resin in three levels (0, 1 and
3%) to make three composite work pieces. The specimens were prepared by hand
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Table 1 Composition of specimen

Specimen number Carbon fibre (%) Epoxy resin (%) Weight fraction of nanoSiC (%)

1 40 60 0

2 40 60 1

3 40 60 3

Table 2 Process parameters and their levels

Parameters Units Level 1 Level 2 Level 3

Weight fraction of SiC % 0 1 3

Spindle speed rpm 1000 2000 3000

Feed rate mm/min 50 100 150

layup method. Table 1 shows the composition of specimens. The composites thus
made were drilled in the vertical machining centre. The drill bit used was TiAlN-
coated tungsten carbide of shank diameter 5 mm. The process parameters taken
were weight fraction of SiC (%),spindle speed (rpm), and feed rate (mm/min). The
response parameter analysedwas torque (Nm). The experimental was designed using
Taguchi L18 orthogonal array and the optimization was done using response surface
methodology. Table 2 shows the process parameters and their levels (Tables 3, 4 and
5).

3 Results and Discussions

3.1 Analysis of Quadratic Equation

The quadratic equation which was obtained by using “response surface method-
ology” is given below.

The equation is expressed in terms of torque:

TORQUE = −0.86350 + 0.09000 ∗ c + 0.012165 ∗ f

+ 6.22750E − 004 ∗ v + 3.1500E − 003 ∗ c ∗ f

− 1.07500E − 004 ∗ c ∗ v − 5.72500E − 003 ∗ f ∗ v

where

• c = weight fraction of SiC in %
• f = feed rate in mm/min
• v = spindle speed in rpm.
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Table 3 Design matrix table
by Taguchi L18 orthogonal
array

S. No. Weight fraction
of SiC (%)

Spindle speed
(rpm)

Feed rate (f )
(mm/min)

1 1.5 2000 100

2 1.5 2000 100

3 3 1000 50

4 0 3000 50

5 1.5 2000 100

6 1.5 2000 100

7 1.5 2000 150

8 3 3000 150

9 0 2000 100

10 3 1000 150

11 1.5 3000 50

12 1.5 2000 100

13 1.5 2000 100

14 1.5 2000 50

15 3 3000 50

16 0 1000 50

17 0 3000 150

18 1.5 1000 100

3.2 3D Surface Plot

Figure 1 shows the three-dimensional interrelationship between process parameters
(“Feed, speed and weight fraction of SiC”) with respect to torque. From the figure,
it is seen that, torque increases with respect to the weight fraction of SiC and feed
rate. The change in slope of the plot is as same as feed and SiC weight fraction. The
change in slope for speed remains the same and increases with respect to weight
fraction. Here, as the individual factor weight fraction of SiC is dominant, whereas
in interaction factor, speed and feed are dominant. The change in slope for speed
remains the same and increases with respect to feed. Here, speed and feed rate are
the dominant factors which influences the torque. Table 6 shows the values obtained
from RSM-based desirability analysis (Table 7).

4 Conclusions

The compositeswere effectively fabricated byhandlay upmethod andoptimization of
machining parameters was done to find the optimal combination. Results of ANOVA
show that weight fraction of SiC was dominant on response parameter obtained from
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Table 4 Experimental values

S. No. Weight fraction of SiC (
%)

Feed rate (mm/min) Spindle speed (rpm) Torque (Nm)

1 1.5 100 2000 0.69

2 1.5 100 2000 0.65

3 3 50 1000 0.45

4 0 50 3000 0.63

5 1.5 100 2000 0.62

6 1.5 100 2000 0.62

7 1.5 150 2000 0.85

8 3 150 3000 0.94

9 0 100 2000 0.61

10 3 150 1000 2.5

11 1.5 100 3000 0.45

12 1.5 100 2000 0.44

13 1.5 50 2000 0.6

14 1.5 100 2000 0.65

15 3 50 3000 0.89

16 0 50 1000 0.4

17 0 150 3000 0.59

18 1.5 100 1000 0.6

Table 5 ANOVA values

Source model Sum of
squares

df Mean square F value p-value prob >
F

A-SiC 2.985538 6 0.497756 8.54549 0.000668 Significant

B-FEED 0.81225 1 0.81225 13.9055 0.002498

C-SPEED 0.73984 1 0.73984 12.7067 0.003458

AB 0.446513 1 0.12321 2.116122 0.16492

AC 0.655513 1 0.446513 7.668818 0.01594

BC 0.756918 1 0.208013 3.572519 0.081242

Residual 0.751834 13 0.655513 11.25838 0.005167

Lack of fit 0.005083 8 0.058224 92.46576 5.26E-005 Not
significant

Pure error 3.472225 5 0.093973

Corr total 0.797738 19 0.0001017

R2 0.797738
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Fig. 1 3D surface plots showing relationship of torque with various combinations of speed, feed,
and weight fraction of SiC

Table 6 Desirability table

S. No. Weight
fraction of
SiC (%)

Feed rate in
(mm/min)

Speed (rpm) Torque (Nm) Selection Desirability

1 1.168002 50.31276 1442.545 0.340493 Selected 0.98

2 1.465661 50.225588 1598.327 0.395027 Not selected 0.96

Table 7 Confirmation test

S. No. Weight fraction
of SiC (%)

Feed (f )
(mm/min)

Speed (s)
(rpm)

Torque (Nm) Error (%)

Experimental Predicted

1 1 50 1000 0.37 0.34 3

2 1 50 1000 0.4 0.39 2.564

the machining process. The optimal combination was found to be spindle speed of
1000 rpm, feed rate of 50 mm/min, and weight fraction of SiC as 1% which give the
minimum torque of 0.34 Nm.
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Process Parameter Optimization Using
TOPSIS for Electric Discharge
Machining of Incoloy 800HT

Paul Joshua Samuel, K. C. Aswinkumar, Arunkumar Ganesan,
and Arun Kumar Srirangan

Abstract Electric discharge machining (EDM) was carried out on Incoloy 800HT
by using copper as electrode in dielectric medium kerosene. In order to find out
the optimal process parameter, the experiments were designed using L9 orthogonal
array. The input parameters considered were voltage, current, and pulse-on time.
The output parameters taken are material removal rate (MRR), surface roughness
(SR), and radial overcut (ROC); then, these parameters are optimized using TOPSIS
methodology. TOPSIS is used to suggest one or more among some alternatives,
having many attributes. The principle is “The chosen alternative should have the
shortest distance from the positive ideal solution and the longest distance from the
negative ideal solution.” Other parameters like MRR, SR, and ROC were calculated
based on the experiments. White light spectroscopy was used to find the surface
roughness of the machined surface of the sample, and these output values were
optimized using TOPSIS method. The preference values were obtained after the
optimization processes. The readings for the experiment which had the highest pref-
erence value were selected as the best value. Sample 7 had the highest value, and
sample 3 had the least value.

Keywords Incoloy 800HT · EDM · TOPSIS · MRR · ROC · SR · White light
spectroscopy

1 Introduction

Nowadays, research shows the failure in structural analysis and manufactured prod-
ucts, particularly those comprising of welded joints, when they are subjected beyond
the design load capacity. This situation created a new way to find out the best opti-
mized parameters. The machining of superalloys using lathe, etc., will lead to the
increase in production time and also increase in production cost. In order to optimize
the production rate and production cost, some of the special machiningmethods have
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to be carried out in an effective manner and also with better accuracy. Therefore, the
special process like EDM is the better way of machining super alloys.

Incoloy 800 series of superalloys were invented by the special metal corporation
group of companies by having the objective as maintaining the ultimate chemical
properties for resistance to oxidation and high-temperature strength, other types of
high corrosion and carburization [1]. By monitoring, they noticed that maintaining
aluminum and titanium on the upper portion of the specified material range will
increase the creep and stress rupture properties and also increases the maximum
allowable design stress [2]. Incoloy800HTbelongs to nickel–chromium-based super-
alloys. Nickel plays a major role in this superalloy since nickel is an austenite stabi-
lizer [3]. Incoloy 800HT is best suitable for high-temperature application such as
heat exchanging equipment, hot ducts, and superheaters in power plants. Incoloy
800HT has more carbon content than Incoloy 800 and Incoloy 800H [4, 5]. Nickel
is acting as a resistance to stress corrosion cracking. Chromium is acting as a with-
standing element during the addition of FeF2, FeF3, and NiF2 to corrosion media [6].
In EDM, an electrical spark is generated between the workpiece and electrode. This
spark indicates the flow of electricity and produces the heat from 8000 to 12,000 °C
[7]. Therefore, the melting of any of the superalloy is possible at this temperature.
The spark should be controlled and localized on the specific area so that it affects
only the surface of the material. The spark which is taking place in the dielectric
medium that is kerosene should be carefully controlled so that the water acts as a
coolant and removes the eroded material particles [8]. TOPSIS is an algorithm of
multi-objective optimization invented by Hwang and Yoon in 1981 which is based
on a principle that the desired alternative should be in the shortest distance from
the ultimate solution and it should be in the largest distance from the non-beneficial
solution. TOPSIS is the most genuine algorithm in the world of optimization because
of the compromise it makes with the criteria [9].Jitendra kumar et al. on their inves-
tigation on face milling operation of titanium alloys used the TOPSIS for optimal
combination of parameters which gave them better surface finish [10]. Manivannan
et al. employed TOPSIS algorithm for the improvement of machining parameters of
micro-EDMprocess [11]. Senthil et al. advocated the application of TOPSIS on opti-
mization of EDM parameters [12]. From the literatures, it is seen that there is little
amount of work on TOPSIS optimization of electric discharge machined Incoloy
800HT samples.

2 Experimental Setup

Incoloy 800HT superalloy plates of dimension 20 × 20 × 4 mm were machined
using electrical dischargemachining process. Incoloy 800HT basematerial chemical
composition is based on ASTM-B409. Electric discharge machining was chosen to
machine the workpiece (Incoloy 800HT) with copper material as the electrode. The
input parameters such as pulse-on time, voltage, and current for the experiments
were designed using L9 orthogonal array. Current was set with the values ranging
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from 4, 8, and 12 amps, voltage was set with the values ranging from 2, 4, and 6 V,
and pulse-on time was set with the values ranging from 30, 60, and 90 µs. By setting
these values as inputs, respectively, MRR was calculated, SR was calculated using
white light spectroscopy, and radial overcut (diameter) was measured. The obtained
values are represented in Table 1. The machined specimens are shown in Fig. 1.

Table 1 L9 orthogonal array experiments and their corresponding results

Exp. no. Current (A) Voltage (V) Pulse-on
time (µs)

MRR
(mm3/min)

Radial
overcut
(mm)

Surface
roughness
(µm)

1 4 2 30 1.21746 0.02005 34.53

2 4 4 60 0.62132 0.02625 36.15

3 4 6 90 0.40302 0.0536 43.66

4 8 2 30 6.21746 0.3267 44.87

5 8 4 60 2.569269 0.14605 45.28

6 8 6 90 1.62888 0.1018 39.05

7 12 2 30 9.67254 0.1059 23.98

8 12 4 60 5.64231 0.35625 62.71

9 12 6 90 3.736356 0.2145 46.99

(1) (2) 

(4)

(3)

(5) (6) 

(7) (8) (9)

Fig. 1 Machined samples (1–9)
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3 Methodology

TOPSIS is one of the methods for solving the decision-making problem. The output
responses considered for optimizing are the ROC, MRR, and SR.

Step I: The first step of the TOPSIS methodology is to obtain normalized matrix.

Dm =

⎡
⎢⎢⎢⎢⎢⎢⎣

q11 q12 q13 · · · q1y
q21 q22 q23 · · · q2y
q31 q32 q33 · · · q3y
...

...
...

. . .
...

qx1 qx2 qx3 · · · qxy

⎤
⎥⎥⎥⎥⎥⎥⎦

Step II: The obtained normalized matrix is shown below

Rmn = qmn√
x∑

m=1
q2
mn

; n = 1, 2, . . . , y

R9∗3 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.088488 0.028938 0.267125

0.045159 0.037886 0.279658

0.029292 0.077359 0.18551

0.4519 0.471517 0.347116

0.186741 0.21079 0.350288

0.118391 0.146925 0.302092

0.703024 0.585824 0.337755

0.410097 0.514165 0.485127

0.271567 0.309582 0.363516

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Step III: The assumed value for wm (m = 1, 2,…, y). The expression used to obtain

weighted normalized decision matrix U = [umn] is U = wmrmn.
y∑

n=1
wn = 1
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U9∗3 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0.022122 0.007234 0.066781

0.01129 0.009471 0.069914

0.007323 0.01934 0.046378

0.112975 0.117879 0.086779

0.046685 0.052697 0.087572

0.029598 0.036731 0.075523

0.175756 0.146456 0.084439

0.102524 0.128541 0.121282

0.067892 0.077395 0.090879

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Step IV: The equation to obtain positive and negative ideal solutions are shown
below:

A+ = {
U1+, . . . , Uy+}

, where U+ = {max(Umn) if nÎJ ; min(Umn) if nÎJ
′}

A− = {
U1−, . . . , Un−}

, where U− = {min (Umn) if n ∈ J ;max(Umn) if n ∈ J ′}

Step V: Segregation between alternatives was identified from the “ideal” solution
and is given by (Table 2):

S+
m =

[∑
(U+

n −Umn)
2]1/2

]
m = 1, 2, .......x

Similarly, the negative ideal alternative:

S−
m =

[∑
(Umn −U−

n )
2]1/2

]
n = 1, 2, ......x

Table 2 Positive and
negative ideal solutions

Positive Negative

0.015372676 0.015887

0.017670763 0.015039

0.019221641 0.012089

0.015086321 0.008013

0.013692819 0.007131

0.015034186 0.009589

0.000902824 0.029425

0.020869229 0.005801

0.013345444 0.005401
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Table 3 Alternatives taken from positive and negative ideal solutions

S1+ S2+ S3+ S1− S2− S3−

0.140605 0.007018 0.037102 0.005858 0.124688 0.097025

Step VI: The expression to calculate relative nearness is given as: Pm =
S−
m

S+
m+S−

m
; m = 1, 2, . . . , x 0 < Pm < 1 (Tables 3 and 4).

4 Results and Discussion

See Fig. 2.

4.1 White Light Spectroscopy

The surface roughness sample was analyzed on machine surface by spectroscopy.
Each transition in absorption spectrum 2D spectrum shows a pair of diagonal peaks.
The negative peak is exactly on the diagonal (BLUE) corresponds to the photo-
bleaching of direct bandgap transition, and white blue-shifted positive peak is along
the axis from an excited absorption. Surface roughness is 23.98 µm for sample 7,
and surface roughness is 43.66 µm for sample 3 (Figs. 3 and 4).

5 Conclusion

Multi-attribute optimization has been performed usingTOPSIS to determine themost
significant set of process variables. The response parameters considered were MRR,
SR, and ROC, and white light spectroscopy was used to find the surface roughness
of the machined sample.

The optimal parameters were found to be current (amps) = 12, voltage (v) = 2,
and pulse-on time (µs) = 30 from TOPSIS. Therefore, results obtained from the
highest possible solution for the set of input parameters depend upon the required
performance characteristics. The results of the research work can be suggested to the
industries for the improvement in quality and processing.
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Fig. 2 Rankwise preference
distribution

Fig. 3. 3D and 2D surface roughness images and structure of sample 7

Fig. 4. 3D and 2D surface roughness images and structure of sample 3
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Analysis on Thermal Properties
of Polyethylene–Vinyl Acetate (PEVA)
Matrix with Polytetrafluroethylene
(PTFE) Particle-Reinforced Composites

R. Mahesh Kumar, N. Rajini, K. Mayandi, Nadir Ayrilmis,
M. Srisuryadharan, P. Venkatesh, and M. Vijayakumar

Abstract To improve the thermal properties of polyethylene–vinyl acetate matrix,
polytetrafluroethylene particles were introduced into the matrix. By hosting small
amount of PTFE particles into the matrix, thermal properties had improved partic-
ularly with 20% PTFE. It was evident that thermal conductivity of the composite
increasedwith the addition of fillers. Themeltmixing in an injectionmolding process
was used for mixing the copolymer and filler that ensured proper blending. Lee’s
disk apparatus was utilized to resolve the thermal conductivity of the composites.
Count of 20% by weight composition of PTFE particle with PEVA increased the
thermal conductivity of the samples to anticipated range.

Keywords Polyethylene–vinyl acetate · Polytetrafluroethylene · Thermal
properties ·Mechanical properties

1 Introduction

All composites consist of two or more large ingredients that have different shapes
and chemical structures that are insolublewith each other. Polyethylene–vinyl acetate
(PEVA) is a copolymer that approaches elastomeric (‘rubber-like’) materials in elas-
ticity and softness [1]. The material has good clarity and shine, hot-melt adhesive,
waterproof properties, and protection from UV radiation [2]. Its properties can be
effectively changed by adjusting the vinyl acetate comonomer proportion from 10
to 40% with the rest of the ethylene. Thermal investigation of polyethylene–vinyl
acetate (PEVA) and its composites confirms a vital job.
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PEVA displays incredible business prospective in the packing industry. PEVA is
used in the photovoltaic industry as an encapsulation material for crystalline silicon
solar powered cells in the construction of photovoltaic units [3].

PTFE maintains high strength, self-lubrication, and toughness at temperatures
less than 5 K and good flexibility at temperatures over 194 K. Processing PTFE can
be troublesome and costly. PTFE does not flow, even at melting temperature but
rather behaves as a gel because of the absence of high melt viscosity and crystalline
phase. PTFE (Teflon™) is best known for its utilization in coating non-stick frying
pans and other cookware, as it is hydrophobic and has genuinely high heat resistance.
Its frictionless characteristics allow improved flow of very thick fluids and for uses
in applications such as brake hoses.

2 Experimental

2.1 Materials

PTFE polymer in powder form size varying from 5 to 15 µm was bought from
M/s. Modoplast Company Pvt. Ltd, Kolkata, West Bengal, India. PEVA copolymer
resins in pellet form in 2 mm diameter were procured from Sree Meenakshi Plastics,
Madurai, Tamilnadu, India. Injection mold made of EN8 mild steel was used to
prepare sample specimens in polymer injection molding machine WINDSOR, and
SP130 available at Surya Polymer, Kovilpatti, Tamilnadu, India, is used for making
specimen plates [4].

2.2 Composites Preparation

The samples prepared were: Sample 1: PEVA, Sample 2: PEVA + 10% by weight
composition of PTFE powder particle, and Sample 3: PEVA + 20% by weight
composition of PTFE powder particle. Initially, the moisture available in the PEVA
pellets and PTFE powder was removed by heating at 100 °C in void oven for 24 h
individually. Then, the materials as per requirement were taken in three batches with
differentweight compositionswhichwere fed one by one into the hopper, andmolded
test plate samples as per required dimensions were made [5].
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3 Characterization

3.1 Thermal Conductivity

A material by itself which conduct heat through it is called thermal conductivity
of the material. Thermal conductivity value for the three samples: PEVA, PEVA +
10%PTFE, and PEVA + 20%PTFE with unknown conductivity was determined by
placing the sample one by one between two samples of known conductivity (usually
brass plates). Heat was supplied under steady-state condition for 30 min and allowed
to move from top to bottom to avoid any convection [6]. As per ASTM standard,
E1530 samples having size 50 mm diameter and 3 mm thickness were made from
water jet cutting method for performing thermal conductivity test at Central Institute
of Polymer Engineering and Technology (CIPET), Chennai.

3.2 Optical Microscopy

Light from a mirror was reflected up through the specimen to be viewed, into
the targeted focal point, which produced the principal magnification. The image
produced from the focal point was then magnified again by the eyepiece lens, which
acted as a simple amplifying glass. The specimens were kept in the focal point, and
the magnified images were recorded in the screen.

3.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) under controlled atmosphere was used to deter-
mine the quantity and change in the weight of a material with time rate. The powder
sample was kept in the TA instruments in a platinum pan in nitrogen atmosphere
100 ml/min supply. Perkin Elmer thermal analysis between temperature ranges from
room temperature to 700 °C until zero mass reduction with temperature increment
of 10 °C/min was conducted successfully.

4 Results and Discussion

4.1 Thermal Conductivity Report

The thermal conductivity ‘k’ values obtained from Lee’s disk apparatus in W/mK
for the different samples under steady-state condition with mean temperature 55 °C
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Fig. 1 Thermal conductivity for various compositions of composite materials and pure PEVA
matrix

of heat flow from the top of the specimen obtained from Central Institute of Plastics
Engineering and Technology were given as bar chart. The ‘k’ value for Sample
1—PEVA is 0.201 W/mK and ‘k’ value for Sample 2—PEVA + 10%PTFE is
0.211 W/mK, which has improvement of 5% and ‘k’ value for Sample 3—PEVA +
20%PTFE is 0.226 W/mK which has improvement for 12.5% [6] (Fig. 1).

4.2 Optical Microscopy Report

The optical microscope image analysis studies were done usingMotic optical micro-
scope instrument. All the images was taken at International Research Centre, KARE,
India. This microscope images confirm the dispersen of the PTFE particles in the
PEVA matrix. The particle distribution was effective and achieved successfully on
behalf of melt mixing to obtain tailor-made composite samples by injection molding
technique [7] (Figs. 2, 3 and 4).

4.3 Thermogravimetric Report

The TGA report obtained from Sophisticated Analytical Instruments Facility, STIC,
Cochin University, India. The TGA curves were drawn using pure PEVA and PEVA
composites, it was shown in Fig 5. The TGA experimental was conducted between
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Fig. 2 Microscope image of
pure PEVA matrix

Fig. 3 Microscope image of
10% PTFE particle fillers in
PEVA matrix

Fig. 4 Microscope image of
20% PTFE particle fillers in
PEVA matrix

a temperature range of 50 °C to 650 °C and the increasing temperature values is set
at10 °C/min. For PEVA, there is an evidence for the thermal degradation in two steps
[8]. The first stage completed at around 390 °C, with long radius of curvature that
suggested a slow rate of degradation process with high thermal stability. The second
stage has sharp bend with less radius of curvature and degradation process ended at
fast rate (within the interval of 465–550 °C). It is evident from the graph that due
to the addition of PTFE particle, curve appears to be three-step thermal degradation
process [3]. For composites PEVA+ 10%PTFE and PEVA+ 20%PTFE, degradation
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Fig. 5 TGA test report of PEVA & PEVA composites

Table 1 TGA data for PEVA and PEVA/PTFE particle composites

Samples T-5 wt% degradation (˚C) T-50 wt% degradation (˚C) Tmax (°C)

Sample 1 PEVA 390 465 550

Sample 2 PEVA + 10%
PTFE

390 480 610

Sample 3 PEVA + 20%
PTFE

390 480 625

process increases up to 610 and 625 °C, respectively, for zero percentage weight loss
(Fig. 5).

From Table 1 given below, it was observed that the 5% weight loss degradation
temperatures for all the three samples are same. It was also noticed that 50% weight
loss temperature and peak temperature values obtained during degradationweremore
for composites blended with PTFE powder samples. The composite with 10%PTFE
and 20%PTFE had very high degradation temperature 610 and 625 °C, respectively.

5 Conclusions

The observation from the result stated that PEVA polymer composites blended with
20% Wt. composition and had improved properties. From the references, it was
observed that inclusion of fillers improved thermal properties and upgraded the heat
transfer rates. It is also noted that PEVA composites blended with 10 and 20% Wt.
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PTFE particles had improved thermal properties overall. Thus, the composite inno-
vation technique was found to be successful for thermal analysis of PEVA polymer
matrix with PTFE particle filler.
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A Study on Wire Electrical Discharge
Machining Process Parameters
and Performances

P. S. Gowthaman and S. Jeyakumar

Abstract Nowadays, the manufacturing industries require the advanced machining
techniques for micro-machining. It produces reliable and quality product. However,
it is extremely difficult in conventional machining to process an increase in hardness
of material, high utilization of energy, and decrease in cutting speed. Wire elec-
trical discharge machining (WEDM) is a precision machining technique for cutting
any electrically conductive materials. They are possible to cut the materials like
titanium, nickel, cobalt, tungsten, ceramics, and composite material. It has a compe-
tence to produce better surface, complex profiles and control tolerances. This paper
reviews the overview study of WEDM process parameters and performances of
various materials. The conclusion is drawn with the future scope as well.

Keywords Wire electrical discharge machining (WEDM) ·Material removal rate
(MRR) · Surface roughness (SR) · Cutting rate (CR)

1 Introduction

A wire electrical discharge machining (WEDM) is advanced machining techniques.
It espouses to be the most excellent options in present-day application, which is
used to remove materials from the workpiece by a series of electric sparks. A wire
of about (0.05–0.30 mm) diameter is used. The wire is usually made up of copper,
brass, and tungsten. The gap between the wire and workpiece is typically from
(0.025–0.075 mm). The WEDM can be proficient to cut thickness as 300 mm. The
WEDM experiences a very high temperature of around 10,000 °C [1]. The appli-
cations of WEDM are as follows: aerospace, automotive, biomedical, electronics,
marine industry, nuclear, tool and die industry. It was found that the WEDM process
is subjected to axial mechanical stress in order to keep it straight motion during the
cutting with respect to programmed path [2]. The WEDM has a capability for the
manufacturing of special gears, bearing cage, camwheels, tools and dies, gauges, and
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prototype [3]. This paper summarizes the various research activities conceded out in
the area ofwire-EDMprocess. TheWEDMreviews involve theworkingprinciple and
process parameters. Furthermore, the experimental work onWEDMperformances is
concluded and influences the various factors that affect the machining performance.

2 Wire Electrical Discharge Machining

The wire electrical discharge machining (WEDM) is an exceptional machining
process. It endeavors the tolerance of ±0.005 mm and surface finish of 0.1 µm.
It was found that the series of interrupted electric discharges is during the cutting of
materials in WEDM [4]. The temperature increases due to the high level of liberated
discharge energy. Figure 1 illustrates the schematic diagram of WEDM.

2.1 Principle of WEDM

WEDM is a specialized thermal machining technique. It is based on the principle of
electro-thermal mechanism. It transforms electrical energy into thermal energy for
cutting the materials. The high frequency is produced between tool and workpiece,
and it leads to generation of more ions and loss of dielectrics. In WEDM, the motion
of the wire is very slow and moves the prescribed path [5]. A process discharges the
single spark, and it is qualified for next spark [6].

Fig. 1 Schematic diagram of WEDM (Source Scott et al. [7])
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2.2 Process Parameters

In WEDM, the important performance measures are: material removal rate, surface
roughness, and cutting rate. The parameters which affect the following performances
are: pulse frequency, pulse duration, discharge current, wire speed, wire tension, and
dielectric flow rate.

2.2.1 Power Supply

The power supply is an essential part ofWEDMsystem. It employs to produce sparks
between the gap. The surface finish is dominated by discharge current, wire speed,
and pulse duration [7]. They enhanced the voltage and pulse on time is an uttermost
compelling parameters of controlling MRR [8].

2.2.2 Dielectric Fluid

The dielectric fluid serves the functions as:

(i) It gives the higher material removal rate and better surface finish.
(ii) Provides an effective cooling medium and good degree of fluidity.
(iii) Removing the chips from the sparking area.

The dielectric unit plays a dominant role inWEDM. The deionizedwater is served
as a dielectric purpose. It is used for the upcoming reasons: low viscosity, immense
cooling rate, and no fire hazard. It was reported lowerMRR, and streaks are observed
over the surface area [9].

2.2.3 Wire Electrode

The appropriate selection of wire is an crucial task in WEDM. The tool should
possess the desirable properties: good hardness, resistance to wear, high conductor
of electricity, high melting, and heat resistant. It was found that the performance
of WEDM is improved by tensile strength, good conductivity, and material coating
[10]. A coating wire can increase the cutting speed and dimensional accuracy. The
coated wire is overheated and evaporated during the high energy discharge. They
examined that the wear rate of brass wire is more than that of zinc-coated wire [11].
The wire tension plays a prominent role in machining and job accuracy. The higher
value of wire tension increases the cutting speed and accuracy; hence, it exceeds
the strength and it leads to wire breakage. The wire rupture is another obstacle that
occurs in WEDM, as a result of surplus spark energy, reduction of gap voltage, and
poor flush conditions.
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2.2.4 Workpiece

In WEDM process, the workpiece material impacts the MRR, SR, and CR. The
higher MRR is attained through the lesser melting and lower thermal conductivity,
while the lowermelting point endures the improper heat treatment and distortion [12].
They explored that the heat treatment ofmaterial undergoes the stability, shockability
hardness, andwearability [13]. Itwas investigated that the thickerworkpiece provides
a more chances of sparks to occur, while the surface conditions are affected [14].

3 Experimental Studies

The WEDM is generally achieved in a multi-cutting mode. The workpiece is
processed for rough cutting with higher energy of spark, longer dielectric fluid, and
low wire tension to go through the primary shape. The amount of total cutting passes
depends on accuracy and surface finish. The MRR, SR, and CR of the machined
surface get a main attention in the study of WEDM.

3.1 Material Removal Rate (MRR)

A material removal rate (MRR) is an essential performance measure to determine
the machinability. The MRR is expressed as the amount of material removing from
workpiece under the working time (mm3/min). It mainly depends upon electrode
material, melting temperature, and wear rate. The limited sparking time between
the wire and workpiece consequences the rapid cutting and higher MRR [15]. It was
investigated that the effect of various factors are:wire speed, pulse duration, and pulse
frequency for maximization of MRR [16]. In dry-wire-EDM, the maximum quantity
of mixing flow rate impinges the machining performance and it results in variation
of MRR [17]. They performed WEDM on EN-31 alloy steel, and it concludes that
the pulse width, wire speed, and servo voltage play the major role in MRR [18].

3.2 Cutting Rate (CR)

The cutting rate is otherwise called as cutting speed. It is termed as the ratio of length
of workpiece cut to the duration of cutting time. It was reported that pulse-on time,
pulse duration, peak current, servo voltage, wire speed, and electrical capacitance
are the essential parameters of cutting speed [19]. It was explored that the increase in
peak current and electrical capacitance undergoes the increase in cutting speed [20].
Table 1 illustrated the WEDM performances on different materials.
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Table 1 Overview of WEDM on different materials

Authors Material Contributions

Maher et al. (2016) AISI 1050 steel Developed the ANFIS model
and determined the white layer
thickness

Mouralova et al.(2019) Inconel-625 Studied the machining
characteristics of Inconel-625

Rauma sen et al.(2018) Maraging steel (300
Grade)

Investigated the process
parameters using neural network
and Jaya algorithm

Muhammed Azam et al. (2016) HSLA steel Developed the mathematical
model and explored the
machining parameters

Nithin Raj et al (2017) Cu/Ni-Si/Tic composite Evaluated the process
performances using the Taguchi
method

Himadri majumder et al. (2018) Ni–Ti shape memory
alloy

Highlighted the general
regression neural network of
Ni–Ti alloy

Abimannan Giridharan et al.
(2017)

AISI 4340 steel Experimented the erosion
mechanism and machining
properties

Somvir singh et al. (2018) Udimet-L605 Optimized the machining
parameters using PSO

Pramanik et al. (2018) 2205 Duplex stainless
steel

Investigated the surface
morphology of machined
components

Meinam Annebushan et al. (2018) Alumina (MWNCT)
composite

Identified the machining
properties and erosion
phenomena of MWNCT

3.3 Surface Roughness (SR)

The surface roughness is a prominent parameter that arouses the performance of machining
component. It primarily depends on accuracy, friction, surface contact, lubrication, and
deformation. It was reported the machining surface is affected by high discharge energy
and long pulse duration [21]. They explained the competent selection of heat treatment, and
machining parameters distressed the surface properties [22].

4 Conclusion

The WEDM is a proficient non-conventional machining process. WEDM offers the bene-
fits as: sharp internal corners, higher material utilization, and elimination of cutting forces.
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Today’s companies using WEDM techniques make extrusion dies and tools, but its applica-
tion prolongs much wider. The WEDM is used for low-volume production of complex
parts such as gears, splines, and medical equipment. Furthermore, the current research
trends included in applications as: micro-wire-EDM (µ-WEDM), wire electrical discharge
grinding (WEDG), and ultrasonic-assisted WEDM. Therefore, the research of WEDM in
new applications needs a more focus to make prudent.
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Investigation of Tensile
and Morphological Properties
of Kevlar/S-Glass/Jute Fibre-Reinforced
Epoxy Hybrid Composite

G. Manoj Kumar, S. Kavin Raj, K. S. Ajai Bhalaji, and J. Karthik

Abstract The term composite materials are deeply suited into our engineering
culture. Nowadays, composite materials are gaining huge attention. This work
focuses on the development and personation of hybrid Kevlar/S-Glass/jute-
reinforced epoxy composite. A total number of fibre layers are fixed and both weight
percentage of the matrix and different fibre layers are varied. Three specimens were
fabricated using hand layup technique. The specimens are fabricated according to the
ASTM standard by using epoxy resin LY556 as the matrix material and hardener—
HY 951. Out of three specimens, the best composition is selected by undergoing
various tests like tensile test, SEM, etc. The reinforcement includes fibres likeKevlar,
S-glass and jute. Since the world is moving on towards the composite materials and
smart materials, the ultimate aim of this paper is to develop a hybrid composite mate-
rials to achieve helmet of superior quality, low cost and lightweight. This helmet is
suitable for various applications like bike helmet, bicycle helmet, baseball helmet
and cricket helmet.

Keywords Kevlar fibre · S-glass fibre · Jute fibre · Bike helmet

1 Introduction

All helmets try to protect the user’s head by absorbing mechanical energy. It also
try to protect the head against penetration. From the case studies, it is observed that
the helmet gets cracked it through the middle and also at front side and finally was
broken due to impact during accidents.

When the helmets hit the road, the plastic shell gets shattered and the inner foam
gets squished and crumbled and finally the helmet gets disintegrated on impact.
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Though the person driving wearing helmet is not died, but had a very serious injury,
no helmet will protect from a falling girder!—(construction site). Composites helmet
would be a protective helmet that could save your life. In the broad sense, the term
composite materials refers to all solid materials composed of more than one compo-
nent, where in those components are in separate phases [1]. Composite materials are
used here because they have excellent properties like high specific stiffness, specific
strength and near net shape of the products that can be produced. Compositematerials
provide capabilities of part integration [2].

2 Materials and Methods

The conventional helmet is made up of acrylonitrile–butadiene–styrene (ABS) and
high density polyethylene (HDPE). Modern helmets that are polymer-based and
sometimes polycarbonate [3, 4] are used based on the application. This work involves
the use of composite materials like Kevlar fibre, S-glass fibre and jute fibre. The
helmet material as a whole consists of four layers; the bottom most layer consists of
polystyrene foam which provides a cushioning effect to the user’s head. Epoxy resin
(LY-556) and hardener (HY-951) were used as a matrix material (Fig. 1).

2.1 Processing

The composite specimen and the helmet were fabricated using hand layup technique.
The composite specimen was prepared for all the three compositions as per the die
specification using hand layup technique [5]. After curing at a room temperature of
15–16 h, developed composite specimen was taken out. The belowmentioned values
represent the layers of the fibres of the respective specimen (Table 1).

The above-mentioned values denote the weight percentage of the concerned fibre
(Fig. 2).

Fig. 1 Kevlar fibre mat
(gold colour), S-glass fibre
mat (white colour), jute fibre
mat (brown colour), epoxy
resin and hardener
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Table 1 Designation of fibres

S. no. Designation Composition

1 1 kevlar fibre + 3 glass fibre + 1 jute fibre
+ epoxy resin

10% Kevlar + 32% glass + 6% jute +
52% epoxy

2 1 kevlar fibre + 2 glass fibre + 2 jute fibre
+ epoxy resin

10% Kevlar + 20% glass + 10% jute +
60% epoxy

3 1 kevlar fibre + 1 glass fibre + 3 jute fibre
+ epoxy resin

10% Kevlar + 12% glass + 20% jute +
58% epoxy

Fig. 2 Composite specimen
of different compositions

2.2 Property Calculations

The properties of the Kevlar, S-glass, jute fibre and thematrix material were obtained
[6, 7] (Table 2).

The calculation procedure is proceeded for all the three compositions and finally
the density, Young’s modulus and Poisson’s ratio are found and tabulated [8] (Table
3).

Table 2 Properties of matrix and reinforcements

Properties Kevlar S-Glass Jute Epoxy/hardener

Density (ρ) 1.4 g/cm3 2.5 g/cm3 1.46 g/cm3 1.2 g/cm3

Young’s modulus (E) 124 GPa 89 Gpa 30 GPa 3.42 Gpa

Poisson’s ratio (μ) 0.36 0.22 0.3 0.35

Table 3 Properties of the developed composite specimen

S. no. Composition Density of composite
(kg/m3)

Young’s modulus (GPa) Poisson’s ratio

1 Composition 1 1058.59 14.750 0.24

2 Composition 2 1017.284 12.34 0.252

3 Composition 3 1000.409 11.352 0.2517
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Fig. 3 Jigsaw cutting
machine

2.3 Cutting of Laminates in to Samples of Desired
Dimensions

The jigsaw blade was used to cut the laminates into various samples of desired
dimensions. Sample specimens were made for tensile test, impact test, hardness test
and bending test as per the ASTM standards. The number of test specimens is twelve
and corresponding properties are taken from the experimental procedure (Fig. 3).

2.4 Fabricated Specimens

The specimens are fabricated as per the ASTM standard into desired shape. The
fabricated specimens are given below (Fig. 4).

3 Numerical Analysis of the Composite Specimens Using
ANSYS

3.1 Modelling of the Composite Specimen

The composite specimenwasmodelled using SOLIDWORKS 2018. The rectangular
specimen was modelled with (120 mm × 12 mm × 3 mm) dimensions. All these
specimens were developed as per ASTM standards.
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Fig. 4 Specimen samples for hardness test, impact test, bending test and tensile test for all three
compositions

3.2 Analysis of the Specimens Using ANSYS

3.2.1 Tensile Test

The tensile test specimen was actually modelled in dog bone shape as per the ASTM
standards. Finally, the whole body was meshed (edge sizing mesh, body sizing
mesh). The tetrahedral type ofmesh element was applied to the corresponding tensile
test specimen. The element size of the mesh was given as 4 mm. The deformation
results obtained from ANSYS were then compared with results obtained from the
experimental procedure (Figs. 5, 6 and 7).

The same tensile test analysis procedure was repeated for other two specimens,
and the total deformation results from ANSYS were tabulated and then compared
with the experimental results (Table 4).

Fig. 5 3D model
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Fig. 6 Mesh generation

a) Specimen 1 b) Specimen 2 c) Specimen 3

Fig. 7 Tensile test analysis for specimens in ANSYS

Table 4 Tensile test results
obtained from ANSYS

Composition Load applied (N) Deformation (mm)

Composition 1 7.75 2.006

Composition 2 7.28 2.234

Composition 3 6.5 2.1865

4 Experimental Analysis

4.1 Tensile Test

Static tensile properties such as tensile strength, tensile modulus and Poisson’s ratio
were determined as per ASTM standard. The tensile test was carried out using
universal testing machine (UTM) where one end of the specimen was fixed and
the other end of the specimen was subjected to gradual load till the fracture of the
sample. The stress–strain graph for the test carried out on respective specimens is
shown in Figs. 8, 9 and 10 (Table 5).

The experimental results of all the three compositions were compared with results
of ANSYS. It was observed that the deformation of the tensile test specimen in the
ANSYS was more or less similar and matches with the experimental results.
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Table 5 Tensile test results obtained from experimental procedure

Composition Load applied (N) Deformation (mm) % of elongation Tensile strength
(MPa)

Composition 1 7.75 3.93 10.28 166.31

Composition 2 7.28 3.28 11.11 111.3

Composition 3 6.5 2.94 6.72 105.22

Fig. 8 Tensile test
(specimen 1)

Fig. 9 Tensile test
(specimen 2)

4.2 SEM Results

The surface details of the composites were studied using scanning electron
microscopy (SEM). The images from SEM will be useful to study the fibre–matrix
interaction [9, 10] (Figs. 11, 12, 13, 14, 15 and 16).

It also helps to study how breaking and debonding of fibres take place. The SEM
images help to study the morphology of the different specimen after and before
testing.
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Fig. 10 Tensile test
(specimen 3)

Fig. 11 SEM of specimen 1

Fig. 12 SEM of specimen 2

Fig. 13 SEM of specimen 3
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Fig. 14 Tensile (SEM) of
specimen 1

Fig. 15 Tensile (SEM) of
specimen 2

Fig. 16 Tensile (SEM) of
specimen 3

5 Conclusions

This paper presents the fabrication of hybrid composite (Kevlar, S-glass, jute
fibre) with epoxy resin using hand layup technique. From the tests, the following
conclusions are drawn:
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From the tensile test, it is observed that the specimen of composition 2 has
the tensile strength of 111.3 MPa which is better than specimen 3 having tensile
strength of 105.22MPa. Even all theANSYS results of tensile test with the respective
specimens agree with the results of experimental tests of the specimens.

With the results obtained, the properties of the specimen tested suit for various
applications like safety helmet for industrial workers and sports persons.
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Optimization of Roller Burnishing
Parameters of Al(SiC)p Metal Matrix
Composite with TiAlN-Coated Roller
Using Response Surface Methodology

E. Shankar, T. Sampath Kumar, M. R. Stalin John, and C. Devanathan

Abstract In this paper, the optimization of roller burnishing parameters of silicon
carbide particles-reinforced aluminum composites of metal matrix base using
response surface methodology (RSM) was carried out. For the burnishing roller
material, tungsten carbide was coated with TiAlN using physical vapor deposition
(PVD) technique. Experiments were conducted in dry condition by changing speed
of the burnishing tool and number of passes. The input parameters were changed at
different levels in order to evaluate its influence on output responses such as rough-
ness and hardness of the surface. The optimization was carried out using response
surface methodology.

Keywords Roller burnishing · TiAlN roller · RSM · Lathe · MMC

1 Introduction

Nowadays, burnishing process is very popular to improve the surface finish and
enhance the surface hardness after machining operations like turning. It avoids the
need of separate superfinishing machines like grinding, polishing, honing, etc. Due
to its large contact area, roller burnishing produces good surface finish in compar-
ison with ball burnishing. There are many parameters which affect the burnishing
performance like burnishing feed, force, speed, number of passes, diametric size of
ball, tool material, lubricant used, initial roughness and hardness of the workpiece,
burnishing direction, etc. Materials like hardened steel EN 24, brass, cast Al–Cu,
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mild steel, and Al (SiC)p composites have been burnished and its reports were avail-
able. The consequence of burnishing operations on the roughness and hardness of
the surface was found [1–5]. It was found that the TiN coating on EN31 roller during
burnishing has positive impact on the output parameters.

Based on the literature analysis, it was found that less work is reported on
burnishing of metal matrix composites and optimizing its parameters. This paper
uses response surface methodology to determine the optimal burnishing conditions
to getmultiobjective function for instanceminimumsurface roughness andmaximum
surface hardness.

2 Experimental Procedure

Al(SiC)p MMCwas chosen as the workpiece material. The conventional stir casting
methodwas used to prepare the workmaterial. 10 wt% of SiC reinforcement is added
to molten Al6061 matrix at a temperature of 750 °C and stirred at speed of 500 rpm
for 10 min and then it was poured into a cavity and permitted to solidify. The cast
workpiece was turned using center lathe. The Vickers hardness machine (FTMmake
TV-50 model) and contact type profile meter (Mitutoyo make SJ210 model) was
used to obtained the initial surface hardness (42.3 HV), and initial surface roughness
(2.6 µm), respectively. Burnishing tool with WC roller material was purchased from
bright burnishing tools. Titanium aluminum nitrate coating was done on the tungsten
carbide roller by PVD technique. Figure 1 shows photographic view of the roller
burnishing tool.

The cutting speed (N), the lubricant (L), and number of times the tool passes
(n) were the three controlling factors selected. The output responses were surface
roughness and hardness of the surface, and the output values are shown in Table 1.
Figure 2 shows photographic view of the burnishing operation using roller burnishing
tool.

Fig. 1 Roller burnishing
tool



Optimization of Roller Burnishing Parameters … 215

Table 1 Experimental matrix of test

No. of passes Speed in rpm Dry condition(D)

Uncoated roller Coated roller

HV10 (HV) Ra (µm) HV10 (HV) Ra (µm)

1 200 69 0.650 98 0.890

1 300 67 0.774 79 1.220

1 500 63 1.658 75 1.440

2 200 71 0.998 101 0.880

2 300 75 1.128 86 1.005

2 500 67 1.4 79 0.990

3 200 83 1.246 103 0.850

3 300 83 1.344 98 0.660

3 500 75 1.678 86 0.742

Fig. 2 Burnishing operation

3 Case Study

3.1 Case Study 1: Dry Condition and Uncoated Roller

3.1.1 Mathematical Models

Using response surface methodology, the roughness and hardness of the surfaces
were modeled for the input factors of burnishing speed and number of times the tool
passes.

The response equations are

HV10 = 55.9 − 0.90 pass + 0.0819 speed + 2.33 pass ∗ pass

− 0.000133speed ∗ speed − 0.00429 pass ∗ speed (1)
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Ra = 0.083 + 0.339 pass + 0.00103 speed + 0.0497 pass ∗ pass

+ 0.000004 speed ∗ speed − 0.001019 pass ∗ speed (2)

3.1.2 Response Surface Plots

Figures 3 and of 4 show the response surface plots between number of pass, speed
and surface roughness and surface hardness, respectively. The hardness was high at
higher speeds. This is due to work hardening of the workpiece on the surface. Surface
quality was very poor at higher speed. It may be due to flaking of over-hardened layer
of aluminum and exposure of SiC particles. It may also be due to the chatter and
vibrations.

Fig. 3 RSM plot between
Ra and passes

Fig. 4 RSM plot between
HV and passes
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Fig. 5 Response surface
optimization for the case
study 1

3.1.3 Optimization of Response

The factors are optimized using response surfacemethodology (RSM)with an objec-
tive function. The objective functions were minimizing the surface roughness and
maximizing the surface hardness. Minitab software is used for optimization. The
optimized factors were speed of the burnishing tool = 224.2424 rpm and number of
times the tool passes = 3. Figure 5 indicates the optimized plot of the burnishing
factors. With the desirability factor of 0.6238, it was obtained that the optimized
surface roughness is 1.1389 µm and hardness of the surface is 78.0531 HV.

3.2 Case Study 2: Dry Condition and Coated Roller

3.2.1 Mathematical Models

The response equations are

HV10 = 141.0 − 0.7 pass − 0.294 speed + 1.17 pass ∗ pass

+ 0.000306 speed ∗ speed + 0.0057 pass ∗ speed (3)

Ra = 0.418 + 0.079 pass + 0.00354 speed + 0.0087 pass ∗ pass

− 0.000001 speed ∗ speed − 0.000989 pass ∗ speed (4)
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Fig. 6 RSM plot between
Ra and passes

Fig. 7 RSM plot between
Ra and passes

3.2.2 Response Surface Plots

Figures 6 and 7 show the response surface plots between speed, number of pass,
against surface roughness and hardness of the surface, respectively. It was found that
for repeated number of passes the quality of surface was good. This is because of the
movement of substance from peaks into the valleys of the surface irregularities on
the machined surface. During first pass, roughness of surface increases with increase
in speed. At higher passes, the surface finish was not affected by rotational speed of
the workpiece. Hardness was higher at the third pass where the surface finish was
also good.

3.2.3 Optimization of Responses

Thebest input factors are foundusingRSMand the values are: speed of the burnishing
tool = 200 rpm and number of times the tool passes = 3. The optimized surface
roughness and surface hardness are found out using RSMwith the desirability factor
of 0.9116 and the values are 0.7918 µm and 106.127 HV correspondingly. Figure 8
shows the response surface optimization plots for the case study 2.
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Fig. 8 Response surface
optimization for the case
study 2

4 Conclusions

Roller burnishing was done on Al(SiC)p MMC using TiAlN-coated roller. Based on
the results, the following conclusions can be made.

1. Surface quality improves with increase in number of passes.
2. Optimization was obtained using response surface methodology.
3. Comparing both the case studies, the coated burning tool had given the better

surface finish and hardness when compared with non-coated burnishing tool.
4. In future, thework can be extended to check for different conditions like kerosene

and castor oil as lubricants and results can be compared with the dry condition.
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Optimization of Machining Parameters
During Turning of AISI 316L Stainless
Steel Under Nanocutting Fluid
Environment
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Abstract Nanofluids are a newclass of fluids obtainedbydispersingnanoparticles in
the conventional base fluids. In this research work, optimization of material removal
rate in turning operation is done by using nanoparticle-filled lubricant on an all
geared center lathe at different cutting velocities and feeds. In the present work,
the machining performance of nanofluids is compared with the conventional cutting
fluids. The experimental investigation is performed on AISI 316L stainless steel rod
by plain turning operation under flooded nanofluid conditions using ceramic inserts.
Nanofluids are prepared by mixing carbon nanotubes with SAE20W40 engine oil by
0.25 wt.%. The optimization of machining parameters to maximize material removal
rate is done by using Taguchi’s technique. The experimental results indicate that
spindle speed and depth of cut are the dominant variables on responses.

Keywords AISI 316L stainless steel · Carbon nanotubes · Material removal rate ·
Nanofluids · Optimization · Taguchi

1 Introduction

Ramana et al. [1] have studied the performance of coolants in turning of titanium
alloy under different machining conditions. The experimental results reveal that
surface roughness is improved under MQL machining when compared to conven-
tional machining conditions. It is observed that feed rate has more effect on the
surface roughness compared to other factors. Vishnu and Kumar [2] have deter-
mined the influence of nanofluids in turning of EN-19 steel alloy at various cutting
parameters. The surface roughness is improved by obtaining optimum conditions
of 1500 rpm spindle speed, feed rate of 0.2 mm/min, 1.5 mm depth of cut, and
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gold-coated cutting tool by using Taguchi’s technique. Khalil et al. [3] have studied
the performance of nanolubricant in turning of AISI 1050 steel under MQL condi-
tions. The experimental results reveal that nanolubricant with SDBS exhibits better
performance in reduction of tool wear when compared to dry and pure nanolubri-
cant conditions. Singh et al. [4] have examined the role of nanofluids in turning
of AISI 304 stainless steel under MQL conditions. The experimental results reveal
that MWCNT nanofluid exhibits better performance in reduction of surface rough-
ness and cutting temperature. Ali et al. [5] have made an investigation to optimize the
machining parameters during turning of Inconel 718 by using surfactant addedAl2O3

nanofluids under MQL condition. It is observed that MQL nanofluids have improved
the machining performance with ecological benefits. Siddique et al. [6] have studied
the impact of input parameters on material removal rate in turning of AISI 4140 alloy
steel under dry conditions. They have obtained the optimum machining parameters
to maximize the material removal rate. Narayanan et al. [7] have studied the perfor-
mance of coolants in face milling of EN 31 steel using tungsten carbide tipped tool
byMQL technique. The aluminum oxide-based nanofluids are selected as the cutting
fluid. The experimental results reveal that the material removal rate is improved by
using 60 nm nanoparticles at 3% concentration filled in the base fluid. Naidu et al. [8]
have made an experimental study to optimize the machining parameters in turning of
EN-36 steel alloy by using Taguchi’s technique. The experimental results reveal that
the optimum conditions are obtained under vegetable oil-based nanofluids. Vishnu
[9] has made an attempt to study the effect of coolants on material removal rate in
turning of EN 19 alloy steel under flooded condition. It is observed that vegetable oil
showed better performance than nanofluids. Vishnu et al. [10] have investigated the
performance of vegetable oil with MQL in turning of EN 353 alloy steel by using
carbide cutting tools. It is observed that vegetable oil exhibited great cooling effect
under MQL and flooded conditions. From the literature, it is clear that the use of
nanocutting fluids has enhanced the machining characteristics of hard materials by
their improved thermal properties. Therefore, the present work deals with the opti-
mization of material removal rate during plain turning of AISI 316L stainless steel
using flooded lubrication conditions under nanocutting fluids.

2 Materials and Methods

2.1 Materials Used

AISI 316L stainless steel is chosen as theworkpiecematerial. The chemical composi-
tion of the stainless steel material is shown in Table 1. In this research work, ceramic
insert is selected as the cutting tool material. Multi-walled carbon nanotubes are
chosen as the nanoparticle. The nanofluids were prepared by mixing 10 g of carbon
nanotubes into the SAE20W40oil-based fluid (4000ml) by using esterification setup.
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Table 1 Chemical composition of AISI 316L stainless steel

Element C Si Mn S P Ni Cr Mo N Fe

Wt. % 0.018 0.350 1.664 0.014 0.043 10.176 16.115 2.197 0.10 Rest

Table 2 Properties of
nanofluids

Thermal property Without MWCNTs With MWCNTs

Flash point (°C) 235 251

Fire point (oC) 263 255

Pour point (°C) −12 −15

Viscosity @ 100 °C 16.07 17.22

Viscosity @ 40 °C 135.36 143.28

Thermal conductivity @
40 °C

0.140 0.162

Table 3 Machining parameter and levels

Input parameters Symbol Units Level 1 Level 2 Level 3

Cutting fluid type A SAE20W40 SAE20W40 + MWCNT

Spindle speed B rpm 140 315 500

Feed rate C mm/rev 0.05 0.102 0.143

Depth of cut D mm 0.40 0.60 0.80

The thermal properties of nanofluids are determined in Delta lab, Chennai, India.
Table 2 provides the thermal properties of engine oil with and without nanoparticles.

2.2 Experimental Design

In this study, the Taguchi technique was employed for getting the data in a controlled
way. According to the Taguchi quality design concept, a L18 orthogonal array was
used for the experiments. It reduces the number of experiments. The methodology
is valuable when design parameters are qualitative and discrete. Table 3 shows four
machining parameters as control factors and their levels.

2.3 Experimental Procedure

The experiment is conducted for wet turning operation on AISI 316L stainless steel
as work material and ceramic inserts as tool material. All geared lathe machine is
used for conducting the experiments. The experimental setup is shown in Fig. 1. The
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Fig. 1 Experimental setup

experiments are performed on the workpiece for a length of 130 mm. The response
variable which is measured in this study is material removal rate. The experimental
results are given in Table 4. The material removal rate is measured by using the
following formula.

Let t = machining time, Davg = average diameter of the cutting section, and d =
depth of cut.

So, experimental formula for M.R.R.

= π × L × d × Davg

t
mm3/min (1)
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Table 4 Experimental results

Trail
no.

Cutting fluid
type

Spindle
speed
(rpm)

Feed rate
(mm/rev)

Depth
of cut
(mm)

Machining
time(min)

Material
removal rate,
MRR in
mm3/min

S/N ratio
of
material
removal
rate

1 SAE20W40 140 0.05 0.4 8.85 915.57 59.2338

2 SAE20W40 140 0.102 0.6 9 1323.24 62.4328

3 SAE20W40 140 0.143 0.8 9.10 1694.66 64.5817

4 SAE20W40 315 0.05 0.4 4.52 1662.54 64.4154

5 SAE20W40 315 0.102 0.6 4.48 2461.38 67.8236

6 SAE20W40 315 0.143 0.8 4.50 3165.61 70.0091

7 SAE20W40 500 0.05 0.6 2.78 3719.74 71.4103

8 SAE20W40 500 0.102 0.8 2.88 4628.61 73.3090

9 SAE20W40 500 0.143 0.4 2.90 2230.75 66.9690

10 SAE20W40
+ MWCNT

140 0.05 0.8 9.05 1386.33 62.8373

11 SAE20W40
+ MWCNT

140 0.102 0.4 8.17 743.83 57.4295

12 SAE20W40
+ MWCNT

140 0.143 0.6 9 985.62 59.8742

13 SAE20W40
+ MWCNT

315 0.05 0.6 4.30 1994.54 65.9969

14 SAE20W40
+ MWCNT

315 0.102 0.8 4.25 2583.05 68.2427

15 SAE20W40
+ MWCNT

315 0.143 0.4 4.33 1222.39 61.7442

16 SAE20W40
+ MWCNT

500 0.05 0.8 2.57 3966.47 71.9681

17 SAE20W40
+ MWCNT

500 0.102 0.4 2.67 1835.53 65.2752

18 SAE20W40
+ MWCNT

500 0.143 0.6 2.63 2702 68.6337

3 Results and Discussions

3.1 Optimization of Machining Parameters Using Taguchi’s
Technique

The category the larger-the-better is always preferred to calculate the S/N ratio for
quality characteristics of material removal rate. The equation for calculation S/N
ratio for larger-the-better characteristic is given in Eq. 2 (in decibels).
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Table 5 Response table for means

Level Cutting fluid type Spindle speed (rpm) Feed rate (mm/rev) Depth of cut (mm)

1 2422 1175 2274 1435

2 1936 2182 2263 2198

3 3181 2000 2904

Delta 487 2006 274 1469

Rank 3 1 4 2

η = −10 ∗ log
(
�

(
1/Y 2

)
/n

)
(2)

where Y is the value of responses under study and n is the number of tests.
By applying the Eq. 2, the S/N ratio values for each experiment of L18 are calcu-

lated. Based on the response table for means which is shown in Table 5, the optimal
solution is obtained at type of cutting fluid of SAE20W40 engine oil, 500 rpm of
spindle speed, feed rate of 0.05mm/rev, and 0.80mmof depth of cut. These optimum
cutting conditions are an untrailed experiment. Therefore, it is necessary to predict
the S/N ratio using Minitab software. The predicted S/N ratio for this condition
is 73.7186. By using this, considering the larger-the-better equation, the predicted
material removal rate is 4852.10 mm3/min which is the optimum value.

4 Conclusions

This study presents the optimization of process parameters such as spindle speed,
feed rate, depth of cut, and type of cutting fluid in wet turning of AISI 316L stainless
steel using Taguchi’s method. The following conclusions can be obtained based on
the experimental results and analysis as follows:

• The material removal rate is maximum for all cutting conditions when using
MWCNT-filled cutting fluid.

• The material removal rate increases with the increase in spindle speed.
• Based on the ANOVA results, the most influential parameter which affects the

response is spindle speed followed by depth of cut.
• Based on the Taguchi method, the optimal solution for the cutting parameters is

determined.
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Surface Integrity Studies on WEDM
of Magnesium Matrix Nano-SiC
Reinforced Composites

S. Vijayabhaskar , T. Rajmohan , K. Lalitesh, and S. Sai Vivek

Abstract Magnesium with the addition of ceramic nanoparticles exhibits improved
mechanical properties such as an increase in strength and hardness without compro-
mising the ductility which makes it attractive for lightweight applications. But the
presence of hard ceramic particles makes it difficult to machine through the conven-
tional process.Wirecut electrical dischargemachining (WEDM) is considered as one
of the favorable processes to machine such nanocomposites with high accuracy. The
surface quality of the machined surface is one of the attributes which needs special
attention. In the present investigation, the surface integrity of wirecut electrical
discharge machined magnesium matrix nanocomposite has been studied. Magne-
siummetal reinforced with SiC nanoparticle at three different weight percentage (wt
%) viz 0, 0.5, and 1 that is fabricated through ultrasonic cavitation has been used
in this investigation. The surface microstructures were examined with a scanning
electron microscope (SEM), the surface roughness, and microhardness at various
depths that have been measured.

Keywords Magnesium · Nanocomposites · Surface roughness ·WEDM ·
Microhardness

1 Introduction

Magnesium matrix composite is one of the most promising materials to meet
the increasing demands for high performance and lightweight materials for struc-
tural applications. The development of magnesium matrix nanocomposites with the
growing availability of metallic and ceramic nanoparticles offers enhanced proper-
ties like tensile, compressive, hardness, fatigue, wear, and corrosion properties when
compared to conventional magnesium composites reinforced with micro-sized parti-
cles [1]. Ultrasonic cavitation is found to be an efficient method for the effective
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dispersion SiC nanoparticles in magnesium melt and to obtain a uniform distribu-
tion of the reinforcement particles along with grain refinement during solidification
process of magnesium matrix nanocomposites [2]. The presence of hard ceramic
reinforcement in the nanocomposite makes it difficult to machine through traditional
processes resulting in other problems like reduced tool life and the damages at a
subsurface level [3–5]. WEDM is considered as one of the favorable unconventional
machining processes to machine such materials having varying hardness with high
accuracy [6].

WEDM is basically a thermal process involving a complex metal removal mech-
anism, in which the plasma channel formation between the electrode/wire and work-
piece results in the removal of material from the workpiece [7], leading to work
hardness, surface roughness, surface structural changes, heat affected zone, white
layer, cracking, and metallurgical transformations. Surface integrity includes these
properties which play a key role in determining the operational behavior of the mate-
rial [8]. Surface integrity is that the surface condition of a workpiece once being
changed by a machining process, which in turn alters the material properties [9]. In
this investigation, WDM experiments have been carried out to study the machined
workpiece surface integrity, including the microhardness and microstructures, under
a wide range of machining conditions.

2 Experimental

2.1 Materials

Magnesium metal of purity 99% is used as the matrix material, and silicon carbide
nanoparticles of average particle size 50–80 nm were used as the reinforcement.
The nanocomposites with varying wt.% (0, 0.5, 1) of nano-SiC were fabricated
using ultrasonic cavitation method to overcome the problems associated with the
dispersion of nanoparticles in the molten metal. Magnesium in the form of billet was
loaded into the furnace and heated to around 610 °C, and then, the SiC nanoparticles
were added to the melt after preheating to 800 °C. The ultrasonication process was
carried out by dipping the probe into the melt, and the whole melt environment is
protected by argon gas. The Mg melt with SiC nanoparticles was poured into a steel
mold which is preheated to 500 °C.

2.2 Experimental Design

In the present investigation, Taguchi L9 orthogonal array was used to plan the experi-
mental design. Thismethod is considered as one of the effective, simple, andmethod-
ical approaches to improve the design for performance, cost, and quality [10]. The
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Table 1 Machining parameters and their levels

S. no Parameters Unit Levels

1 2 3

1 Pulse ON µs 1 6 10

2 Voltage V 40 55 70

3 Feed rate mm/min 1 6 10

4 Wt. % SiC % 0 0.5 1

method is appreciated when design factors are discrete and qualitative. The most
influencing parameters were identified from the past research literature, and their
respective levels were selected and presented in Table 1.

2.3 Experimental Procedure

All the experiments were carried out on ecocut four-axis CNC WEDM machine.
Negatively polarized brass wire of diameter 0.25 mm is used as electrode, and deion-
ized water is used as the dielectric medium. Three specimens of size (65 × 35 ×
10) mm were machined on WEDM by varying the parameters such as pulse on
time, voltage, feed rate, and wt. % of SiC considering the output responses such as
surface roughness (SR) and material removal rate (MRR). The surface roughness is
measured through computerized surface roughness tester, where the average of two
measurements were taken for each experiment, and the MRR is calculated using the
relation:

MRR = ktVc ρ (1)

where k is kerf width, t is thickness of the workpiece, V c is the cutting speed, and ρ

is the density of the material. The observed experimental results are shown in Table
2. Figure 1 shows the machined samples.

In this investigation,microhardness ismeasured byusingMicroVicker’sHardness
Tester (ModelMH6).A force of 100 g for a duration of 10 s is applied on themachined
surface, and measurements were made at four different depths perpendicular to the
machined surface, i.e., 50, 100, 150, and 200 µm. The measured hardness values are
presented in Table 3.
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Table 2 Experimental results

Exp. no Cut Pulse on
(µs)

Voltage
(V)

Feed rate
(mm/min)

Wt. % of
SiC (%)

Kerf
width
(mm)

MRR
(g/min)

SR (µm)

1 1 1 40 1 0 0.339 0.047 3.55

2 2 10 70 6 0 0.347 0.025 3.36

3 3 6 55 10 0 0.344 0.033 3.16

4 1 1 55 6 0.5 0.357 0.026 3.15

5 2 6 70 1 0.5 0.344 0.023 3.39

6 3 10 40 10 0.5 0.338 0.047 3.72

7 1 10 55 1 1 0.341 0.04 4.18

8 2 6 40 6 1 0.357 0.046 4.17

9 3 1 70 10 1 0.346 0.02 3.57

Fig. 1 WEDM processed workpieces

3 Results and Discussion

3.1 Effect of WEDM on Surface Roughness

Thevariationof the surface roughness values,with respect to various input parameters
such as pulse on, voltage, and feed rate in terms different cuts andworkpiecematerials
with different wt% of SiC is presented in Fig. 2. Among the other factors, wt% SiC
nanoparticles is considered as the most dominating factor that affects the surface
roughness [11]. It can be observed from Fig. 2 that the surface roughness values
are decreased with increase in wt% of SiC nanoparticles initially which is mainly
due to the improved brittleness and uniform distribution of nano-SiC particles in the
composites that in turn enhance the surface finish [6], but further increase in the wt
% of SiC nanoparticles increases the surface roughness due to the presence of hard
SiC nanoparticles [12]. It is also noticed that the increase in pulse on time increases
the discharge energy resulting in increased surface roughness while the increase in
the voltage decreases the surface roughness as a result of reduced spark due to the
increase in the gap between electrodes [13].
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Fig. 2 Surface roughness
variation with WEDM
parameters and wt% of SiC

3.2 Effect of WEDM on Microhardness

Microhardness is considered as one of the important parameters in the surface
integrity study. The effect of WEDM cutting on the microhardness of magnesium
matrix nano-SiC reinforced composites with varying wt% of SiC nanoparticles is
presented in Fig. 3a–c.

Fig. 3 a Microhardness of Mg + 0% SiC, b Microhardness of Mg + 0.5% SiC, c Microhardness
of Mg + 1% SiC
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It is observed fromFig. 3a–c that themicrohardness decreases as the depth from the
machined surface increases. The increased microhardness near the machined surface
is mainly due to the heat generated at the cutting resulting in the work hardening of
the deformed machined surface layer along the depth [14]. Pulse on time is one of
the predominant factors that affect the microhardness [15]. Figure 3a–c indicate that
the high level of pulse on time and voltage increase the hardness by forming hard
surface as a result of high discharge energy. Microhardness profiles revealed that the
subsurface deformation occurs up to a maximum of 200 µm below the machined
surface and moving further away from the machined surface, and the hardness starts
to decrease and attains the bulk hardness [6].

3.3 Subsurface Microstructure

The machined surface is melted by the sparks produced during WEDM process, and
the molten metal is flushed away by the dielectric medium. The solidification of the
remaining material form recast layer known as the white layer. During the WEDM
process, heat affected zone (HAZ) is formedunderneath thewhite layer owing to rapid
heating and quenching. The white layer and HAZ encompass altered microstructure,
microcracks, impurities, and other undesirable structures which seriously affect the
surface integrity [16]. The subsurface microstructure of WEDMed workpieces with
varying SiC nanoparticles wt% was observed using a scanning electron microscope
(SEM) through the cross section of the machined surface and presented in Fig. 4a–c.

It can be seen from Fig. 4a that the thickness of white layer increases from 7.48
to 14 µm as the pulse on time increase from 1 to 10 µs since the discharge energy
increases with the pulse on time. Higher pulse on time permits high temperature to
infiltrate deeper into the subsurface, producing more molten material and eventually
results in a thicker white layer [17]. The voltage has considerable influence on the
white layer thickness after pulse on time [16]. But, thewhite layer thickness increases
from 7.48 to 14µmwith the decrease in the voltage from 70 to 40v. The microcracks
into the subsurface were not observed beyond the white layer.

4 Conclusions

The effects of WEDM on the surface integrity of magnesium nanocomposites with
varying wt% nano-SiC reinforcement were investigated experimentally. Based on
the results of the investigation, the following conclusions are drawn:

• The surface roughness values decrease with increase in wt% of SiC nanoparticles
initially, but further increase in the wt% of SiC nanoparticles increases the surface
roughness.
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Fig. 4 a SEM at TON = 10 µs. b SEM at TON = 6 µs. c SEM at TON = 1 µs

• The increase in pulse on time increases the surface roughness while the increase
in the voltage decreases it.

• The high level of pulse on time and voltage increase the hardness of the machined
surface, and the subsurface deformation occurs up to a maximum of 200 µm
below the machined surface.

• The white layer thickness increases from 7.48 to 14 µm as the pulse on time
increases and the voltage decreases.
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Acoustic, Rheological and Optical
Properties of Binary Mixtures
of Aqueous Solutions of PEG
200—A Comparative Analysis

P. Dhivya, R. Padmanaban, A. Gayathri, and K. Venkatramanan

Abstract Prediction of density, viscosity, ultrasonic velocity and refractive indices
of binary liquid mixtures is essential for the determination of composition of binary
liquid mixtures. Ultrasonic velocity and refractive index measurements in combi-
nation with density, viscosity, boiling point, melting point and other analytical data
are very useful industrially also for common substances which include oils, waxes,
sugar syrups, etc. In the present study, it is planned to compute the density, viscosity,
ultrasonic velocity and refractive index of binary liquid mixtures of polyethylene
glycol (Molar mass: 200) (PEG 200) with water at different molar concentrations
(0.0009, 0.0027, 0.0045, 0.0063, 0.0080, 0.0098, 0.0116, 0.0133, 0.0151 and0.0168),
at 303 K. The experimental values of viscosity, ultrasound velocity and refractive
index are compared with various theoretical models. The most reliable method that
matches with experimental method is identified by calculating average percentage
error (APE).

Keywords Average percentage error · Polyethylene glycol · Ultrasonic velocity

1 Introduction

Ultrasonic study has become an interesting research tool in the field of polymers to
determine the structure andmolecular interactions in liquid systems. The study of the
thermodynamic properties of binary mixtures is significant for many purposes. For
analysing the properties and interactions taking place in polymer systems, knowledge
of rheological properties is essential and viscometer is one of the efficient techniques
for studying the properties. This is to obtain information on molecular features of the
studied mixtures. The sign and magnitude of excess parameters investigate the inter-
actions between the multi-components of a system [1–5]. Polyethylene glycol [PEG
200] has a lot of applications in pharmaceutical preparations, cosmetics, medical
devices and industries. The molecular interaction properties of polyethylene glycol
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(PEG200) in water for various molar concentrations ranging from (0.0009, 0.0027,
0.0045, 0.0063, 0.0080, 0.0098, 0.0116, 0.0133, 0.0151 and 0.0168) at 303 K are
reported in this paper. The present work aims to compare the experimentally deter-
mined ultrasonic velocity, viscosity and refractive index values with the computed
values using different analytical models and empirical relations.

2 Materials and Methods

The material used in the present study is polyethylene glycol (PEG) 200 (spectra
grade) which is obtained from Kavin Scientific Company, Chennai, India. The
polymer solutions are prepared by dissolving the polymer in double distilled water in
order to get required concentrations (0.0009, 0.0027, 0.0045, 0.0063, 0.0080, 0.0098,
0.0116, 0.0133, 0.0151 and 0.0168). All binarymixtures are prepared gravimetrically
in air-tight bottles and adequate precautions have been taken tominimise evaporation
loss. Ultrasonic velocity was measured by a single crystal variable path interferom-
eter operating at a frequency of 2 MHz (VCT-70A model) (accuracy±0.1 m/s). The
viscosity of polymer solutions for above concentrations is determined using Brook-
field viscometer (accuracy ±0.01 cP). The viscometer is connected to an electroni-
cally controlled thermostat having a thermal stability of ±0.1K for taking measure-
ments at temperatures 303K. The refractive indexmeasurements are performed using
Mittal make Abbe refractometer (accuracy ±0.001). In all property measurements,
the temperature was controlled with in±0.1 K using a constant temperature path by
circulating water from the thermostat. In the present analysis, the binary mixtures
were prepared for polyethylene glycol 200 in water for different mole fractions.
Thermostat of high accuracy is used to maintain constant temperature throughout
the experiment.

3 Results and Discussion

The experimental values of ultrasonic velocity, viscosity and refractive index for
the binary mixtures of polyethylene glycol (PEG 200) in water and over the entire
composition range (0.0009, 0.0027, 0.0045, 0.0063, 0.0080, 0.0098, 0.0116, 0.0133,
0.0151 and 0.0168) expressed in terms of mole fraction are listed in Tables.

3.1 Ultrasonic Velocity Deviation

Ultrasonic velocities of binary liquid mixtures of PEG 200 in water are measured
at 303 K. The experimental values along with the values calculated mathematically
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using Nomoto’s model, Van deal & Van geel, impedance relation and Rao’s specific
sound velocity method are presented in Table 1 using the standard relations [3].

In the present system, it is understood that the average percentage of deviation
[2] is more in Rao’s model and less in impedance model (Table 2). From this, it may
be concluded that impedance relation is the most suited mathematical method for
estimating the speed of ultrasound waves for the systems taken for study.

Table 1 Experimental and mathematical ultrasonic velocity of aqueous solutions of PEG 200

Mole fraction Expt. values Nomoto’s
model

Van deal &
Van geel
model

Impedance
model

Rao’s specific
model

0.0009 1511.43 1394.93 1496.83 1503.53 1397.15

0.0027 1516.38 1396.08 1484.78 1503.67 1397.27

0.0045 1523.86 1397.19 1473.10 1503.81 1397.38

0.0063 1532.69 1398.27 1461.78 1503.95 1397.50

0.0080 1539.70 1399.31 1450.79 1504.10 1397.61

0.0098 1548.06 1400.31 1440.12 1504.24 1397.72

0.0116 1556.52 1401.29 1429.75 1504.38 1397.84

0.0133 1568.38 1402.23 1419.68 1504.52 1397.95

0.0151 1570.37 1403.15 1409.89 1504.65 1398.06

0.0168 1576.39 1404.04 1400.37 1504.79 1398.17

Table 2 Percentage of deviation of ultrasonic velocity of aqueous solutions of PEG 200

Mole fraction Nomoto’s model Van deal & Van
geel model

Impedance model Rao’s specific
model

0.0009 7.7077 0.9662 0.5228 7.5609

0.0027 7.9335 2.0839 0.8381 7.8549

0.0045 8.3124 3.3312 1.3158 8.3001

0.0063 8.7703 4.6267 1.8749 8.8206

0.0080 9.1178 5.7745 2.3122 9.2282

0.0098 9.5440 6.9728 2.8309 9.7113

0.0116 9.9728 8.1439 3.3499 10.195

0.0133 10.594 9.4807 4.0719 10.865

0.0151 10.646 10.211 4.1849 10.975

0.0168 10.932 11.167 4.5416 11.301

APD 9.3534 6.2765 2.5843 9.4815
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3.2 Viscosity Deviation

The viscosity of binary liquid mixtures based on zero adjustable parameter is
computed using standard relations [5]. The theoretical values of viscosity for PEG
200 in water calculated by using various theoretical models (Kendall & Monroe,
Arrhenius, Frenkel and Hind) are compared with experimental value (Table 3). From
this study, it is observed that (Table 4) kendall and Monroe method is the most
suited mathematical method for estimating relative viscosity for the systems taken
for analysis.

Table 3 Experimental and mathematical viscosity of aqueous solutions of PEG 200

Mole fraction Expt. values Kendall &
Monroe
model

Arrhenius
model

Frenkel
model

Hind-Ubbelohde
model

0.0009 0.88 1.0259 1.0100 1.0252 1.0506

0.0027 1.00 1.0381 1.0128 1.0359 1.1115

0.0045 1.04 1.0504 1.0156 1.0465 1.1722

0.0063 1.10 1.0627 1.0184 1.0572 1.2327

0.0080 1.13 1.0751 1.0212 1.0680 1.2930

0.0098 1.18 1.0876 1.0239 1.0788 1.3531

0.0116 1.26 1.1001 1.0267 1.0897 1.4121

0.0133 1.37 1.1126 1.0294 1.1006 1.4726

0.0151 1.39 1.1252 1.0322 1.1116 1.5321

0.0168 1.46 1.1378 1.0350 1.1227 1.5913

Table 4 Percentage of deviation of viscosity of aqueous solutions of PEG 200

Mole fraction Kendall & Monroe
model

Arrhenius model Frenkel model Hind-Ubbelohde
model

0.0009 −16.5789 −14.7762 −16.508 −19.381

0.0027 −3.8125 −1.2816 −3.5878 −11.149

0.0045 −1.0009 2.3462 −0.6282 −12.713

0.0063 3.3868 7.4200 3.8869 −12.066

0.0080 4.8556 9.6320 5.4857 −14.427

0.0098 7.8329 13.2259 8.5733 −14.669

0.0116 12.6936 18.5152 13.5148 −12.140

0.0133 18.7883 24.8555 19.6607 −7.4905

0.0151 19.0511 25.7376 20.0260 −10.220

0.0168 22.0665 29.1086 23.1039 −8.9924

APD 11 14.69 11.50 −12.33
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3.3 Refractive Index Deviation

Refractive index is calculated for PEG 200 in water for different molar concentration
ranges (0.0009, 0.0027, 0.0045, 0.0063, 0.0080, 0.0098, 0.0116, 0.0133, 0.0151 and
0.0168) at 303 K. The experimental refractive index along with the values calculated
mathematically usingNewtonmethod, Arago–Biot model, Gladstone–Dale equation
and Eyring and John equation for the above systems is reported [2] (Tables 5 and 6).

From the above investigation, it is observed that the average percentage of devi-
ation is more in Eyring and John model and less in Newton model. From this, it
may be concluded that Newton relation is the best suitable mathematical method for
estimating the refractive index of the liquid mixture in the systems taken for study.

Table 5 Experimental and mathematical refractive index of aqueous solutions of PEG 200

Mole fraction Expt. values Newton model Arago–Biot
model

Gladstone
model

Eyring–John
model

0.0009 1.335 1.3351 1.3350 1.3351 1.3351

0.0027 1.338 1.3373 1.3371 1.3371 1.3371

0.0045 1.340 1.3394 1.3392 1.3392 1.3390

0.0063 1.343 1.3415 1.3412 1.3411 1.3410

0.0080 1.346 1.3434 1.3431 1.3431 1.3427

0.0098 1.349 1.3453 1.3489 1.3449 1.3447

0.0116 1.350 1.3471 1.3467 1.3467 1.3464

0.0133 1.351 1.3489 1.3484 1.3484 1.3481

0.0151 1.353 1.3506 1.3500 1.3500 1.3497

0.0168 1.355 1.3523 1.3517 1.3517 1.3513

Table 6 Percentage of deviation of refractive index of aqueous solutions of PEG 200

Mole Fraction Newton model Arago–Biot Model Gladstone model Eyring–John Model

0.0009 −0.0094 −0.0056 −0.0057 −0.0040

0.0027 0.0512 0.0617 0.0617 0.0668

0.0045 0.0428 0.0597 0.0597 0.0678

0.0063 0.1143 0.1371 0.1371 0.1481

0.0080 0.1907 0.2190 0.2190 0.2327

0.0098 0.2718 0.3051 0.3051 0.3212

0.0116 0.2096 0.2476 0.2476 0.2659

0.0133 0.1518 0.1943 0.1943 0.2148

0.0151 0.1723 0.2188 0.2188 0.2413

0.0168 0.1967 0.2469 0.2469 0.2713

APD 0.1411 0.1696 0.1696 0.1834
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4 Conclusion

In the present investigation, the experimental ultrasonic velocities, viscosities and
refractive indices of binary mixtures for PEG 200 in water are determined as a func-
tion of concentration at 303K. The experimental values are comparedwith the values
obtained through various mathematical models and the most suited mathematical
model is analysed.

Acknowledgements The authors thank SCSVMV University, Enathur, Kanchipuram, for
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Comparative Analysis on Mechanical
Properties of Luffa and Coconut Coir
Fiber Reinforced Polyester Composites

T. V. Rajamurugan, A. Baskaran, S. Matheswaran, and S. Epriya Lavanya

Abstract The composite materials continuously alternate the conventional mate-
rials by possessing important properties. Due to demand of materials with specific
characters, emerging of new materials is growing day by day. Luffa and coconut
fiber (coir)reinforced polymer composites are more attractive due to their specific
properties and biodegradability. In this work, important mechanical properties like
tensile, impact and flexural strength are analyzed from the coir fiber and luffa fiber
reinforced composites fabricated by compression molding method. These compos-
ites are compared on the basis strength, toughness, hardness and density. From the
results obtained, the incorporation of luffa and coir fiber reinforced composites has
proven to be a better alternate for glass fiber reinforced polymer composite.

Keywords Coir fiber · Luffa fiber · Polyester resin · NFRP

1 Introduction

Many modern technologies require material, with two or more material, which
exhibits superior properties then the individuals. These materials are generally
cheaper than synthetic reinforced composites.Natural fiber reinforced composites are
green composites [1] which are used in automobile industries, since these composites
exhibit good impact strength, flexural strength and low density. Several researches
have been focussed in this direction. Synthetic fibers are replaced by natural fibers
becausemost of the natural compositematerials grows from the forest and agriculture
[2, 3]. Coconut coir is a commonly available natural tree in India, and coir is an extract
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for it is used extensively for manufacturing of ropes, floor mats, thermal insulators
and also as fuel due of its huge availability. The botanical name of as sponge gourd
is Luffa cylindrica is also a natural resource, and its extract is used as a fiber rein-
forcement in polymer composite. Researchers are continuously working on natural
fiber materials which are used for the manufacture of composite particle boards,
thermal insulators and building materials by using that above natural fibers [4, 5].
The incorporation of natural fiber in polymers has been addressed adequately inmany
literatures. Hestiawan, Jamasri and Kusmono et al. predicted that the bonding char-
acteristics between natural fibers and polymer resins are poor due to hydrophobic
nature, and they concluded that the above problem can be rectified by chemical
treatment [6, 7]. Sapuan et al. [8] conducted experiments on green composites and
concentrated mainly on orientation, size and distribution of fibers. Venkatshwaran
et al. [9] conducted one of the mechanical testing such as tensile test, and their
banana and sisal fiber reinforced hybrid composites perform poor than that of hybrid
composites due to the improper fabrication of the composites. Reddy et al. [10]
studied the mechanical properties of coir fiber reinforced composites, and the results
show natural fiber reinforced composite material is mainly influenced by fiber char-
acteristics. Since most data in the literature cover only a specific loading fraction
of fiber, this work was aimed to develop a novel class of hybrid composite mate-
rials covering a small range of fiber weight fraction and length, with the use of two
different types of natural fiber that are short coir fiber and luffa mat and study their
physical and mechanical behavior.

2 Experimentation

2.1 Preparation of Composite Specimen

Coir fiber has been procured fromAgasteeswaram,Kanyakumari district, Tamilnadu,
India, and luffa fiber obtained from local sources of Trichy. Polyester resin (P-502)
and hardener (MEKP) supplied by Ciba Geigy India Ltd are used to fabricate the
specimens. The bark and seed were removed from luffa vegetable carefully, and then,
luffa fiber was cut carefully into mat like structure prepared with dimension 140 mm
× 90 mm. Coconut coir fibers were first cut to the short fiber length. Composite mat
of uniform thickness was prepared from luffa fiber and short coir fiber of particular
short fiber length. Both fibers are reinforced with polyester resin. The polyester resin
and hardener are mixed with correct proportion, i.e., the ratio of 10:1. The different
hybrid composite sheet was prepared with luffa fiber, coir fiber and luffa+ coir fiber
as reinforcement and weight fraction. Proper releasing agent and mold release spray
were used for smooth removal of the fabricated composite plate. The specimen is
allowed to cure at atmospheric temperature for 36 h [11]. After curing, the composite
was cut by the hack saw. By using compressionmolding technique, the three samples
were fabricated. Table 1 shows the physical properties of the fibers.



Comparative Analysis on Mechanical Properties … 247

Table 1 Physical properties
of fibers

Physical properties Luffa Coconut coir

Density (gm/cc) 0.93 ± 0.10 1.40

Young’s modulus 166 MPa 4–6 Gpa

Tensile strength in (MPa) 15.75 17.56

Shear strength in (MPa) 13.7 14.57

Flexural strength in (MPa) 34.63 44.89

Impact strength in (KJ/m2) 280 384.99

2.2 Mechanical Testing

The prepared specimens were cut for different tests like tensile, flexural and impact
test. The prepared specimens for different tests are shown in Fig. 1.

2.2.1 Tensile Test

The fabricated composites were cut as per ASTM standard D638. The tensile test is
carried out by fixing the sample and applying the load until it fractures. The tensile
test is conducted on the universal testing machine (UTM) [ASTMD 3039/100KN-
±0.5%]. The three types of sample were fabricated, first sample with luffa fibers-
NFRP, second sample with coir fiber-NFRP and third sample with luffa+ coir-NFRP
fibers. The prepared sample for tensile test is presented in Fig. 2. The experiments
are carried out for three times, and the mean values are recorded [12].

(a) (b) (c) Luffa Fiber           Coir Fiber Luffa+Coir Fiber

Fig. 1 a–c Fabricated specimen with different fibers. a Luffa Fiber. b. Coir Fiber. c. Luffa + Coir
Fiber

Fig. 2 Tensile test specimen
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Fig. 3 Specimen before
flexural test

Fig. 4 Specimen before
impact test

2.2.2 Flexural Test

Flexural test is conducted using a three point bend setup, and the distance between the
two supports is 100 mm. The peak load carrying capacity of the composite laminates
is noted. The flexural testing samples are fabricated as per the ASTM D790. The
specimens are kept in the UTM machine, and force is applied upto it fractures and
breaks, and the tests are repeated for three times, and the average value is taken. The
sample used for carrying out the flexural test is presented in Fig. 3.

2.2.3 Impact Test

Impact tests are used for studying the toughness of the fabricated NFRP materials.
The impact test sample is fabricated as per theASTM-A370 standard. From the result
obtained from the impact test, the energy required to fracture the material toughness
and yield strength of the material can be calculated. The sample specimen used for
impact testing is presented in Fig. 4.

3 Results and Discussions

In our study, green fibers are incorporated to the polyester resin to fabricate natural
composite materials, and their influence on properties is analyzed. Three specimens
were prepared NFRP (luffa), NFRP (coir), NFRP (luffa + coir) for testing.
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3.1 Tensile Properties

Using the UTM, the three different sample were tested to obtain ultimate tensile
strength. The specimen after tensile test is shown in Fig. 5. The results for the
specimens are tabulated in Table 1. The maximum value (Peak load) is obtained for
the combination of luffa + coir fiber as 1121.136 N which indicates luffa + coir
reinforced polyester composites posses better results compared to that of other two
composites [13].

3.2 Flexural properties.
The load bearing capacity of the samples is contradictory. The luffa fiber rein-

forced NFRP composites show an average of 50 N, whereas the coir fiber reinforced
NFRP and luffa + coir fiber reinforced NFRP show 61 N and 54 N, respectively.
The flexural tests results were shown in Table 2, and the result shows almost all the
three composites posses same values. The fractured sample specimen after the test
is shown in Fig. 6. The flexural test carried out for various samples along with its
peak load, flexural strength and modulus are shown in Table 3.

Fig. 5 Tested sample

Table 2 Tensile test

Composition of
Luffa & Coconut

S. no Cross sectional
area (mm2)

Peak load (N) Elongation in
(mm)

UTS (MPa)

Coconut 1 75.000 922.022 0.870 12.292

2 75.000 847.162 0.930 11.291

3 75.000 875.984 1.590 11.684

Luffa 1 75.000 770.625 1.370 10.271

2 75.000 532.967 1.370 7.102

3 75.000 759.019 1.310 10.124

Luffa + Coconut 1 75.000 680.422 0.670 9.074

2 75.000 1121.136 1.130 14.950

3 75.000 760.520 1.170 10.144

Fig. 6 Tested sample
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Table 3 Flexural test

Composition of
Luffa & coconut
fibers

S. no Cross sectional
area (mm2)

Peak load in (N) Flexural
strength in
(Mpa)

Flexural
modulus in
(Gpa)

Coconut 1 39.000 83.542 53.553 40.954

2 39.000 52.572 33.700 2328.080

3 39.000 48.030 30.788 2571.848

Luffa 1 39.000 46.960 30.103 49.145

2 39.000 51.983 33.322 255.609

3 39.000 54.907 35.197 2058.494

Luffa + Coconut 1 39.000 42.144 27.015 2025.641
lePara>

2 39.000 82.296 52.754 −15.580

3 39.000 38.416 24.626 1.781

3.2 Impact Properties

The impact results for all the three specimens were tabulated in Table 4. From the
table, it is inferred that coir fiber reinforced composites exhibit better result compared
to that of other two specimens. The specimen after conducting the impact test is shown
in Fig. 7.

Table 4 Impact test

NFRP composites S. no IZOD impact value IN J fOR 3 mm thickness

Coir fiber reinforced composites 1 1.50

2 1.20

3 1.10

Luffa fiber reinforced composites 1 0.20

2 0.25

3 0.45

Luffa + coir fiber reinforced composites 1 1.00

2 1.15

3 0.75

Fig. 7 After impact test
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4 Conclusions

In this investigation, three samples such as luffa fiber reinforced composites, coir
reinforced composites and luffa + coirfiber reinforced polyester composites were
fabricated, and their mechanical properties were evaluated. Based on experiments,
the following points were concluded,

• The mechanical characteristics were observed for coir fiber NFRP, luffa fiber
NFRP and a mixture of luffa + coirfiber reinforced polyester composites.

• Among the above, luffa + coirfiber reinforced polyester composites give best
results for tensile, flexural and impact.

• A hybrid composite shows good mechanical properties.
• Proper care should be taken while using these composites.
• In future, further research may be concentrated on the traditional machining of

the above composites.
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Experimental Analysis on the Effect
of Cu-ZSM5 on the Control of SI Engine
Exhaust Emissions

A. Ananthu, P. Anu Nair, Anand K. Raj, Arjun K. Nair, K. G. Gokul,
Arun Ajith, and K. S. Amruthunandu

Abstract The CO and HC emissions from S.I. engine are generally controlled by
the catalytic converter based on costly noble metals. In our experiment, Cu-ZSM-
5 cheaply available in India has been used as the catalyst, and it has been tested
under wide range of engine exhaust condition to study the effect of temperature and
air fuel ratio on CO and HC emissions. The maximum HC conversion efficiency
of about 40% has been achieved at an A/F ratio of 14.87, temperature of 275 °C
and space velocity of 37,500/h, while maximum CO conversion efficiency about
30% has been achieved at space velocity of 45,000/h and A/F of 14.87 and at an
temperature of 275 °C. The catalyst was tested over a wide range of A/F ratio, and
the peak performance was obtained at slightly leaner A/F ratios. For HC, it is about
15.25, and for CO, it is 15.5. The conversion efficiency is not encouraging as per
emission standard norms. This is a preliminary approach; however, Cu-ZSM-5 can
be processed with very low percentage of noble metals to achieve the conversion
efficiency in the range of 80–90% to satisfy emission standard norms.

Keywords EGR · Catalytic converter · Emission

1 Introduction

The techniques for controlling the automotive exhaust emissions can be divided into
two broad categories. One is combustion modification method which is adopted
before or during the combustion process. They are spark retard, rich fuels/air
metering, water injection, exhaust gas re-circulation, etc. Another is the exhaust
after treatment, which is provided to the exhaust gases after combustion process is
completed. This research work is completely based on the exhaust after treatment
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method. Experiments were carried out to develop a three-way catalytic converter in
which catalyst (Cu-ZSM-5) oxidizes CO andHC and at the same time can also reduce
NOx. Generally, costly noble metals are used as three-way catalyst. The current
experimental work was performed using cheaper and easily available Cu-ZSM-5 as
catalyst.

Several technical developments have takenplace to combact the stringent emission
standards world over that are ranging from new engine design for low emissions
to fuels specification and advancement in three-way catalytic converter, oxidation
catalytic converter [1–3]. The current emission standards would need to incorporate
all the technologies together, and metal substrate type catalytic converters are in the
market. Metallic substrates possess the technical properties necessary to conform
with both current and future legislations, particularly with regard to durability, light
off and space requirements. Due to the low heat capacity of the metal in relation to
its weight, the amount of heat which the exhaust gas must transfer to the substrate is
less in order to reach the light-off temperature [4–6]. The metallic catalytic converter
can reach the operating temperature about twice as fact when compared to ceramic
converter. This leads to significant decreases in emissions whenever the vehicle
is started under cold starting condition. As the thermal conductivity of the metal
substrate is higher, there is less thermal shock stress resulting in long life to the
converter.

Generally, three ways of catalytic converter are employed in SI engines for
reducing the CO, HC and NOx emission. Temperature is an important parameter
for better chemical reactions [7]. However, catalyst aging tendencies are higher at
very high temperatures [8, 9]. The problem of reduction of NOx emission using
catalytic converter has attracted many people, and they have done lot of research on
this problem.

2 Preparation of Cu-ZSM-5

ZSM-5 is a kind of synthetic zeolite developed byMobil oil. ZSM-5 is an abbreviation
for Zeolite Socony-Mobil-5 which is an alumino silicate zeolite with a high silica and
low aluminum content. One of the most promising catalysts which reduce NOx with
hydrocarbons in oxidizing atmosphere is a copper (Cu) exchange form of the zeolite
(Cu-ZSM-5). It is developed by ion-exchange process by which Na+ ions in zeolite
structure are replaced by copper (Cu) cat ions with the aim to change catalytic and
adsorptive properties. High purity Cu-ZSM-5 crystals form into agglomerates having
high physical strength and attrition resistance. Methods of forming the crystalline
powder into agglomerates include the addition of inorganic binder, generally a clay,
to the high purity zeolite powder in wet mixture. The blended clay zeolite mixture
is extruded into cylindrical type pellets which are subsequently calcined in order to
convert the clay to an amorphous binder of considerable mechanical strength.
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3 Objective

(1) To develop catalytic converter based on non-noble metal, i.e., Cu-ZSM-5.
(2) To study the catalytic performance of catalyst Cu-ZSM-5 on the exhaust

emissions of S.I. engine.

4 Experiment Setup

The schematic diagram of the experimental setup, used in this study, is shown in
Fig. 1. The test engine (engine details are given on Appendix I) was coupled with
a hydraulic dynamometer to measure the load of the engine. Consumption of air
and gasoline by the engine was estimated by measuring air and gasoline flow rates
separately. The flow through the catalyst bed was varied by regulating one valve. The
volumetric flow rate of the gas through the catalyst bed was measured by a pressure
calibrated orifice meter. Pressure difference across the catalyst bed was measured
with the help of pressure gauges. Temperature of the exhaust gas was measured by a
thermometer placed at a certain location of the catalytic converter. The concentration
of CO and HC was measured with the help of a gas analyzer (Model NPM-CH1).
The converter used during this experiment has a cylindrical hallow copper perforated
casingwhich is covered by a cylindrical casing ofmild steel. The twomild steel pipes
were welded on either side of the converter.

1. Fuel tank 
2. Fuel control valve
3. Fuel measuring 
Burette    
4. Air flow measuring 
orifice meter
5,6. Water manometer
7. Test engine    
8. Dynamometer
9.Thermometer 
10.Bypass Valve     
11. Catalyst Bed
12. Gas flow measur-
ing orifice meter
13. Gas analyzer

Fig. 1 Schematic diagram of the experimental setup
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5 Results and Discussion

The results of the set of experiments conducted during the entire course of this work
are discussed in this chapter. The results have been shown in the form of graphswhich
display CO and HC conversion efficiencies as a function of the catalyst temperature
and A/F ratio.

5.1 Effect of Temperature

Theperformances have been achieved at different engine speeds, loads,A/F ratios and
space velocity of exhaust gas over the catalyst bed. Effect of the catalyst temperature
on the performance of Cu-ZSM-5 catalyst in reducing CO and HC has been shown in
Figs. 2, 3, 4 and 5. The performances have been achieved at different engine speeds,
loads, A/F ratios and space velocity of exhaust gas over the catalyst bed. The catalyst
used here exhibits fairly good CO and HC conversion efficiencies at temperature
ranges from 250 to 300 °C. The conversion efficiencies increase steadily with the
increase in temperature till the peaks are reached and then tend to decrease with
further rise in the catalyst temperature but generally at a slower rate than the rate of
increase. Increase in reaction velocity is due to increase in specific reaction rate with
increase in temperature. And decrease in reaction velocity is due to partial destruction
of catalyst by coagulation of catalyst surface at higher temperature.
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Fig. 3 Speed 1800 rpm,
Load 6 kg
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Fig. 4 Speed 1800 rpm,
Load 8 kg
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When the SVs are changed, then the temperature for the peak conversion efficien-
cies is found to be affected at the same A/F ratio. At higher SVs, peak CO and HC
conversion efficiencies are observed to occur at higher temperatures.

Within the testing range of this catalyst,maximumHCconversion efficiency about
40% has been achieved at an A/F ratio of 14.87, temperature of 275 °C and space
velocity of 37,500/h, while maximum CO conversion efficiency of about 30% has
been achieved at space velocity of 45,000/h and A/F of 14.87 s and at a temperature
of 275 °C Figs. 4, 5. The overall effective temperature range for HC conversion
efficiency is 250–350 °C and that for CO conversion efficiency is 225–300 °C. It
is found that the maximum conversion efficiency for HC is 10% higher than that
for CO. It is also evident that CO and HC conversion efficiencies do not reach the
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Fig. 5 Speed 1800 rpm,
Load 8 kg
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respective peaks at the same temperature; rather CO conversion reaches peaks at
slightly higher temperatures than that for HC conversion.

5.2 Effect of A/F Ratio

It is found from this study that this catalyst maintains high performance through a.
wide range of A/F ratio. In particular, the catalyst exhibits good performance for CO
and HC conversion during lean A/F mixture operation. Peak CO and HC conversion
efficiencies have occurred at an A/F ratio of 15.45, and performances close to the
peak are maintained within an A/F ratio range of 14.87–16.23. But beyond A/F ratio
of 16.23, both CO and HC conversion efficiencies fall sharply, and at an A/F ratio
of 18.33, the CO and HC conversion efficiencies are obtained to be below 30% in
some cases Figs. 6 and 7.

6 Conclusion

On the basis of the experimental results obtained using the Cu-ZSM-5 as the catalyst
for controlling the exhaust emissions from a SI engine, some conclusions are drawn,
and they are mentioned in this chapter. It is found that the conversion efficiencies of
CO andHC are influenced primarily by two parameters. They are inlet concentrations
of different component of gases, catalyst temperature and the gas flow rate through
the catalyst bed. Although the results are obtained in a particular type of engine, they
can be reproduced in other types of gasoline engines.

Major conclusion of this experimental investigations is as follows:
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Fig. 6 Temperature at
350 °C
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Fig. 7 Temperature at
350 °C
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The CO and HC conversion efficiencies increase steadily with increase in temper-
ature, reach the corresponding peaks and then start decreasing as the temperature is
further increased. From this study, it has been concluded that the conversion efficien-
cies tend to increase with change in A/F ratio from rich to stoichiometric, maintain
high performance upto a certain range of A/F ratio in the lean side and then tend to
decrease for further lean mixtures.
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Optimization of SI Engine Cycle
with Variable Composition and Specific
Heat

Akhil Sukumaran, P. Anu Nair, S. Sourabh Gopal, P. S. Sabin,
Jithu M. Suredran, and Yadhu P. Mohan

Abstract The combustion modelling and simulation of four-stroke gasoline engine
has been discussed in the chapter. The combustion parameters viz., pressure, temper-
ature, and energy are calculated in a step by step analysis by assuming a homogenous
single zone within the spark ignition engine cylinder and applying the first law of
thermodynamics during the closed part of the cycle. The first law of thermodynamics
is written in a suitable form to facilitate the computational procedure involved in the
iterative technique to determine the temperature at the end of the step. The variation
in gas composition during combustion and expansion is considered. The variation of
specific heats with temperature and composition is also considered. Only six gases
are considered, i.e., oxygen, nitrogen, carbon dioxide, carbon monoxide, hydrogen,
and water vapour, and during the heat release, the composition is varied as required
for perfect combustion. The computer code also calculates indicated mean effective
pressure, power of the engine, and thermal efficiency. The results show that this
program can be quite useful for the design of internal combustion engine parts by
considering the peak values of various combustion parameters obtained during the
analysis.

Keywords Variable specific heat · SI engine · Composition

1 Introduction

Most of the researchers have developed several theoretical and empirical relations
to enhance the spark-ignition engine performance. Engineers always try to work
for the continuous improvement of engine performance. The performance of the SI
engine depends on the interrelationship between speed, power developed, and SFC at
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each operating condition within the useful range of load and speed. The theoretical
model takes more time to estimate the factors compared to the empirical methods.
The mathematical model of the Otto cycle could be analyzed by using the computer
program depending on real rights [1–4].

The sequence of events for the ideal constant volume cycle with a gas of constant
composition and constant specific heats are two isentropic processes (Expansion and
compression) and two constant volume processes (heat reception and heat addition).
The present analysis with hydrocarbon-air mixture differs from the ideal cycle in a
number of respects viz., the variation in gas composition and the variation of specific
heats with temperature and composition. In the present work, a software package has
been developed usingMicrosoft visual C++ computer language. The package is user-
friendly which can be run by feeding the engine geometry details, fuel composition,
and thermal properties of fuel as input to the package. The desired output will be in
the form of plots such as volume, pressure, temperature versus volume step, pressure
versus volume, and work done versus volume step.

2 Methodology

The assumptions made in the present analysis are: (a) the gas is homogenous
and single phase; (b) the mixture is at thermally equilibrium state. The basic
stoichiometric chemical equation for a hydrocarbon–oxygen reaction is given by

CnHm +
[
n + m

4

]
O2 + 3.76 ×

[
n + m

4

]
N2 ⇒ nCO2

+ m

2
H2O + 3.76 ×

[
n + m

4

]
N2 (1)

The above stoichiometric equation defines the correct mixture. To allow for
mixtures different from the correct mixture, we introduce a parameter called equiva-
lence �, which is defined as the ratio of the actual fuel/air ratio to the stoichiometric
fuel/air ratio.

For w moles of fuel, the mixture composition will take the form:

w

[
CnHm +

[
n + m

4

] 1
ϕ
O2

]
+ 3.76

[
n + m

4

] 1
ϕ
N2 (2)

And the total moles of the mixture will be given by

MA = w

[
1 + 4.76

(
n + m

4

) 1

φ

]
(3)

The magnitude of w is obtained from the ideal gas equation for the mixture:
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PAVA = MRmolTA

First law of thermodynamics is used for the cycle calculations in the present
analysis. For the combustion and expansion strokes, a second set of equations is
used to represent thermal equilibrium for the chemical reactions. The derivation of
these equations is explained in the following text. The analysis has been performed
numerically which is based on the Newton–Raphson method. The cycle is examined
step by step as discussed below.

2.1 Adiabatic Compression

Consider a small change in volume from V1 to V2. According to the first law of
thermodynamics,

dQ − dW = dE

where Q,W and E are enthalpy, work done, and the internal energy, respectively.
Since the process is adiabatic, dQ = 0, and thus

dE + dW = 0

For a change in pressure from P1 to P2, the work dW is approximately given by

dw = pdV =
[
P1 + P2

2

]
[V2 − V1]

The change in internal energy, dE is given by

dE = E2− E1

The internal energy of the mixture is a function of the composition of the cumu-
lative gases present in the cylinder contents and gas temperature. The composition
is considered to be constant during the compression stroke. For a mixture of gases
having N species, the total internal energy is given by [1]

E(T ) = Rmol

i=N∑
i=1

⎛
⎝

⎛
⎝

j=5∑
j=1

Ui, j T
j

⎞
⎠ − T

⎞
⎠ (4)

where wi is number of moles of gas, i.
The change in internal energy is given by

E2 − E1 = ER(T2) − ER(T1) (5)
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For a change in volume from V 1 to V 2, the first law of thermodynamics can be
written as E2 − E1 + dW = 0

Substituting for (E2 − E1) and dW, we obtain

ER(T2) − .ER(T1) +
[
P1 + P2

2

]
[V2 − V1] (6)

To solve for T 2 and P2, the Newton–Raphson method is used.

2.2 Adiabatic Combustion at Constant Volume

During the analysis, it is assumed that the products of combustion comprise of CO2,
CO, H2O, H2 O2 and N2.

The general chemical reaction for the combustion process will be of the form

w

[
CnHm +

[
n + m

4

] 1
ϕ
O2

]
+ 3.76

[
n + m

4

] 1
ϕ
N2

→ [a1CO2 + a2CO + a3H2O + a4H2 + a5O2 + a6N2]
(7)

To determine the number of moles, a1–a6, the dissociation reactions must be
considered. In the present case, there are two such reactions:

CO + H2 → H2 + CO2

CO + 1/2 O2 → CO2

The concentrations of CO2, CO, H2O, and H2 in the equilibrium mixture can be
determined from their partial pressure-equilibrium constant relations. The equilib-
rium constants can be determined from the Gibbs functions for the nominal reactants
and products, using Eq. (8).

ln
(
Kp

) =
∑ (

vg(T )

RmolT

)

R

−
∑ (

vg(T )

RmolT

)

R

− �Ho

RmolT
(8)

The total number of moles of the products per mol of fuel is given by

Mp = a1 + a2 + a3 + a4 + a5 + a6

To obtain the number of moles, a1–a6, a chemical mass balance is prepared for
carbon, hydrogen, and oxygen, and is shown as

Carbon: n = a1 + a2.
Hydrogen: m/2 = a3 + a4.
Oxygen: 2

[
n + m

4

]
1
ϕ

= 2a1 + a2 + a3 + 2a5
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The gas equation at state C is given by

PcVc = w RmolTc

Pc
Mp

= w × Rmol × Tc
Vc

(9)

Combining the above equations, we obtain

f (a) = (a − B) − m

2

[
n − a

n + Ca

]
+ 2

D

[
a

n − a

]2

= 0 (10)

where a = a1,

A = Pc
Mp

, B = 2

ϕ

[
n + m

4

]
−

[
n + m

4

]
,C =

(
1

Kp1
− 1

)
, D = AK 2

P2

From the above expressions, the number of moles of all the species is calculated.
The temperatureTC is obtained from the first law of thermodynamics. The compo-

sition of combustion products is function of temperature. For adiabatic combustion,
dQ = 0 and for constant volume combustion, dW = 0.

dE = Ec − EB = 0

The internal energy E is defined as

E = Eo + E(T )

At the state B, the internal energy is

EB = ER = EOR + ER(TB)

At the state C, the internal energy is

EC = EP = EOP + EP(TC)

The internal energies in terms of the composition of the mixtures at B and C and
also the specific internal energies are expressed using Eq. (5).

Finally, the change in the internal energy is given by

f (E) = [EOP + EP(Tc)] − [EOR + ER(TB)] = 0 (11)

The internal energies EOR, ER(TB) are fixed since they refer to the reactants
at the temperature, TB. The internal energies, EoP and Ep(Tc) will depend on the
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composition of the products which in turn depend on TC . The internal energies
are calculated using Eq. (4). Equation (11) can be solved numerically by Newton–
Raphson method. To calculate the temperature TC at the end of combustion, the
mixture compositionmust be evaluated first and then the energy balance is performed
using first law of thermodynamics. The equilibrium constant Kp can be calculated
using the methods outlined already explained. The maximum temperature in the
cycle corresponds to TC which is dependent on the air/fuel ratio, initial temperature,
and pressure at the commencement of combustion.

2.3 Adiabatic Expansion

Although the maximum temperature is reached during combustion, the chemical
reactions continue to take place during the expansion stoke, and the reason being
that the chemical species are in thermodynamic equilibrium. The composition of the
gas mixture will, therefore, vary with pressure and temperature. To satisfy the ther-
modynamic equilibrium, the chemical reactions for water–gas and carbon dioxide,
namely,

CO + H2O → H2 + CO2

CO + 1/2 O2 → CO2

are continuously taking place. The method of analysis for the determination of
the composition given for the combustion process is, therefore, the same as that for
the expansion process. If a step from V 1 to V 2 is considered, then the pressure and
temperature will change from P1, T 1 to P2, T 2.

These parameters are related by

P1V1 = M1RmolT1andP2V2 = M2RmolT2

and the number of moles at 1 and 2 will be

M1 = w[a1 + a2 + a3 + a4 + a5 + a6]T2

M2 = w[a1 + a2 + a3 + a4 + a5 + a6]T2

Hence, if T2 is known, number of moles for different species (a1–a6) can be
determined. To obtain T 2,, the first law of thermodynamics is applied,

dQ − dW = dE .

For an adiabatic process, dQ = 0, and for a small step V 1 to V 2, work done is
approximately given by
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dw = pdV =
[
P1 + P2

2

]
[V2 − V1]

Now, E = EP = Eop + Ep(T ).
The internal energies can be calculated as a polynomial function of temperature

from Eq. (4). The number of moles a1–a6 is different at each temperature. At the
initial temperature T 1, the internal energies Eop1 and Ep(T 1) are fixed. However, Eop2

will not necessarily be equal to Eop1 due to the change in composition of the mixture.
The first law of thermodynamics then assumes the following form

f (E) = (
Eop2 + Ep(T2)

) − (
Eop1 + Ep(T1)

) +
[
P1 + P2

2

]
[V2 − V1] = 0 (12)

The above expression can be solved numerically by Newton–Raphson method.
It may be noted that the calculation involves the examination of T 2 and mixture

composition followed by the accuracy check using the first law of thermodynamics.
The important difference between the expression for adiabatic combustion at constant
volume and adiabatic expansion is that in the later case, the work done by the
combustion gases is added.

3 Results and Discussion

The results are discussed in respect of two cases. In the first case, the code has
been executed for “KIRLOSKAR vertical 4-stroke, single acting, totally enclosed
spark ignition enginem” considering engine specifications in the analysis. In the
second case, the data has been taken from literature [5]. Figure 1 shows the total
trapped volume versus the step volume; the plot gives the idea as to how the volume
increment is taken for the analysis. It clearly shows that the volume increment is
constant during the entire cycle. Figure 2 shows the variation of pressure with the
cumulative volume inside the cylinder. There is a sudden rise in the pressure during
constant volume process because of ideal cycle assumption. Figure 3 shows the
variation of temperature with the cumulative volume inside the cylinder. Since the

Fig. 1 Total tapped volume
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Fig. 2 Pressure versus step
volume
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Fig. 3 Temperature versus
step volume
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ideal cycle assumption is taken in the analysis, there is a sudden increase in the
temperature during constant volume process. Figure 4 shows the work output for

Fig. 4 Workdone versus
step volume
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Fig. 5 PV diagram
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every volume step. Integrating area under the curve gives total work done in a cycle.
Since work is received during compression stroke, the curve is on the negative side.

4 Conclusion

In the present chapter, a computer code has been developed to analyze and simulate
four-stroke spark ignition engine cycle. By considering the peak values in the anal-
ysis, the design of engine can bemodified accordingly. This problem can be extended
further by adopting pure real cycle which includes heat losses to the cylinder walls,
heat loss to the exhaust, and multi-zone modelling of the combustion gases with
chemical kinetics. The results are validated with the data pertaining to “vertical 4-
stroke, single acting, totally enclosed spark ignition engine” and it is found that the
results are in good harmony.
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Experimental Studies on the Effect
of Mixed Metal Oxide DeNox Catalyst
on the Control of CI Engine Exhaust
Emission

Jimin Reji, P. Anu Nair, Aravind B. Nair, S. Anas, Rahul Reji,
and A. S. Akshay

Abstract Catalysts have come to occupy a prominent place in the reciprocating
engine generated pollutants purifications. With the progressive tightening of the
emission norms, there is a spurt in the research activity in this area. For the very
survival of the piston engines in the new millennium, the engines have to adapt
themselves to the challenges posed. As there is a vast population of single-cylinder
diesel engine-powered irrigation pump sets in the rural areas of our country, it was
thought fit to make these engines environmentally friendlier. As these engines are
very rugged, by the fitment of fairly inexpensive exhaust gas treatment devices like
the one discussed in this chapter, the emission levels of major pollutants like oxides
of nitrogen and particulate matter can be significantly brought down. There is only
a marginal increase in the fuel consumption rate due to the add-on device. The
details of a mixed oxides catalyst-coated γ-alumina pellets filled converter system
for the exhaust gases of a single cylinder, D.I. Diesel engine system are presented
and discussed in this chapter. It is believed that such systems have a role to play in
the maintenance of the ecosystem of rural India. Effective reduction of NOx level
will likely require exhaust after treatment devices such as catalytic NOx converters.
The effects of aluminium-dopedmanganese and copper dioxide catalysts on the NOx

emissions of the engine are presented and discussed in this chapter.

Keywords Egr,catalytic converter · DeNOX catalyst

1 Introduction

Internal combustion engines produce undesirable emissions during the combustion
process. It is the dream of the researcher in the field of IC engines to develop fuel and
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engine with less quantity of harmful emissions (i.e., NOx, HC and CO) generated,
and these could be let into the surrounding without a major impact of the environ-
ment. The major causes of emission are dissociation of nitrogen, non-stoichiometric
combustion, and impurities in fuel and air. The emission of the SI engine is worse
than the CI engine.

Several technical developments have takenplace to combact the stringent emission
standards world over, that are ranging from new engine design for low emissions
to fuels specification and advancement in three-way catalytic converter, oxidation
catalytic converter, and EGR technology. The current emission standards would
need to incorporate all the technologies together and metal substrate-type catalytic
converters are in the market. Metallic substrates possess the technical properties
necessary to conform with both current and future legislations, particularly with
regard to durability, light off, and space requirements. Metal-supported automotive
catalysts has also been reported by Hawker [1]. Due to the low heat capacity of the
metal in relation to its weight, the amount of heat which the exhaust gas must transfer
to the substrate is less in order to reach the light-off temperature. Themetallic catalytic
converter can reach the operating temperature about twice as fact when compared
to ceramic converter. This leads to significant decrease in emissions whenever the
vehicle is started under cold starting condition. As the thermal conductivity of the
metal substrate is higher, there is less thermal shock stress resulting in long life to
the converter. Nair et al. [2] conducted an experiment to study with the use of an
exhaust gas recirculation (EGR) system on a given spark ignition engine for studying
the performance and emission characteristics.

Generally, three ways of catalytic converter are employed in SI engines for
reducing the CO, HC, and NOx emission. Temperature is an important parameter
for better chemical reactions [3]. However, catalyst ageing tendencies are higher
at very high temperatures [4]. The problem of reduction of NOx emission using
catalytic converter has attracted many people, and they have done lot of research on
this problem.

NOx is one of the criteria pollutants as well as precursor to ozone formation. In
addition to being an essential ingredient of photochemical smog and precursor to
HNO3, itself an ingredient of acid precipitation and fog, NOx is the only important
gaseous species in the atmosphere that absorbs visible light.

The mechanism of NO formation from atmospheric nitrogen has been given as
below:

O + N2 → NO + N (1)

N + O2 → NO + O (2)

N + OH → NO + H (3)

Formation of NO2 has been given as below:
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NO + HO2 → NO2 + OH (4)

Subsequently, conversion of this NO2 to NO occurs via

NO2 + O → NO + O2 (5)

2 Control of Oxides of Nitrogen

Many theoretical and experimental investigations have well established the fact that
the concentration of NOx in the piston engine exhaust is closely related to the peak
cycle temperature and anything done to reduce this temperaturewill reduce the oxides
of nitrogen.

The following are the proven two methods for NOx control in the engine systems:

(i) Exhaust gas recirculation (EGR)
(ii) Catalytic converters.
(i) Exhaust gas recirculation (EGR)

A portion of the exhaust gas is conditioned and recirculated into the cylinder.
This method reduces the peak combustion temperature, since the inert exhaust
gas serves as a heat sink. This also reduces the quantity of oxygen available for
combustion thus reducing temperature and thereby NOx. It should be noted that
most of the NOx emissions occur during lean mixture limits when exhaust gas
recirculation is least effective. The engine power loss is more when more than
15% exhaust gas is recirculated.

(ii) Catalytic converter

Acatalytic converter system is oneof the effectivemethods to reduce the pollutants
from engine exhaust to very low levels. Oxides of nitrogen can be reduced in the
presence of reductants like HC, CO, and H2 over some suitable catalysts. One type
of converter, namely pellet-type converter consists of small pellets or tablets made
of an inert material such as ceramic alumina or they may be made of metals also
which can provide catalyst support and thermal stability. The pellets are contained in
a suitably designed enclosure typically made of metals. In a pellet-type converter, the
exhaust gas coming from the engine flows up and down through the space between
the pellets [5]; therefore, most of the gases comes into contact with the catalyst and
gets converted. Therefore, the efficiency of a pellet-type catalytic converter is higher
than that of other types of catalytic converters.
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3 Role of Metal Oxide-Coated Catalysts and Construction
of Catalytic Converter

In this chapter, the study of transition metal oxides of manganese and copper was
tested for their activity toward reduction of NO into N2 and O2. The interest for
the selection of these oxides stems from the fact that transition metals with varied
valences have large propensity to attract, adsorb, activate, and finally decompose
small molecules into their parent elements. More importantly, they have inherent
redox properties which are necessary at this context of the study. The following
general reaction scheme can be suggested to operate in the conversion of nitrogen
oxides into nitrogen and oxygen.

MO + 2 NO → MO (NO)2 (6)

MO (NO)2 → MO + N2 + O2 (7)

Where,
MO = MnO and CuO.
In this decomposition, themetal oxides are required to have high coordination and

unsaturation in order to simultaneously adsorb twoNOmolecules in close proximity.
Otherwise, the decomposition of the adsorbate nitric oxide into N2 and O2 would be
difficult.

4 Experimental Study

The present experimental setup is for evaluating the performance of the catalytic
converter. The tests were conducted on a typical 3.7 kW, single cylinder stationary CI
engine. The loading of the engine was done by an electrical generator with resistance
bank. The air to the engine was supplied through a surge tank. The air flow rate was
measuredby anorificemeter. The catalytic converter attachment to the engine exhaust
pipe was made by a flanged coupling. The exhaust gas was made to pass through the
converter axially. The catalytic converter was attached close to the engine exhaust
outlet pipe. The manganese and copper oxides mixture-coated ceramic γ-alumina
pellets were packed in a cylindrical container with both ends fixed with stainless steel
wire mesh. This container was fitted inside the cylindrical catalytic converter unit by
means of flanges. The manganese and copper oxide mixture coating on the ceramic
alumina pellets was effected by the following procedure: A 5% aqueous solution
of manganese acetate (Mn(CH3COO)2)6H2O and copper nitrate (Cu(NO3)26H2O)
each weighing 3.75 g was taken in a beaker. A mass of 145 g of the ceramic pellets
was dropped in the solution and the contents shaken well and heated on a hot plate
to get the dried metal oxide-coated pellets.
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The engine was instrumented to measure fuel consumption, brake output, exhaust
gas back pressure and emissions of NOx, particulates, and smoke. While the NOx

level was directly measured in the system, the particulates were collected on filter
chapter and weighed in physical balance. The tests were conducted with high speed
diesel oil and without the catalytic NOx converter in place before the trials with the
converter weremade. The readings were taken for the whole load range of the engine.

5 Results and Discussion

Figure 1 shows the NOx variation trend. It could be seen that there is significant
reduction in the NOx level varying between 130 and 720 ppm with the converter
attachment compared to non-converter operation emissions of 150 ppm to 1040 ppm,
respectively, over the load range. The NOx reduction peaks at overload amounting
to 44.44%. Figure 2 indicates the NOx conversion efficiency trend. The conversion
efficiency peaks to about 42% at about 50% load on engine. The corresponding
exhaust gas temperature was found to be 530 K. At very light loads, the conversion
efficiency was rather low varying between 14 and 35% because the NOx will not be
adsorbed and activated by the catalysts and hence cannot be converted.

The brake-specific fuel consumption did not show any significant variation with
the converter in place (Fig. 3), except a small increase at very light loads and close to
full load. The increase can be expected due to back pressure build up because of the
converter fitment. The brake thermal efficiency variation was not much except there
was a maximum drop of 7.7% at full load (Fig. 4). The back pressure was more by
about 17% maximum at around 65% load [6]. There was a marginal reduction in the
specific particulate emissions of the order of 0.1–0.2 g/kWh over the load range.
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6 Conclusion

An initial study with ‘mixed oxide catalyst coated γ-alumina ceramic pellets’ as the
small diesel engine exhaust gas NOx containment medium has been fairly successful.
Further trials are proposed for simultaneous NOx and particulates emission reduction
with modified diesel fuelling as well. With the agricultural sector using small diesel
engines in large numbers for purposes like irrigation water pumping, even a nominal
40% NOx reduction is bound to make a lot of differences in the rural ecology.
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Injection and Exhaust Gas Recirculation
Strategies for Reducing Emissions
of Cyclohexanol-Diesel Blends in CI
Engine

S. Boopathi , J. Ravikumar, R. Devanathan, and S. A. Arokya Anicia

Abstract Cyclohexanol (C6H13–OH) is an advanced biofuel derived from ligno-
cellulosic biomass that is suitable for compression ignition engine with several prop-
erties closer to fossil diesel. This study analyzes the emissions of a direct-injection
(DI) diesel engine fueled with cyclohexanol/diesel blends containing 10% (CHX10),
20% (CHX20), and 30% (CHX30) by volume and an investigate carried out naturally
aspirated, exhaust gas recirculation (EGR) 0, 10 and 20% and varying the injection
timings 19°, 21° and 23° CA bTDC. According to the experimental results, the CO
emissions decreased in CHX20 blend at 21° CA bTDC compared to pure diesel, the
HC emissions decreased in CHX30 blend at 21° CA bTDC compared to pure diesel,
the NOx emissions lower in 21° CA bTDC at all test blends, and the smoke opacity
lower in 23o CA bTDC at all test blends. This investigation concluded that the vari-
ation of injection timing and EGR had an extensive effect for reducing emissions
characteristics of the diesel engine.

Keywords Cyclohexanol · Diesel engine · Emissions · High carbon alcohols ·
Advanced biofuel

1 Introduction

Exhausting oil resources and increasing demand of energy steered to a hunt for
an alternative fuel which is both ecological and environmentally responsive [1].
Biodiesel is the alternative source and almost each country is preparing a policy on
manufacturing and using of biodiesel in its transport division. Song et al. [2] used
copper catalyst for the change of biomass-derived cyclohexanone to cyclohexanol.
Long et al. [3] succeeded more than 97.74% of guaiacol change with 100% cyclo-
hexanol selectivity in the occurrence of 20% Nickel/Magnesium-oxide catalyst. Yi
et al. [4] achieved a lignin-derived mono-phenol to cyclohexanol over Pd/c-Al2O3

(Palladium/gamma-Alumina) compound with selectivity up to 98.6% with 100%
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carbon balance by hydrogenation method. Literature study concluded that, many of
them tested successfully in diesel engine new lignin derived bio-fuels with dissim-
ilar molecular structures, provided that an optimal of alternative bio-fuels that can
be favorably exploited for encouraging engine combustion, performance, and emis-
sion appearances. Currently, limited oxygenated aromatic and aliphatic compounds
research in diesel engines. In the current study, 30% by volume of a cyclohexanol
is chosen to be blended with diesel in a one-cylinder DI diesel engine that is mostly
used in the Indian agricultural region [5]. This currentwork investigated diesel engine
emission characteristics by fueled with cyclohexanol/diesel (up to 30% by volume)
and under various engine modified operating conditions (EGR rates 0, 10, 20% and
injection timing 19°, 21°, 23° CA b TDC).

2 Materials and Methods

2.1 Test Fuels

In this study, themixing of test fuel is prepared by blends cyclohexanol/diesel mixing
proportions of 10/70, 20/50, and 30/40 by volume and is stated as CHX10, CHX20,
and CHX30, respectively. Cetane number not improved in the blends compared
to base diesel. Blends properties tested by The ASTM test method at Polymeric
Materials Research Laboratory in Alagappa College, Tamilnadu which is presented
in Table 1.

Table 1 Properties of test fuel

Properties Test method ULSD Cyclohexanol CHX10 CHX20 CHX30

Oxygen (% by
wt.)

– – 0 16.12 1.692 3.215 4.832

Calculated
cetane index

ASTM D4737 53 – 49.29 46.51 43.71

Kinematic
viscosity at
40 °C (mm2/s)

ASTM D445 3.624 4.73 3.715 3.832 4.076

Low heating
value (MJ/kg)

ASTM D240 43.44 38.382 43.104 42.708 42.089

Density
(kg/m3)

ASTMD4052 851 951 871 871 881

Flash point
(oC)

ASTM D93 68 68 68 68 68



Injection and Exhaust Gas Recirculation Strategies … 281

2.2 Test Engine and Facilities

Tests were conducted in a naturally aspirated, direct-injection, four-stroke, single-
cylinder, constant-speed (1500 rpm) diesel engine [6] which is generally used for
cultivated purposes to drive pump-set in India. Swingingfield electrical dynamometer
which contains a 5-kVAAC alternator (220V, 1500 rpm) attached on bearings and on
an unbending border for rocking field type loading is employed. The engine output
power is determined by the reaction torque via a load cell-type strain gauge. HC,
CO and NOx emissions measured by MRU Delta 1600 L exhaust gas analyzer and
smoke opacity measured by AVL 439 opacimeter.

2.3 EGR Setup

EGR system is the effective method to reduce the formation of NOx. Here, in this
work, the recycled gas is cooled to 35 °C. EGR valve controlled the EGR rate. The
flow rate of exhaust gas is measured by orifice. EGR quantity was determined using
Eq. 1.

EGR% =
[
(CO2)intake

(CO2)exhaust

]
× 100 (1)

MRU gas analyzer is used to measure the amount of CO2 in the exhaust. This is
succeeded by regulating the control valve to differ the flow rate of the exhaust up
until the preferred value of intake of CO2 is reached. Analogous method was used
before the EGR rates are determined in a same engine [5, 6].

2.4 Test Procedure

There are no modifications made on test engine. Experiments were performed under
steady-state condition and at rated load of the engine, which corresponds to a brake
mean effective pressure (bmep) of 5.3 bar. Emission characteristics of the test engine
were recorded at nine operating conditions by progressively increasing the three cold
EGR rates (i.e., 0, 10, and 20%).
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3 Result and Discussion

3.1 Emission Analysis

CO emissions
Figure 1 shows the variations ofCOemissions for all test fuels under natural condition
with engine load. Due to high in-cylinder pressure that derived during such load, CO
emissions remain low at high loads. With the addition of cyclohexanol, CO emission
increases gradually but CO emissions decreased in CHX20 blend at 21° CA bTDC
compared to pure diesel due to shortened of ignition delay, the degree of fuel–air
mixing, and uniform burning could have enhanced.

HC Emissions
The variation of HC emissions with engine load under naturally aspirated, EGR,
and varying injection timings all test fuels was shown in Fig. 2 with addition of
cyclohexanol. HC increased and remains high for all blends. HC emissions decreased
inCHX30blend compared to pure diesel at 21°CAbTDCdue to shortened of ignition
delay, the degree of fuel–air mixing, and uniform burning could have enhanced.

NOx Emissions
The variation of NOx emissions for all test fuels as a function of engine under
naturally aspirated, EGR, and varying injection timings in Fig. 3. NOx emission

Fig. 1 Effect of EGR on smoke opacity at various injection timings for a CHX10, b CHX30 and
c CHX30

Fig. 2 Effect of EGR on HC at various injection timings for a CHX10, b CHX30 and c CHX30
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Fig. 3 Effect of EGR on NOx at various injection timings for a CHX10, b CHX30 and c CHX30

decreases with increase in cyclohexanol content in the blends at low/medium load.
This is due to high latent heat vaporization and low energy content of cyclohexanol
that cause low in-cylinder temperatures which decrease the formation of thermal
norms. Even, opposite trends at high engine loads were shown by NOx behavior.
Large quantity of fuel enters the combustion chamber to produce the same power
output at high engine loads and there is a large influence of higher oxygen content at
lower cetane number of cyclohexanolmixture over the cooling effect of cyclohexanol
latent heat of vaporization. NOX emissions lower in 21° CA bTDC at all test blends.

Smoke Opacity
The variations of smoke opacity for all test fuels under naturally aspirated, EGR,
and varying injection timings with engine load were shown in Fig. 4. Lignin-derived
cyclic oxygenates like benzyl alcohol, guaiacols, furans, anisole, cyclohexanone,
cyclohexanane, cyclohexane ethanol, 2-phenyl ethanol, and γ-valerolactone show
good soot suppression characters and cyclohexanol is not in option from the expected
literature survey.With increasing cyclohexanol content in themixture, smoke opacity
was decreased. Increases oxygen availability even in rich fuel zones prohibiting the
formation of soot due to the presence of fuel bound oxygen. Smoke opacity lower in
23o CA bTDC at all test blends.

Fig. 4 Effect of EGR on smoke opacity at various injection timings for a CHX10, b CHX30, and
c CHX30
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4 Conclusion

This investigation concluded that the variation of injection timing and EGR had
an extensive effect for reducing emissions characteristics of the diesel engine and
the engine characteristics were summarized based on the experimental results in
comparison with ULSD operation of the engine:

1. CO emissions decreased in CHX20 blend at 21° CA bTDC compared to pure
diesel.

2. HC emissions decreased in CHX30 blend at 21° CA bTDC compared to pure
diesel.

3. NOx emissions lower in 21° CA bTDC at all test blends.
4. Smoke opacity lower in 23° CA bTDC at all test blends.
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A Brief Review: Study on Mechanical
Properties of Polycarbonate
with Different Nanofiller Materials

Prudhvi Raj and Ravi Kumar

Abstract Recently, the use of polycarbonate has been studied intensively and
many researchers started producing polycarbonate-based composites by introducing
different carbon-based nanofillers. Significant improvement in mechanical proper-
ties of polycarbonate has been reported due to the inclusion of even small amount of
nanofillers. Enhancement of properties through the inclusion of nanofillers into poly-
carbonate matrix will be useful for both application-based investigations and scien-
tific studies. Current study provides some insights of different research papers based
on polycarbonate composites. Present literature shows that inclusion of small quan-
tity of nanofiller in to polycarbonates can significantly enhance various mechanical
properties.

Keywords Polycarbonate · Composites · Nanofiller ·Mechanical properties

Abbreviations

PC Polycarbonate
ABS Acrylonitrile-butadiene-styrene
PEI Polyetherimide
EMA Ethylene-methyl acrylate
PBT Polybutylene terephthalate
EPC Ethylene-propylene copolymer
MWCNT Multiwalled carbon nanotube
SWCNT Single wall carbon nanotube
GO Graphene oxide
RGO Reduced graphene oxide

P. Raj · R. Kumar (B)
School of Mechanical Engineering, Lovely Professional University, Phagwara, Punjab 144411,
India
e-mail: ravi.18747@lpu.co.in

© Springer Nature Singapore Pte Ltd. 2021
T. Rajmohan et al. (eds.), Advances in Materials and Manufacturing Engineering,
Springer Proceedings in Materials 7, https://doi.org/10.1007/978-981-15-6267-9_34

285

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6267-9_34&domain=pdf
mailto:ravi.18747@lpu.co.in
https://doi.org/10.1007/978-981-15-6267-9_34


286 P. Raj and R. Kumar

1 Introduction

1.1 Polycarbonate

Polycarbonate is a thermoplastic material which is strong and unbreakable. Poly-
carbonate contains polymers with carbonate groups and it is produced by reacting
bisphenol A with phosgene. Polycarbonate possesses good mechanical, thermal, and
electrical properties. Due to these properties, polycarbonates are used for industrial
applications like window shades, CD’s and DVD’s, eye glasses, roof sheets, aeronau-
tical, and military applications [1]. Polycarbonate has high impact strength, but it is
less scratch resistance, scratches can be formed easily on applications like eye wears,
automotive parts, so they are coated with scratch resistance coatings. The demand
for production of polycarbonate is increasing all over the world due to its properties
and applications [2]. Polycarbonate is transparent and lightweight compared to other
thermoplastics. The properties of the polycarbonate can be further more increased
by introduction of different nanoparticles in to polymer matrix [3]. The mechanical
properties, e.g. tensile strength, impact resistance, and ultimate tensile strength can be
enhancedby introducingnanofillers like graphene, graphene oxide, reducedgraphene
oxide, carbon nanotubes, and many other nanofillers. The improved properties can
be useful for different applications [4].

2 Literature Review

Polycarbonate has good mechanical, electrical, and thermal properties. We can
furthermore increase the properties of polycarbonate by incorporating polycarbonate
matrix with different nanofillers. Nanofillers like CNT, graphene, carbon nanofillers,
and other fillers can be reinforced with polymer matrix to improve mechanical prop-
erties [5]. Nanofiller like graphene can be used to improve mechanical properties
of polycarbonate. Graphene is thinnest material available in the world. Graphene
alone has good mechanical, electrical, and thermal properties. Incorporating of very
small amount of graphene into polymer matrix increases mechanical, electrical, and
thermal properties. Graphene is reinforced with polycarbonate matrix by using solu-
tion blending technique to prepare PC/G composite and its properties are investi-
gated. By introducing graphene in to polymer matrix, the mechanical and electrical
properties of the composites are boosted [6]. Carbon nanotubes are allotropes of
carbon. Carbon nanotubes are of two types (1) SWCNT and (2) MWCNT. Single
walled nanotubes have diameter less than 1 nanometer (nm), where as multiwalled
nanotubes have diameters reaching up to 100 nm (nm). Both single walled and
multiwalled nanotubes have high mechanical strength and electrical conductivity.
Introducing small amount of single walled or multiwalled nanotubes in to polymer
matrix increases the properties of that composite. Different types of MWCNT are
reinforced with polycarbonate and investigated on mechanical, electrical, and glass
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transition behaviour of the composites. It is found that by reinforcing polycarbonate
withMWCNT improves themechanical properties but there is a slight decrease in the
glass transition temperature of composites [7]. SWCNT are reinforced with polycar-
bonate to investigate onmechanical and electrical conductivity of the composite. The
mechanical properties of the composites increased by addition of very less amount of
SWCNT in polycarbonate matrix [8]. Nanofiller particles like ZnO, sic, TiO2, ZrO2,
Al2O3 can be reinforced with polymer matrix to obtain better mechanical properties.
These nanofillers are called nanooxides, and these fillers can be used as reinforcing
agents in polymermatrix. Nanofiller like nanoclay can also use as reinforcing agent in
polymer matrix, but nanoclay in some cases reduces the tensile strength of polymer
composites and improves Young’s modulus. Polycarbonate reinforced with TiO2

and investigated on mechanical properties of composite. The mechanical proper-
ties like tensile strength and hardness of the nanocomposite can be increased by
increasing TiO2 content in the polymer matrix [9]. Polycarbonate is reinforced with
glass fibre and its mechanical properties are investigated. Glass fibre with 10% and
20% taken as compositions in polycarbonate matrix and mechanical properties like
tensile strength, flexural strength, and hardness is investigated. The results revealed
that glass fibre with 10 wt.% has shown increase in tensile strength up to 253 N/m2

compared to 247 N/m2 of 20% glass fibre. Flexural strength has also increased to
160 N/m2 compared to 130 N/m2 of 20% glass fibre. From the results, it has been
observed that increase in glass fibre content decreases the strength of the composite
[10]. Polycarbonate reinforced with 3 wt.% CNT and the effect of recycling on the
structure and properties of the composites are investigated. Polycarbonate with 3
wt.% CNT has Young’s modulus of 6000 Mpa compared to neat PC of 2600 Mpa.
Recycling of the composite up to 20 times is carried and the results were compared
between neat PC and CNT/PC composites. After 20 recycles, it was found that the
Young’s modulus of CNT/PC is 5000 Mpa which is still higher than neat PC, and it
is still suitable for many applications, whereas the tensile strength of the composite
is decreased to 18 Mpa with less than neat PC of 51 Mpa., and the impact strength of
the CNT/PC reduced to 60 J/m. From the results, it has been observed that recycling
the composites affect the strength of the composites [11]. Polycarbonate was grafted
on to functionalized graphene nanosheets, and properties are compared with polycar-
bonate graphene nanosheets of simplemixing. It has been observed that PC-g-MGNS
of 3 wt.% has increased tensile strength up to 81 MPa and Young’s modulus up to
2270MPa which is 20.5 and 22.7% higher than that of conventional PC-s-GNS [12].
Polycarbonate reinforced TiO2 nanocomposite films are prepared and its mechanical
properties like tensile strength, hardness, and elastic modulus are investigated. The
tensile strength of the composite increased up to 18% by addition of only 2 wt.% of
TiO2. The elastic modulus also increased by addition of only 0.8 wt.% of TiO2 [13].
Polycarbonate is reinforced with multiwalled carbon nanotubes and its mechanical,
and thermal properties are investigated and it was found that by addition of only 10
wt.% of multiwalled carbon nanotube in to polycarbonate matrix shows decrease up
to 35% in tensile strength and 47% decrease in tensile strength of the composite.
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Addition of 1–5 wt.% of MWCNT in polycarbonate shows good mechanical prop-
erties, but addition of 10 wt.% shows decrease in mechanical properties like tensile
strength and bending strength (Table 1).

It has been observed from the above discussion that introducing small amount of
nanofiller in polycarbonate matrix has improved mechanical properties like tensile
strength, Young’s modulus, impact resistance, and flexural strength of the composite.

3 Discussion and Conclusion

The present literature depicts study on improving mechanical properties of poly-
carbonate using different nanofillers. The nanofillers mainly used in this litera-
ture works are graphene, carbon nanotubes, clays, and nanooxides. By introduc-
tion of nanofillers in to polycarbonate matrix improved the properties like tensile
strength, Young’s modulus, and impact strength. Above study shows maximum
tensile strength of 253 GPa when polycarbonate reinforced with glass fibre. Also,
it depicts maximum Young’s modulus of 6000 Mpa when polycarbonate reinforced
with 3 wt.%CNT. Since PC shows different characteristics for different applications,
there is a substantial room for improvement in various mechanical, optical as well
as electrical properties.

Table 1 Mechanical properties of polycarbonate reinforced with different nanofillers

Matrix Reinforcement Tensile strength
(MPa)

Young’s modulus
(MPa)

Impact (J/m) References

PC/ABS 4 wt.% T-RGO +135 – – [14]

PC 2 wt.% WO3 +53.6 +1527 – [15]

PC 3 wt.% ZrO2 +59 – +1240 [16]

PC 30 wt.% SGF +107.4 +2966 −31.5 [17]

PC 2 wt.% Al2O3 +73 +3000 – [18]

PC 7 wt.% GNP +70 – −20 [19]

PC 0.5 wt.% ZNO +61.0 +1957 – [20]

PC Glass fibre +138 +11.0 +218 [21]

PP/PC 1 wt.% GO – +2516 +40 [22]

PC/PLA 30 wt.% carbon
fibre

+114.6 – – [23]

PC/PEI Glass fibre 190.82 + 6.25 −153.61 [24]

PC/EMA 10 phr Ir-GO 70 +90 – [25]

PC/PBT 4 wt.%
c-MWCNT

+65.9 +2116 – [26]

(continued)
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Table 1 (continued)

Matrix Reinforcement Tensile strength
(MPa)

Young’s modulus
(MPa)

Impact (J/m) References

PC/EPC 1 wt.%
MWCNT

57.39 +1320 – [27]

PC/ABS 10 phr MICA −54.8 +1162 −582 [28]

PC 15 vol% SCF +95 +2500 – [29]

PC/ABS 3 wt.% GNP +58.37 +2820 [30]

PC 0.5 phr organ
clay

+65 +1600 [31]

PC 0.1 wt.%
SWCNT

+26 +0.05 [32]

PC 5 vol%
CNT/CU

467 111 [33]

PBT/PC 0.3 wt.%
MWCNT

+85 +4.0 +72 [34]
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Determination of Impact and Hardness
Properties of Neem-Kenaf Fiber
Reinforced Polymer Composites

B. Vijaya Ramnath, S. Rajesh, C. Elanchezhian, and G. Pon Senthil Kumar

Abstract Hybrid natural fiber composites can be used to meet the present techno-
logical development and innovation needs. These natural fibers are environmentally
friendly and have a better economical value. This chapter discusses the fabrication
and study onmechanical characteristics of hybrid composites which consist of neem,
kenaf and GFRP. Here, the composite was fabricated by hand layup technique. The
arrangements of fibers are the combinations of neem and kenaf fibers placed alterna-
tively to form the hybrid composites. For better adhesion between fibers, the matrix
namely Epoxy resin LY556 and HY951 hardener is used in the ratio of 10:1. Glass
fiber composites are enclosed on both the sides in order to improve the surface finish
and also to avoid damages occurs during loading condition. The volumetric fraction
is one-third of the total volume occupied by neem and kenaf fiber. Test result shows
that hybrid natural composite has excellent impact and hardness properties.

Keywords Kenaf fiber · Neem fiber · Hand layup method · Mechanical testing

1 Introduction

Composite materials are made up of two or more constituents with different physical
and chemical properties to give different properties than the individual constituents.
These composite materials are more advantageous than individual constituents or
conventional materials due to their increased hardness, strength, high thermal and
wear resistance and suits very well for various engineering applications. Navaranjan
and Neitzert [1] experimented that, neem fibers and kenaf fibers are cellulose-based
plant fibers which are good capable of acting as a reinforcement with glass fiber
polymer. Resin and hardener are used as a medium for fabrication of natural fiber
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composites. Vijaya Ramnath et al. [2, 3] inferred that the main concept of combining
two fibers is to compensate the poor property of one fiber by the other and making
it as superior when combined together. The surface modification of natural fibers is
done by alkali treatment to improve the adhesion between fiber matrix interfaces.
But, the mechanical properties of the natural fiber are affected by the hydrophilic
nature which is the major disadvantage of the natural fiber. Srinivasan et al. [4]
studied that modulus of elasticity is better for dry fibers, and wet fibers showed
good adhesion between matrix and fiber. The flexural strength, impact strength and
tensile strength for the polymeric composites are found to be better when the kenaf
fibers are alkalized. Vijayakumar et al. [5] studied that the neem tree (Azadirachta
Indica) is a major source of fibers for various marine applications. The strength of
the neem fiber depends on many factors such as harvesting time, growing conditions
of the plant and extraction methods which influences the chemical composition and
structure of the fiber. Natural fibers which are extracted manually have 20% higher
strength than mechanically extracted ones. Vijaya Ramnath et al. [6, 7] investigated
that neem fiber reinforced polyester composites are prepared by extracting neem tree
fibers and incorporating them in polyester resin matrix to study the tensile strength
and impact strength of the resultant composites. Subasinghe et al. [8] studied that
in natural fiber composite (NFC), there has been a rapid growth in R&D and inno-
vation sectors. This interest is created because of the superiority in the advantages,
which includes low environmental impact, low cost and support wide range of appli-
cations when compared to other fibers such as synthetic fiber composites. Vijaya
Ramnath et al. [9, 10] inferred that, aeronautical and defense application sectors
demand precision engineering, weight saving, finite tolerances, simplifies produc-
tion and operations uses natural fiber reinforced composites, whereas synthetic fiber
composites are limited to these applications because of high cost of material and
fabrication methods. Structural members are strengthened by fiber reinforcement
polymers even after they have been severely damaged because of its low density and
high stiffness. This is because of the increased toughness, impact resistance and the
energy absorption provided by the fiber to the composite. Themodulus of elasticity is
directly proportional to the volume of the fiber, and the ultimate strength is inversely
proportional to the volume of the fiber in the composite. The usage of natural fibers
in curved pipes has resulted in reduction of cost and weight of about 20% and 23%,
respectively. Pickering et al. [11] investigated that, Africa is the origin of kenaf crop
(Hibiscus cannabinus). It is widely cultivated around the world for use as fiber, paper
or biofuel. It acts as a binderless thermal insulator. Subasinghe et al. [8] inferred that,
kenaf fiber because of its rapid growth can be used as reinforcement in natural fiber
composites. Developments of kenaf-based industries have been encouraged by the
government. Kenaf degrades earlier because of the presence of lignin and hemicel-
lulose. After 300 ◦C, the char content formed from lignin present in the kenaf fibers
causes a slow rate of degradation. The kenaf fibers have high lignin content so the
thermal resistance can be increased by the incorporations of lingo cellulosic kenaf
fibers into a polypropylene matrix. Subasinghe et al. [12] studied that, the photosyn-
thesis rate is three times than that of the usual plants. It can filter carbon dioxide at
14 times its own weight which is higher than others. Tharazi et al. [13] investigated



Determination of Impact and Hardness Properties of Neem-Kenaf … 295

that, the unidirectional long kenaf fiber which is reinforced with polylactic acid were
fabricated into biodegradable composites by hot pressing method. To optimize the
tensile strength and to determine the significance of the factors influencing it, anal-
ysis of variance (ANOVA) and response surface methodology (RSM) were used. For
optimum tensile strength, the combination of hot pressing parameters was 200 °C
temperature, 3 MPa pressure and heating time at 8 min. Confirmation test run yields
error which is less than 7% verified the validity of the model. Tharazi et al. [13]
studied that kenaf fibers are more sustainable that concrete reinforced. The proper-
ties are studied based on nano-indentation principle and effect of water absorbing
fibers are noted. The result shows that there is not much significant difference in the
structure but it has some variations based on relative volume fractions. Vijayakumar
et al. [5] studied the performance of kenaf fibers treated with nitrogen and phospho-
rous from the soil and it shows the effect of carbon dioxide with the presence of air
at significantly high rate. Due to this, there is an enormous consumption in fuel and
controlled emission in the automotive vehicles. Zadeh et al. (2014) investigated the
absorption of sound for kenaf fibers under various conditions. The result reveals that
it has good mechanical properties as well as sound frequencies which vary from 0.5
to 500 Hz. Lima et al. [14] investigated the performance of kenaf fiber which is used
to produce low cost carbon using acidic chemical activating agent. The result shows
that it has got high percentage of carbon and it produces very less ash which leads
to good material for production of porous carbon. Bharath et al. [15] studied that,
for cleaning oil spills, kenaf core has been evaluated as an absorbent material by a
technical report TR-2101-ENV of the Naval Facilities Engineering service center.
Navaranjan and Neitzert [1] experimented that, the ability of a material to with-
stand applied stress or shock load is called impact resistance. The factors influence
the impact strength are strength of the material, elastic modulus of the fiber mate-
rial, orientation and length of the fibers, interfacial bond strength of fiber matrix, and
finally, themethod of impact testing. Several applications include interior and exterior
components of automobiles, aircraft, constructions and building materials which are
used as engineering materials of high impact strength. Vijaya Ramnath et al. [16, 17]
inferred that, the low viscous liquids are more absorbed by natural composite mate-
rials than high viscous liquids. Infinite material permutation including fiber and resin
types, architecture quantities, production methods used and interfaces influences the
impact behavior of composites. Rajesh et al. [18, 19] experimentally investigated the
mechanical characteristics of various natural fiber composites and result shows that
there is a significant improvement in the mechanical properties. Also, scanning elec-
tron microscopy is done to observe the internal structure of the composite specimen.
Bajuria et al. [20] investigated flexural and compressive properties of kenaf with the
combination of silica nano-particles in the epoxy medium by using vacuum infusion
process and found the above properties are mostly significant.
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Fig. 1 Neem leaves and
stem

2 Materials and Methods

2.1 Neem Fiber

Neem leaves and stem as shown in Fig. 1 is one of the natural fibers which meet a
wide range of applications as composites reinforced with polymer matrix, resin and
suitable hardener. The strength of the neem fiber depends on many factors such as
harvesting time methods of extraction of neem fibers.

2.2 Kenaf Fiber

It is certainly one of the important plants cultivated for natural fibers globally, next
to cotton, which is endemic to ancient Africa. Kenaf fibers as shown in Fig. 2 are
reinforced with polymermatrix to form fiber reinforced polymeric composites which
perfectly improve the features of the polymers.

Fig. 2 Kenaf leaves and fibers
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Fig. 3 GFRP mat

2.3 Glass Fiber Reinforced Polymer

Figure 3 shows the glass fiber reinforced polymer mat. It is the most commonly used
polymer which is made up of many strands of silica glass fiber. It is extremely strong
and robust material. The strength to weight ratio of glass fiber is high and can be
easily manufactured by extruding and molding processes. It has very good bulk and
weight properties when compared to metals. The erosive wear rate of the composite
is increased by the glass polymer.

2.4 Epoxy Resin and Hardener

HY951 hardener has good mechanical and chemical properties. LY556 epoxy resin
has good bonding strength. The resin-hardener severs the purpose of binder between
various layers of fiber. The mixing ratio between resin and hardener is 10.1. LY556
epoxy resin and HY951 hardener are shown in Fig. 4 give the best binding property
in room temperature of 28–30 °C.

3 Fabrication Procedure

The fabrication of this proposed composite laminate is made by hand layup tech-
nique. Initially, the fibers undergo retting process followed by the drying action under
sunlight for about 24 h. After drying the fibers, they are well combed and straight-
ened followed by cutting them at equal lengths as straight flakes required forming
the laminate. Epoxy resin (LY556) and the HY951 hardener are employed in the
process. The bottom GFRP sheet is placed on a plane surface and rollers are used
to remove the major and minor sprinkles on the sheet thoroughly. Then, the neem
fibers are placed on the sheet in a stipulated setting time after which resin-hardener
mixture applied. The layers of neem fibers and kenaf fibers are arranged between
the GFRP laminate in perpendicular and parallel order and taken as Sample 1 and
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Fig. 4 Resin and hardener

Table 1 Arrangement of
fibers

Sample 1 (perpendicular
orientation)

Sample 2 (parallel orientation)

GRFP LAMINATE GRFP LAMINATE

NEEM FIBER NEEM FIBER

KENAF FIBER KENAF FIBER

GRFP LAMINATE GRFP LAMINATE

Sample 2, respectively. The arrangements of these composite samples are shown in
Table 1. The fabricated samples are made to dry for 12–14 h under application of
15 kg weight to bind fibers together firmly.

4 Testing of Composites

4.1 Impact Test

In this test, the amount of energy absorbed by the specimen during the breakage is the
impact strength of the material. A pendulum is setup to drop on specimen to fracture
it from an angle of 135◦. Charpy impact test is employed in this case. The specimen
is prepared as per ASTM: D256 standards, which are shown in Fig. 5. Composite
specimen before and after the impact test is shown in Fig. 6.
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Fig. 5 ASTM standard for
impact testing

Fig. 6 a Specimen before impact. b Specimen after impact test

4.2 Hardness Test

The hardness of the composites was measured using a Rockwell hardness testing
machine according to ASTM D785-98. The hardness value of an composite corre-
sponds to the amount of indentation occurred when the steel ball is made to indent
on the composite specimen.

5 Result and Discussion

5.1 Results of Impact test

The impact test results obtained from the Charpy impact test is shown in Table 2. The

Table 2 Results of impact
test

S. No. Sample Energy absorbed (J) Average value (J)

1 1 3.8 3.6

3.5

3.5

2 2 4.8 4.6

4.5

4.5
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Fig. 7 Results of impact test
(J)

0

2

4

6

sample1 sample2

impact strength values corresponding to three trials of each sample are noted. The
average energy absorbed is calculated in joules and noted. The values are plotted as
graph is shown in Fig. 7. The total energy absorbed is 4.6 J for Sample 2 due to the
presence of kenaf and neem fiber in the composite laminate at 0◦ orientations which
resists the fibers to break at maximum load. This orientation increases the contact
area between the laminate which in turn increases the contact area against impact
load.

5.2 Results of Hardness Test

The experimental results of the value of indentation obtained during the hardness
test carried out using Rockwell hardness machine are furnished in Table 3. Three
trials are carried out for each sample and the hardness number is noted as shown in
Table 3. The maximum indentation occurs for Sample 2 with average 64.6 Rockwell
number. The results are plotted as graphics as shown in Fig. 4. Sample 2 has high
hardness as the fibers are arranged in parallel orientation,which resist the indentation.
This is the result of high bonding between fibers and increased contact area due to
parallel orientation. The graph shows the result of Hardness test for the two samples
(Perpendicular and Parallel orientation respectively) (Fig. 8).

Table 3 Results for hardness test

S. No. Sample Rockwell hardness number (RHN) Average value

1 1 56 58.6

60

60

2 2 64 64.6

68

62
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Fig. 8 Result of hardness
test (RHN)

54

56

58

60

62

64

66

sample1 sample2

6 Conclusion

Based on impact and hardness experimental results, the following conclusions have
been made. For impact, the maximum amount of energy absorbed is recorded as
4.6 J. This is due to the presence of kenaf and neem fibers which resist the force
to minimum, thereby reduce the damage of the composite specimen. For hardness
test, the value of indentation is 64.6 Rockwell hardness number. The indentation on
the specimen is restricted due to the presence of strong adhesion between the fibers
and the matrix which does not allow the penetration due to load into the composite
specimen. Hence, due to high value of impact and hardness properties, this hybrid
composite canbe implemented in various engineering applicationswhere high impact
is in demand.
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Study on Wear and Corrosion Behaviour
of Aluminium Hybrid MMC

B. Vijaya Ramnath, E. Naveen, S. Abhishek Subramanian, R. Rakesh,
and S. Sharun Krishnan

Abstract Nowadays, composite materials replace conventional material by virtue
of their properties like high strength to weight ratio, improved wear resistance and
corrosion resistance. In this work, the aluminium metal matrix composites were
fabricated with help of stir casting process. Here, five samples of composites were
fabricated with aluminium as matrix material and fly ash, bamboo ash and copper
as reinforcements with different proportions, increasing from 1 to 5%. Wear and
corrosion behaviour of fabricated composites were studied using sliding wear test
and salt spray corrosion test. Morphological analysis was also done to study the
internal structure of corrosion and wear tested samples.

Keywords Aluminium metal matrix composite · Fly ash · Bamboo ash · Copper

1 Introduction

Currently, manufacturing industries require materials which possess high corrosion
and wear resistance. At the same time, materials with high strength to weight ratio
characteristics are also necessary as they reduce the weight of the component and
increase the strength. For this purpose, aluminiummetalmatrix composites (AMMC)
havebeen seen to be themost promisingmaterial to be used.AMMChavebeen seen to
be used inmany industry applications such as in automotive industries tomake engine
parts, wheel hub and brake parts to ultimately increase the efficiency and in aerospace
industries to reduce the weight of the body. Most frequently, aluminium base metals
are reinforced with silicon carbide and alumina which is commonly used in most of
the industries for giving high strength to lowweight ratio and high hardness.Bodunrin
et al. [1] studied the effect of reinforcement of aluminium metal matrix composites
with agrowaste, industrial waste and ceramic materials. Fly ash as by-products from
industries have been used to improve the wear resistance and machinability which is
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due to the solid lubricating effect it has and themicrostructural properties. It has influ-
enced the uniform distribution of the particles in metal matrix. The ceramic materials
when reinforced with the aluminium base metal like graphite, CNT has lead to the
increase in the load bearing capacity and pinning effect of the composite. Liu et al. [2]
studied the effect of friction stir processing (FSP) of Al base metal with magnesium,
lanthanum and nickel as the reinforcement. They concluded that an increase in the
hardness of the surface and the maximum tensile strength of 410Mpa is obtained and
the corrosion results show that the composites have a lower current corrosion density
and high passivation current density which leads to increased corrosion resistance
effect. Aribo et al. [3] conducted an experiment on the wear and corrosion analysis of
Al 6063 hybrid composites with snail-shell-ash (SSA) and SiC as the reinforcements
with varying compositions. They observed that an increase in the Vicker hardness
number (VHN) with a maximum increase of 50VHN and the corrosion resistance is
found to be maximumwith the lowest current corrosion density both in 7.5%SiC and
7.5%SSA composition composite. Bienia et al. (2003) have studied the microstruc-
ture and corrosion behaviour of aluminium fly ash composites was produced by
squeeze casting technology. They found that uniform structural homogeneity with
low porosity levels and a high interfacial bonding between the particles. The pitting
corrosion was also found to be enhanced in comparison with the unreinforced matrix
and the properties of the oxide film forming on the surface of the composites were
also determined using this result. Alaneme et al. [4–7] investigated the corrosion
and tribological behaviour of aluminium hybrid composites with bamboo leaf ash
and alumina as the reinforcements in chloride medium. The samples were prepared
with different compositions with 2, 3 and 4 wt% alumina and 10% bamboo leaf ash
was prepared using double stir casting technique. The result shows an increase in
corrosion resistance with the addition of BLA particles and the coefficient of friction
and the wear rate was found to be comparable in the 2% and 3% BLA compos-
ites showing slightly superior wear resistance. Selvam et al. [8, 9] have studied the
effect on aluminium 6061 hybrid composites with reinforcing materials of SiC and
fly ash. They concluded that the tensile strength and the microhardness level of the
composite increased with increase in wt. percentage of the SiC particles. Praveen
Kumar et al. [10] studied the effect of addition of bamboo leaf ash to aluminium
base metal and analysed the microstructure and mechanical properties where the
composites were prepared by stir casting method. The BLA of 2, 4, 6% compositions
were produced and the results were appreciable. They found that the hardness of the
composites increased with the increase in BLA content. The hardness was maximum
in 4% BLA composition composite. The SEM analysis micrographs showed good
interfacial bond between BLA particles and the matrix. Also, the highest yield and
tensile strengths were observed at 4% BLA particle. Chethan et al. [11] conducted
a mechanical characterization of aluminium 6061 with bamboo ash charcoal as the
reinforcing material. The bamboo charcoal of 2, 4, 6% byweight was used to prepare
the composite using stir castingmethod. The composites preparedwere normalized at
550 ◦C for 6 h and different cooling techniques were used to cool it. They concluded
that the charcoal is uniformly distributed, as seen in the SEM results. As the char-
coal content increased, there was an increase in the hardness of the composite and
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6%BLA composition of the furnace cooling sample had the highest hardness of 112
VHN, which is actually more compared to many other alloys. They found that the
tensile strength reduced with the increase in the bamboo ash content and also the
density of the composites slightly varied with the increase in the weight composition
of bamboo charcoal.

2 Innovation in the Work

In this work, the effect of addition of bamboo ash, fly ash and copper as the rein-
forcing particles with aluminium 6061 as the base metal is investigated. The rein-
forcing materials were chosen considering each of its own unique properties. The
presence of fly ash helps in improving the machinability of the workpiece, it also
reduces the thermal conductivity as its melting point is more than about 1000 °C.
It is also chemically inert. The bamboo ash helps in improving the fracture tough-
ness, corrosion resistance and copper has good thermal conductivity and corrosion
resistance and it alloys easily when combined with base metals. Considering the
above factors, the reinforcements were chosen and the composites with different
compositions were prepared and tested. The fabrication of these composites was
carried out using stir casting method which is one of the most prominent methods
to manufacture aluminium composites. Also, comparatively, it is a low-cost method
and gives flexibility to produce any shape and size. In this work, the wear and corro-
sion behaviour of aluminium metal matrix composites reinforced with bamboo ash,
fly ash and copper is evaluated.

3 Materials and Methods

3.1 Materials

Thematerials used in this work include pure commercially available aluminium 6061
which is the matrix material and the reinforcements include finely powdered fly ash,
bamboo ash and copper taken in the preheated condition to relieve the water content
present in them to get a sound and good composite. For bamboo ash, the bamboo
was fired, dried and crushed into powder form so that it can be used effectively by
completely fusing with the base metal. The aluminium 6061 is taken in the form of
a pipe of some diameter and is cut according to mould size provided with the fric-
tion stir casting equipment. The different compositions of samples fabricated using
friction stir castingmethods are shown in Table 1. Aluminium 6061 is a precipitation-
hardened aluminium alloy containing magnesium and silicon as its major alloying
elements. Fly ash is a by-product from burning pulverized coal in electric power
generating plants. During combustion, mineral impurities in the coal (clay, feldspar,
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Table 1 Composition of composites

Sample number % of aluminium % of copper % of fly ash % of bamboo ash

1 97 1 1 1

2 94 2 2 2

3 91 3 3 3

4 88 4 4 4

5 85 5 5 5

quartz and shale) fuse in suspension and float out of the combustion chamber with
the exhaust gases. It is a soft, malleable and ductile metal with very high thermal
and electrical conductivity. Copper is used as a conductor of heat and electricity, as
a building material, and as a constituent of various metal alloys.

3.2 Production of Composite

There are different types of casting methods available to fabricate metal matrix
composite. Its advantages lie in its simplicity, flexibility and mainly applicable to
large quantity production with cost advantage. In this work, aluminium metal matrix
composites reinforced with bamboo ash, fly ash and copper at different composition
percentages were casted using a bottom pouring stir casting machine. A special
designed furnace in which pouring of melt into the mould happens from its bottom
through a remote-control switch. This type of furnace does not require the user to
lift and pour the melt into the mould. This machine can be used to produce casting
where base metal of that casting should have the melting point less than 1000 °C
(Fig. 1).

Fig. 1 Basic stir casting equipment setup
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Table 2 Wear test specifications

Serial number Test condition Requirements Actual

1 Chamber temperature (◦C) 35 ± 2 34.2–34.7

2 pH of solution 6.5–7.2 6.8–7.0

3 Air pressure (psi) 12–18 15

4 Concentration of sodium chloride (%) 5 ± 1 5.1–5.2

5 Collection of solution per hour (ml) 1–2 1.1–1.4

6 Test hours (h) 72 72

4 Wear Test

In this work, wear test is performed to find the wear rate of the fabricated composites.
In the abrasive wear test, a hard-rough surface slides over a softer surface. ASTM
international defines it as the loss of material due to hard particles forced against a
solid surface. There are a number of factors which influence abrasive wear and hence
the manner of material removal. Abrasive wear can be measured as loss of mass by
the Taber abrasion test according to ISO 9352 or ASTM D 4060. Table 2 shows the
wear test specifications used in this work.

5 Corrosion Test

The salt spray test is one of the standardized corrosion test used to analyse the
corrosion resistance of materials. Salt spray testing is an fast paced corrosion test
that produces a corrosive attack to samples in order to evaluate the suitability of the
coating to use as a protective finish. The specification of corrosion test apparatus is
shown in Table 3.

Table 3 Corrosion test
specification

Serial number Contents Value

1 Cylinder size ∅ 150 mm and
500 mm length

2 Material of coarser
abrasive sheet

60 and 80 grade

3 Equivalent revolution 84 times

4 Rotational frequency 40 ± 1 rpm

5 Load applied 1, 2, 3, 4 and 5 kg
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6 Results and Discussion

6.1 Result of Wear Test

The results of the wear test have been tabulated by finding the wear rate using the
relation given below. This method of finding the wear rate using initial weight and
final weight is known as gravimetric analysis. The wear tested samples are shown in
Fig. 2.

WEARRATE = I.W − F.W

ρ × T

where, I.W is the initial weight of the composite in grams, F.W is the final weight
of the composite in grams, ρ is the theoretical density in gm/cm3, T is the time of
sliding in mins, theoretical density is calculated as follows:

TheoreticalDensity [ρ]
= ρAl × ρCu × ρFA × ρBA

[ρAl × ρCu × ρFA × M.F(BA)] + [ρCu × ρFA × ρBA × M.F(Al)]+
[ρFA × ρBA × ρAl × M.F(Cu)] + [ρBA × ρAl × ρCu × M.F(FA)]

where, M.F is the mass fraction for the corresponding reinforcement, which is
found as follows:

M.F = Massofonesubstance

MassofTotalMixture

Fig. 2 Wear tested samples
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ρAl is the density of Al= 2.7 gm/cm3, ρCu is the density of copper= 8.96 gm/cm3,
ρFA is the density of fly ash = 0.86 gm/cm3, ρBA is the density of bamboo ash = 1.4
gm/cm3.

6.1.1 Model Calculation for Theoretical Density

For sample 1,
Mass Fraction for Al = 0.97

1 = 0.97, Mass Fraction for FA = 0.01
1

= 0.01, Mass Fraction for BA = 0.01
1 = 0.01, Theoretical Density [ρ] =

2.7×8.96×0.86×1.4

[(2.7 × 8.96 × 0.86 × 0.01)] + [(8.96 × 0.86 × 1.4
×0.97)] + [(0.86 × 1.4 × 2.7 × 0.01)] + [(1.4 × 2.7

×8.96 × 0.01)]
Theoretical Density for sample 1 [ρ] = 2.63 gm/cm3.
Similarly, for other samples, the theoretical density was calculated and is shown

in Table 4.
The wear rate for 60 grit size composite for all loading conditions is furnished in

Table 4. From Fig. 3, it is evident that the sample 1 undergoes maximum wear under
all the loading conditions compared to the other samples applied under the same

Table 4 Wear rate for 60 grit size

Sample Actual density
(gm/cm3)

Theoretical density
(gm/cm3)

10 N 20 N 30 N 40 N 50 N

S1 2.34 2.63 1.073 1.311 1.657 1.727 2.05

S2 2.23 2.57 1.061 1.246 1.564 1.618 1.873

S3 2.14 2.52 1.031 1.223 1.439 1.545 1.772

S4 2.04 2.46 0.93 1.185 1.338 1.53 1.613

S5 1.95 2.41 0.853 1.01 1.258 1.363 1.5

Fig. 3 Load versus wear
rate (for 60 grit size)
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Fig. 4 Load versus wear
rate (for 80 grit size)

Table 5 Wear test results (for 80 grit size)

Sample Actual density
(gm/cm3)

Theoretical density
(gm/cm3)

10 N 20 N 30 N 40 N 50 N

S1 2.34 2.63 1.251 1.614 1.927 2.12 2.39

S2 2.23 2.57 1.221 1.532 1.778 2.091 2.218

S3 2.14 2.52 1.116 1.401 1.681 1.991 2.175

S4 2.04 2.46 1.102 1.382 1.523 1.82 2.092

S5 1.95 2.41 1.001 1.244 1.417 1.627 1.981

load. It noted that, sample 5 has the maximum wear resistant property as compared
with other samples (Fig. 4).

Similarly, for grit size 80, the wear test has been performed for all loading condi-
tions as furnished in Table 5. From the wear results, it can be seen that the wear rate
for sample 5 which has 5%wt composition of reinforcements has a minimum wear
rate which means, it gives more resistance to wear compared to other compositions.

6.2 Result of Corrosion Test

ASTM B117-16 standard has been followed when finding the corrosion test values.
The results of the corrosion test have been tabulated inTable 6 byfinding the corrosion
rate using the relation given below:

CR = (87.6 × W )/D × A × T

where CR = Corrosion Rate(mm/year),W = Weight Loss (mg), D = Density of
Specimen (g/cm3).

A = Exposing Area of Specimen (cm2), T = Time of Exposure (h).
The theoretical density of the specimen is found by using the following relation:
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Table 6 Result of corrosion
test

Sample number Weight loss (mg) Corrosion rate (mm/year)

1 1300 2.979748

2 1100 2.645695

3 500 1.253165

4 300 0.788757

5 200 0.550107

Fig. 5 Result of corrosion
rate

Fig. 6 Fabricated and corrosion tested sample 1

Theoretical Density (D) = 100/[(% of X material/Density of X material) + (% of
Y material/Density of Y material) + …].

From Fig. 5, it is evident that the corrosion rate of the samples decreases as the
reinforcements are added in proportions the corrosion resistance increases as the
reinforcements are added.

6.2.1 Corrosion Tested Samples

See Figs. 6, 7, 8, 9 and 10.
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Fig. 7 Fabricated and corrosion tested sample 2

Fig. 8 Fabricated and corrosion tested sample 3

Fig. 9 Fabricated and corrosion tested sample 4



Study on Wear and Corrosion Behaviour of Aluminium Hybrid MMC 313

Fig. 10 Fabricated and corrosion tested sample 5

7 Conclusion

From the results obtained from the above tests, the following conclusions can be
made:

The wear rate for grit size of 60 under different load conditions show that for
sample 1 the wear rate is found to be high and contrastingly for sample 5 it is appre-
ciably the lowest. For the grit size of 80, the results found are the same and sample
5 has the maximum wear resistant property. On the other hand, the corrosion rate
results on the other hand show that sample 5 showed the least corrosion rate among
other samples and the corrosion rate has been decreasing as the reinforcements have
been added. As the composition of the reinforcements tend to increase from 1 to 5%,
the wear rate is found to be decreasing. This shows that the reinforcements added
tend to increase the wear resistant property of the sample. When considering the
corrosion behaviour, the sample with 4% wt concentrations of different reinforce-
ments has lead to poor results in the corrosion test. While the sample with 5%wt
concentrations of different reinforcements produced good results.
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Effect of Pineapple/Coconut Sheath
Fiber Reinforced with Polyester Resin
Matrix on Mechanical
and Microstructure Properties of Hybrid
Polyester Composite

L. Natrayan and M. S. Santhosh

Abstract Natural fiber-reinforced composites are gaining more attention among
industries and researchers globally for its greater availability and properties like elas-
ticity, malleability, and fatigue strength. The proposed research focuses on tensile,
impact, and flexural properties estimation of randomly aligned hybrid compos-
ites made up of pineapple/coconut sheath fiber reinforced with polyester (PCSFP)
matrix. The hybrid PCFSP composites were fabricated by book press compression
moulding with a various volume fraction of reinforcement and matrix materials.
Fracture surface analysiswas done using scanning electronmicroscope for predicting
the impact response of the hybrid laminates. The targeted output of hybrid PCSF-
reinforced polyester composites is suitable for commercial products like thermoset
shelters, containers as well as light-weight automobile body bonnets, headliners, and
trunk trims.

Keywords Compression moulding · Pineapple fiber · Tensile test · Flexural test ·
Impact test · SEM · Coconut sheath fiber · Polyester matrix

1 Introduction

The concern in legitimate usage of polymer matrix composites made with natural
fibers is growing exponentially mainly due to their biodegradability, strength-to-
weight ratio, wear and tear resistance, lesser toxicity along with conventional prop-
erties. The inclusion of natural fibers in thermo and thermoset polymers are desirable
for various customary applications in engineering industries like automobile,marine,
and air force [1]. The composite technology focuses on the usage of natural fibers
in automobile and aerospace parts since the 1950s [2]. Natural fiber composites are
considered as a better replacement for traditionally used metals like aluminum and
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copper [3]. Polymer composites reinforced with mudar, sisal, banana leaf, Prosopis
juliflora, pineapple, and coir fibers are desired by material scientists all over the
world. Chiefly, jute fibers (Geotextile material) are used as raw material to fabricate
ropes, sacks, cords, and bags as they are less toxic, eco-friendly, and recyclable [4].
The invention of synthetic fibers like glass has now replaced the jute market [5].
Presently, the composites made with natural and synthetic fiber reinforcement are
used as a substitute for timers and other wood products. Ranganathan et al. [6] fabri-
cated the polypropylene composites reinforced with coir kenaf, jute, sisal, and hemp
fibers by film stacking compression mould setup and compared the various mechan-
ical properties for optimum hybrid configuration. Kim et al. [7] fabricated cassava
and pineapple floor-reinforced biocomposites with enhanced thermal and mechan-
ical properties. PLA bio composites possess better thermal stability. Suresh Kumar
et al. [8] reported that characterized row and treated coconut sheath fiber composites
possess better mechanical and thermal properties than raw coconut fiber composites.
Nur [9] treated pineapple leaf/poly lactic acid composites and stated that effective
fiber–matrix adhesion and fiber roughness can be obtained by alkaline treatment.
From the above literature, it is observed that few authors reported pineapple leaf
fibers and most of the researches have been done with epoxy and polypropylenes
and still, there is an option to fabricate pineapple/coconut sheath hybrid laminates
with polyester matrix. The present research has fabricated the pineapple/coconut
sheath hybrid laminates with different wt% of polyester matrix and has studied the
tensile, impact, SEM, and flexural behavior of PCSFP hybrid composites.

2 Experimental Method

2.1 Materials

The PCSF reinforcements and coconut sheath were collected from the farms
around Coimbatore, Tamilnadu, India, and they were separated as fibers. Figure 1
shows the separation process of pinapple leaves and coconut sheath. Commercially
available unsaturated polyester resin matrix is well known for its applications like
bulk and the sheet moulding compounds were supplied by Covai seenu pvt ltd,
Coimbatore, India. Cobalt napthenate andMEKP,Methyl ethyl ketone peroxidewere
used as an accelerator and catalyst, respectively. The polymer matrix and catalyst
accelerator were mixed in the ratio of 67:33.

2.2 Hybrid Laminate Fabrication

The targeted hybrid configurationswere prepared using book press-type compression
molding process [10]. The pretreated (cleaned and dried) PCSFs were prepared for
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Fig. 1 Pineapple leaves fiber plant and coconut sheath

10mmfilaments and the suitability examination of coconut sheath andpineapple fiber
was donebefore fabricating the composites. Initially, a knownweight of 10mmlength
pineapple fibers was randomly spread on the flat surface followed by coconut fiber
and finally, pineapple fibers were spread over coconut fibers [11]. The whole config-
uration was in the sandwich structure of Pineapple fiber-coconut sheath-pineapple
fiber. The fabricated sheets were kept in the temperature of 55 ◦C under vacuum pres-
sure. Finally, sheets were compressed and cut into the size of 300 mm × 300 mm
× 3 mm using the water jet machining process [11]. The composite laminates with
different weight fractions of 60%, 65%, and 70% were fabricated. Figures 2 and 3
represent step by step fabrication process and fabricated hybrid laminate.

Fig. 2 Fabrication process
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Fig. 3 Fabricated composite
laminate

2.3 Mechanical Tests

The required size of specimens for tensile, impact, and flexural testing were cut as
per ASTM D 638-03, ASTM D 256-88, and ASTM D 790-86, respectively, using
the water jet machining process [12]. Shimadzu universal testing machine of 50
KN capacity with 0.5 mm/min cross-head speed consisting for tensile, flextural, and
impact test. Minimum of three tests for each configuration of test samples were
conducted in the ambient temperature—21 ◦C and 60% of relative humidity. Finally,
the average values were reported.

3 Results and Discussion

3.1 Tensile Behavior

Table 1 represents the details of density, tensile strength, and elastic modulus [13]
for comparison and it is evident that pineapple fibers have better mechanical prop-
erties than coconut fibers. Pineapple fibers have less density than other traditional
natural fiberswhich is one of the attractive parameters formanufacturing light-weight
composites.

Including a particular fiber percentage excess than a nominal weight percentage
may improve the elastic modulus or behavior of laminates which proves the break

Table 1 Properties of natural
fibers [13]

Fibers Density (g/cm) Tensile strength
(Mpa)

Elastic modulus
(Gpa)

Kenaf 1.45 930 53

Pineapple 0.8–1.6 400–627 14.5

Jute 1.3 393–773 26.5

Bamboo 0.6–1.1 140–1150 11–17

Coconut 1.15 131–175 4–6
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Fig. 4 Tensile properties of PCSFP composites at various fiber wt%

elongation values of composite structures [14]. It is also noted that stress level
increased for fiber weight percentage for given strain levels for increase in total
fiber volume fraction percentage. The relationship between fiber weight percentage
and tensile strength of short PCSFP composites and pure coconut sheath/pineapple/
polyester composites is demonstrated in Fig. 4. The tensile strength of PCSFP
composites increased by increasing the fiber weight up to 65%. The tensile strength
decreased when the fiber weight percentage was increased above 65%. The tensile
results indicate that 65% of fiber weight showed better results compared to fiber wt%
of PCSFP composites.

The optimum fiber wt% composite showed high mechanical properties since
the load transfered from fiber to matrix were high. The maximum elastic modulus,
elongation %, and tensile strength of short PCSFP composites were 0.7 GPa, 5.03%,
and 11.70 MPa, respectively.

3.2 Flexural Behavior

Figure 5 shows the flexural properties on different fiber wt% of PCSFP composites
with 10 mm fiber length. Elastic modulus and flexural strength of PCSFP compos-
ites increased by increasing the fiber weight up to 70%. Elastic modulus and flex-
ural strength decreased by increasing the fiber weight percentage above 65%. The
maximum elastic modulus and flexural strength of short PCSFP composites were 7.9
GPA, 76.44 MPa, respectively. From the flexural results, fiber weight 65% showed
better results compared to fiber wt% of PCSFP composites.
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3.3 Impact Behavior

Figure 6 shows the impact strength on different fiber wt% of PCSFP composites
with 10 mm fiber length. The impact strength of PCSFP composites increased by
increasing the weight fraction of fibers. The impact strength decreased by increasing
the PCSFweight from 65 to 70%. From the flexural results, fiber weight 65% showed
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Fig. 6 Impact properties of PCSFP composites at a different fiber weight percentage
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Fig. 7 a, b Tensile specimen—SEM micrograph of PCSFP laminates

better results compared to fiber wt% of PCSFP composites. The optimum impact
strength of PCSFP composites was 7.86 kJ/m2.

3.4 Scanning Electron Microscope (SEM)

The specimenswere placed under the SEMmachine to study the SEMstructure of the
PCSFP composites [15]. Figure 7a, b represents micrographs of the fractured surface
and the interfacial connection among matrix material and fiber. Figure 7a shows
the physical microstructure of coconut and pineapple fibers that are altered due to
alkaline pretreatment. Elimination of fiber impurities by alkaline treatment results
in better bonding between fiber and the matrix.

Besides, the tensile specimen SEM image of the PCSFP laminate shown in Fig. 7b
indicates that fiber pullout, fiber breakage, and voids are present in the fractured
samples. It occurs due to the moderate wettability of fiber and matrix [16]. The
investigation of fracture surfaces suggests that the wettability of the PCSFP has to
be improvised to obtain good mechanical properties.

4 Conclusion

The following conclusions were drawn from the experimental results.

• The impact, tensile, and flexural properties of arbitrarily aligned short PCSFP
composites mainly depend on fiber volume fraction percentage.

• The results indicate that 65 wt% of fiber shows better results compared to 60 wt
%, and 70% volume fractions.

• Themaximum elastic modulus, elongation%, and tensile strength of short PCSFP
composites were 0.7 GPa, 5.03%, and 11.70 MPa, respectively.
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• The maximum elastic modulus and flexural strength of short PCSFP composites
were 7.9 GPA, 76.44 MPa, respectively.

• The optimum impact strength of PCSFP composites was 7.86 kJ/m2.
• Microstructure analysis discloses that general defects like delamination and fiber

pullouts occur at the high load conditions and these defects greatly spoil the
flexibility of hybrid laminates.
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Chemical Treatment, Influence of Fiber
Content, and Optimization of Hybrid
Natural Fiber-Reinforced Composites

G. Venkatesha Prasanna, Tirunagari Jayadeep, and Nikhitha Poornabhodha

Abstract The principle purpose of this substance treatment was to shrink the water
assimilation property of biofibrils and furthermore to improve the congeniality with
resin. Right now, biocomposites were created by mixing 90% epoxy with 10% vinyl
ester grid and fortifying the biofibrils in to the resinmix. Themechanical presentation
of the composites was likewise affected by fiber amount and compound treatment
of the fibrils. Exterior of the fibrils was altered by soluble base treatment prompting
higher crystallinity of fibrils. The examination of tensile, compressive, and flexural
properties of Bagasse–Luffa fibrils fortified biocomposites was completed for 10, 20,
30, 40, and 50% of surface changed composites and other untreated biocomposites.
40% fiber amount benzene diazonium chloride treated composite showed higher and
ideal condition for the previously mentioned mechanical properties than the, 5%
NaoH treated, 10% NaoH treated and 10, 20, 30, and 50% fiber amount exterior
treated and untreated biocomposites.

Keywords Bagasse–Luffa fibers · Surface treatment · Mechanical tests

1 Introduction

Aside from the favorable circumstances utilizing artificial fibers in diverse applica-
tions, these man-made fibers have genuine impediments as far as their biodegrad-
ability, beginning preparing costs, recyclability, vitality utilization, machine scraped
area, wear and well-being perils, and so forth. Be that as it may, the unfavorable
ecological effects by man made fibers, like resurgence method produces a huge
natural burden as artificial fibers are not decayed no problem at all. So as to beat
this emergency, need of normal/inexhaustible fiber-based composites is requesting to
make theworld ‘green’ fibers [1, 2]. Biofibrils have been utilized as an effectivemate-
rial to engineered strands just as support for polymer composite materials. Biofib-
rils fundamentally comprise of cellulose, hemicelluloses, gelatin, lignin, and waxes
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[3, 4]. The wet retention property possessed by the common filaments constrains
the utilization of these strands as potential support in the creation of composites.
Polymer lattice is hydrophobic in nature [5, 6]. This may cause fiber and framework
inconsistent and brings about feeble interfacial holding between the fiber and the
network. The primary intension of this concoction treatment is to decrease the water
assimilation property of the biofibrils and furthermore to improve the similarity with
polymer grid. The polymer mix have numerous focal points interms of the items for
explicit end use applications and upgrading matrix mix successful use, execution,
and properties [5–8].

Epoxy matrix have generally utilized due to their unrivaled thermomechanical
properties and brilliant processability. Be that as it may, the utilization of thermoset
materials is frequently constrained due to low toughness property. Further mixing
procedure can be utilized productively to defeat the sub-par properties of both the
parts. Miscible polymer mixes produce a recently improved material from less unri-
valed individual parts [9]. Thusly, when the mass measures of epoxies are utilized,
typically it will mix with toughening operators [8, 9]. Vinyl ester a toughening mate-
rial which can be utilized alongside epoxy materials. Vinyl ester is the extra result of
an epoxy pitch with unsaturated carboxylic acid, for example, acrylic or methacrylic
tart. Because of the adaptability present in the structure of epoxy, it is utilized as one
of the mix materials in the current work. The hardness of the epoxy tar is expanded
by mixing it with adaptable polymers and elastomers [10–12]. Henceforth, an appro-
priate polymericmaterialwas expected to improve the impact resistance, stress–strain
properties by preserving stiffness and warm soundness of the epoxy. To accomplish
this, advancement between cross-connected polymer system of thermoset-thermoset
mixes was examined on account of their expandedmechanical properties. Vinyl ester
is the generally utilized thermosetting material on account of their less expense and
great blend of properties like: chemical confrontation, mechanical, and thermal prop-
erties. The hydroxyl bunches upgrade the extremity of vinyl ester and encourage grip
and fibrils wetting properties, which drove the wetting of the filaments in resins mix.
For this reason, a mix of epoxy/vinyl ester (90/10% w/w) polymers was readied [5,
13, 14]. Composite examples with the 10, 20, 30, 40, and 50% substance of untreated,
soluble base, and benzene diazonium chloride-treated Bagasse–Luffa strands with
mix of epoxy/vinylester were manufactured.

2 Experimental

2.1 Materials

The two resins namely: 1. Epoxy araldite LY 556 as resin, hardener HY 951, 2. Vinyl
ester.

The two fibers namely: 1. Luffa fiber, 2. Bagasse fiber were used to fabricate the
composites.
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Fig. 1 a Luffa fiber, b Bagasse fiber

2.2 Surface Modification of Natural Fibers

Because of the nearness of hydrophilic hydroxyl bunches in the bo fibrils, scarcely
any issues happen along the interface during the fortification of common fiber into
the matrix. The hydrophilic behavior of biofibers thwarts the successful holding of
filaments with resin. Aside from this, pectin, grease, oil, and waxy substances spread
the responsive practical gatherings of the fiber and go about as an obstruction to
interlock with the framework. To improve the viability of interfacial glue holding,
surface of fiber should be altered with various chemical actions.

2.3 Chemical (Alkali) Treatment

So as to improve the viability of interfacial attachment/holding, fiber surface should
be altered with various substance medications, responsive added substances, and
coupling operators. Synthetic medications produce progressively responsive gath-
erings on the outside of the fiber and this encourages effective coupling with the
lattice. Surface adjustment of strands by alkali treatment with different concentra-
tions of NaOH: 5 and 10 wt% was done in this research. After the alkali treatment,
the filaments were inundated in refined water for 24 h to expel the remaining NaOH.
Further washing was completed with refined water containing a limited quantity of
acetic acid. Strands were then dried out in a broiler at 70° C for 3 h.

2.4 Preparation of Benzene Diazonium Chloride

8 cm3 of concentrated HCl was added to a boiling tube containing 3 cm3 of phenyl
amine (aniline) and 10 cm3 of water, the mix was vibrated until the amine get
dissolved, and then the solution was cooled to 5 ◦C by cooling it in an ice bath.
Following that, a solution of sodium nitrite (3 g in 8 cm3 of water), pre-cooled to 5
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◦C was added. The temperature of the combination was retained below 10 ◦C during
the addition of sodium nitrite [15].

2.5 Benzene Diazonium Treatment of Bagasse–Luffa Fibers

Bagasse–Luffa fibers were sliced to a length of 10 mm, washed with cleansed water,
and were then dry out in an oven at 70 °C for 24 h. The desiccated fibers were
inundated in a 6% NaOH solution taken in a 2.0 L glass beaker for 10 min at about 5
o C. A latestly prepared diazo solution was then transferred gradually into the above
mixture with invariable stirring. Fibers were then taken out, washed with cleanser
arrangement followed by refined water, lastly dried in an outdoors for 48 h [8, 15].

2.6 Fabrication of Blended Hybrid Biocomposites

The mould cavity was coated with a thin layer of hard wax for simple discharge and
take out of fabricated composite specimens. At that point, after the wax was restored,
ameager layer of fluid arrangement of poly vinyl alcohol (PVA)was applied. Biofiber
hybrid composites were created utilizing the hand lay-up procedure. At that point,
the mixture biostrands of the untreated and treated Bagasse–Luffa filaments were
fortified to the grid mix to get the required biocomposites for the investigation of
performance & and mechanical properties. At that point, air bubbles were evacuated
cautiously by utilizing the roller with delicate rolling. With the end goal of complete
fix, composite specimens were post relieved at temperature of 800 ◦C for 2 h by
keeping the examples in hot broiler. After the total relieving, untreated and treated
examples of biocomposite examples were tried.

3 Results and Discussion

3.1 Tensile Strength Properties

Specimens for the tensile property test were prepared with 150 mm × 15 × 3 mm
and were evaluated as per ASTM standards. On account of hydrophilic behavior
of biol fibers, i.e., water assimilation, contrariness was seen between biofilaments
and matrix leads to lacking wettability, which brings about mediocre behavior of
composites. To beat this, surface alterations of fibers were carried out and which
reduce its hydrophilic tendency and thus improve compatibility with the matrix. The
influence of fiber surface modification by the chemical treatment, % alkali treat-
ment, and fiber quantity on the tensile property of biocomposites was indicated in
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Fig. 2 Tensile strength of untreated, alkali-treated, and benzene diazonium chloride-treated
composites

Fig. 2. In case of untreated bio iber composites, the repellency between hydrophobic
matrix and hydrophilic natural fibers which would antagonistically influences the
interfacial holding between fiber surface and grid and which brings about lessening
of the fortification limit of the fiber because of the inappropriate stress move from
the resin blend to strands. Among the different surface adjustments performed, it was
likewise seen that 40% fiber amount benzene diazonium chloride-treated composite
displayed unrivaled and ideal condition for ductile property than the, 5% NaoH
treated, 10% NaoH treated and 10, 20, 30, and 50% fiber amount chemically treated
and untreated biocomposites [4, 15]. The most elevated tensile strength was watched
for 40% fiber stacking because of the improved fiber circulation in a lattice material
which upgraded the morphological properties. Further in benzene diazonium treat-
ment, the fiber surface turns out to be increasingly uniform because of the end of
smaller scale voids and subsequently the pressure move limit between a definitive
cells improves [12, 15]. Nonetheless, obvious and thus the stress transfer capacity
between the ultimate cells improves [12, 15]. Nonetheless, obvious higher rigidity
was seen in alkali-treated Bagasse–Luffa composites and noteworthy increment was
seen in the tensile strengths of benzene diazonium chloride-treated Bagasse–Luffa
fiber composites. Benzene diazonium chloride treatment decreases the hydrophilic
idea of Bagasse–Luffa strands contrasted with antacid treatment because of the
coupling of the hydroxyl gathering of fiber with benzene diazonium chloride. Chem-
ical treatment increases the aspect ratio and increases surface roughness [1, 11]. In
this manner upgrades the powerful fiber surface region for good attachment with
the grid which prompts increment in the interfacial grip between the Bagasse–Luffa
strands and the polymer network material. The examination unmistakably proposes
that the chemical reaction formed a strong interface with fiber cell walls and coupling
response will happen between benzene diazonium chloride and cellulose of fiber
bringing about the development of a diazocellulose compound, which represents the
watched huge increment in tensile properties of composites. The ideal condition was
a result of ideal fiber amount and concoction (benzene diazoniumchloride) treatment,
which advanced the better interfacial cement holding between strands frameworkmix
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brought about sufficient resulted in adequate stress transfer and performance [3, 4, 9].
Yet, where as at higher fiber amount, i.e., 50% fiber amount even benzene diazonium
chloride-treated composite, 5% NaoH treated, 10% NaoH treated, untreated biofiber
composite displayed mediocre values [16]. The surface treatment by methods for
both benzene diazonium chloride, NaoH, gives the route for the evacuation of unde-
sirable materials like waxes, oils, debasements, hemicellulose, and lignin from the
characteristic filaments notwithstanding lessening of dampness ingestion yields the
higher level of (alpha) cellulose in common strands and furthermore cleans the fiber
surface [8, 10, 15, 17]. Benzene diazonium chloride treatment advances progres-
sively powerful region of the fiber’s surface required for wetting by the polymer
contrasted with soluble base treatment so as to have great holding [12, 18, 19] and
results in improved mechanical properties [6, 20, 21].

3.2 Flexural Properties

The specimens with measurements 150mm× 15mm× 3mmwere created and tried
for flexural properties according to ASTMD 5943-96 determinations. The variety in
the estimations of flexural quality as an element of fiber amount, with and without
synthetic treatment was appeared in Fig. 3. After the examination, it was seen that
the flexural property of the 40% fiber amount, benzene diazonium chloride-treated
biofibers composite indicated higher and predominant incentive than the 40% fiber
amount, 5% NaoH treated, 10% NaoH treated, 10, 20, 30, and 50% fiber amount
untreated and treated composites [3, 10, 15]. Because of more alkali concentration
at (10% NaoH) than the (5% NaoH), abundance delignification of the fiber happens,
which brought about debilitating or harming of the fiber surface that brought about
diminished flexural quality, showed by Fig. 3 [22, 23]. High fiber-framework simi-
larity, great fiber–network connection and holding was watched for 5%NaoH treated
biofibers composite than 10% NaoH-treated biocomposites [17, 18, 23]. Better and

Fig. 3 Indicates the change of flexural property of unprocessed and chemically treated composites
with the variation percentage of fibers content
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significant improvement of fiber conveyance in a grid, aspect ratio & and stress shift
capability was watched in benzene diazonium chloride-treated biofibril composites
than in alkali-treated biofibril composites and untreated composites [24–26].

3.3 Compressive Strength

The specimens were fabricated & tested for compressive strength properties as per
ASTMDspecifications. The alteration in the values of compressive strength property
with compressive quality property regarding fiber amount with and without surface
change was appeared in Fig. 4. It was likewise seen that benzene diazonium chloride-
treated biocomposites displayed higher and ideal condition for compressive property
than the soluble base-treated and untreated biocomposites [3, 4, 10, 15, 27]. The
ideal condition was a direct result of ideal fiber stacking, and concoction treatment,
which advanced the better interfacial holding between filaments framework mix
brought about satisfactory resulted in adequate stress transfer and performance [8,
11, 12, 16]. Past works uncover that fiber surface change by concoction treatment
decreases the fiber’s distance across and expands surface harshness [28, 29]. In any
case, decline in compressive property of the composite was seen at 50%fiber amount.
For 50%fiber content, untreated& treated composites (high fiber load), decline in the
compressive property shows poor fiber and network interfacial holding and small-
scale break development at the interface prompts inadequate stress transfer [30–32].
Consequently, most noteworthy compressive quality was seen at 40% fiber stacking
[21, 26]. Moreover, benzene diazonium treatment occupies the voids spaces of fiber
and adjusts lopsided fiber, more as thought about soluble base-treated composites
[33–35].

Fig. 4 Compressive strength of untreated, alkali-treated, and benzene diazonium chloride-treated
composites
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Fig. 5 Moisture content
absorption of untreated,
alkali-treated, and benzene
diazonium chloride-treated
composites

3.4 Moisture Content Test

Figure 5 demonstrates the rate retention of dampness amount by natural fiber
composite, alkali-treated, and benzene diazonium chloride-treated composites [5,
21, 32]. The biofibril composites instigated from the hydrophilic nature of the fiber
reveal hydrophilic properties [4, 11, 15]. But the alkali sensitive hydroxyl groups are
present.

Alkali sensitive hydroxyl groups present among the molecules are broken down,
which then react with water molecules (H-OH) and move out from the fiber struc-
ture [20, 25, 31]. Because of which, hydrophilic hydroxyl groups were diminished
and increases the fibers dampness opposition property [3, 9, 16]. Due to the chemicals
treatment, the fiber exterior becomes more uniform which leads to the elimination of
micro voids and increases the effective fiber surface area for good bonding with the
resin. The rate ingestion of dampness amount by natural fiber composite ismorewhen
contrasted with alkali-treated and Benzene diazonium chloride-indulged composites
[8, 29].

%water absorption = 100 × (W f −Wi )/Wi

3.5 Dielectric Strength

To learn the dielectric strength of unprocessed, alkali-treated and benzene diazonium
chloride-treated composites, the composite samples were prepared as maintained by
the ASTM D-149 standards. The composites having measurements of 120 mm ×
120mm× 3mmwere armoredwith fibers in one direction along 120mm length. The
dielectric break down voltage was instituted at five points for every specimen, and
normal worthwas considered for investigation. The test was done at 50Hz recurrence
and room temperature. Advanced micrometer of 0.001 mm least tally was utilized
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Fig. 6 Reveals the dielectric strength of untreated and chemical-treated composites

to discover the thickness of the composites at separate point [36]. It was likewise
calculable to see that the dielectric quality of mixture fiber composites increments
with increment in amount of fiber from 10–40% weight of fiber yet diminishes at
50% fiber amount composite [14, 20, 21, 33]. At 50% fiber quantity composite,
decrease in dielectric strength was due to poor interfacial bonding between the fibers
and matrix blend [4, 10, 12, 15].

4 Conclusion

The work did shows that the concoction treatment impressively improves the fiber
quality, fiber–network bond, and thus the exhibition of the common fiber composites.
The tensile, compressive, and flexural property were seen to have enhanced for both
alkali and benzene diazonium chloride treatment of fiber composites. The outcome
confirms that the tensile, compressive, and flexural of the composites expanded with
increment in fiber stacking up to 40% and past 40% indicated an abatement in ductile,
compressive, and flexural quality. Generally, overabundance measure of fiber rests
onto each other as opposed to being blended in with 50% fiber loads, which addi-
tionally prompts decreased stress transfer ability. The rate retention of dampness
amount by natural fiber composite was more when contrasted with soluble base-
treated and benzene diazonium chloride-treated composites. Yet, after the chemical
action or surface alteration of filaments, it was discovered that upgrade in the prop-
erties of the composites with the evacuation of contaminations like hemi-cellulose,
oils, waxes, dampness, and lignin from the surfaces of the strands, and yields harsh
surface geology, which improves the viewpoint proportion of strands and expands
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the strengthening effectiveness of the fiber with the improvement of stressmove from
the framework to stack bearing filaments.
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Intelligent Automatic Guided Vehicle
for Smart Manufacturing Industry

S. Chandramohan and M. Senthilkumaran

Abstract In the vision of “Smart Industry,” the industrial process and control,
automation, monitoring and network connectivity are extended to advancements in
technology fromvery simple to the pointwhere anything can connect through Internet
of things (IoT). Simplifying, Industry 4.0 is the next industrial revolution, which
exists throughout the automatic guided vehicles (AGV), software defined networks
(SDN), robotics, IoT and cloud computing. In this paper, integrating the industrial
robots with automatic guided vehicle is proposed in order to make autonomous
decision-making capabilities. Subsequently, the possible solutions for industrial
wireless networks through IIoT are discussed. Finally, this chapter demonstrates
the industrial robot equipped with active RFID for effective logistics environment in
a real factory scenario.

Keywords Industrial robot · AGV and active RFID

1 Introduction

Smart Industry is a concept of utilizing the manufacturing process by making use of
advanced technology. In this regard the entire process can be facilitated usingwireless
sensor networks (WSN), Software Define Networks with virtualization, adaptive
decision-making models and cloud based data analytics. In the context of Industry
4.0, smart manufacturing system is considered to be the future manufacturing system
that is secured by adopting latest models and technologies to commute the traditional
system into a intelligent manufacturing industry [1].
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Table 1 Characteristics of IMI

S.No. Key components Description

1 Customization Flexibility and control for certain products

2 Scalability Usage of system objects with respect to expansion or shrinkage

3 Inerrability Quick integration of new components and technologies

4 Mobility Local, unrestricted mobility of objects within a system

5 Convertibility Small conversion times between various manufacturing statuses

6 Interconnectivity Permit different connections inside and outside of a system

2 Automated Guided Vehicle

More than a decade, automated guided vehicles (AGVs) have been operating impres-
sively in medium- and large-scale industries. These vehicles have capability to adapt
in the process to the automation [2]. The biggest consumer of AGVs is the automo-
tive production industries like warehousing and distribution, textiles, etc. In manu-
facturing industry, logistic systems play a vital role towards efficient delivery. Smart
AGV is popularly used and can be considered as the suitable option for effective
utilization of the multiple products delivery. In a dynamic environment and situation
like decision-making inside a factory, it needs guidance, which is highly complex
in a large-scale industry. Therefore, this paper provides a possible solution to use
industrial robots for the guidance andmake AGVmore flexible in a challenging envi-
ronment [3]. An optimized production is the concept of intelligent manufacturing
industry (IMI) by utilizing the technological advancement. In the realization of the
above process, industrial Internet of things (IIoT), virtual management (VM) and
cloud computing play as vital role. Also the human contribution in an IMI can be
minimized (Table 1).

3 Industrial Automation

A robot is a re-programmable and multi-functional operator, designed to shift mate-
rials, objects, products and tools through programmed motions. It may vary accord-
ingly with the task, which also acquire relevant information and move intelligently
in response. For example, technique like application-layer automation reflects the
activities of a rules-based process with no compromise for the existing IT architec-
ture. In the industrial automation, process can expedite procurement, supply chain
management and human resources or business processes that require swing around
access to multiple existing systems [4, 5].
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Fig. 1 Autonomous robots

3.1 Robot-Based Process Automation

The objective of robot-based process automation (RBPA) is to replace repetitive task
performed by humans. It does not need the development of logic, nor does it needs
direct access. Also, the interactionwith the existing IoT architecture with no complex
system integration required [6].

RBPA is the recent technique used to configure software or a “Smart Robot” to
interpret existing applications for computing data and communicating with other
digital systems. RBPA “Intelligent Robot” is revolutionizing the way we think in the
business perspective [7, 8]. Finally, it provides good improvements in accuracy, cycle
time and increased productivity by removing repetitive task. Hence, we introduce a
new direction for robot automation, as shown in Fig. 1.

3.2 Intelligent AGV and RBPA

Automated guided vehicles have been utilized effectively for product and material
handling and mainly for transportation inside a manufacturing industry. Despite this
may be the ideal scenario, the reality is that some tasks demand humans and the
shop floor is a mix of automated that change by situations [9, 10]. To handle these
complex situation, such as a change in layout for different environments, the AGV
has to adopt intelligently. In our proposed work, an RFID enabled intelligent AGV
with an arm and gripper attached, as shown in Fig. 2. It is used to pick the objects
and place according to robot fixed laid-out path. RFID is used for guidance, motion
control and object identification. It transmits information via RF waves of a specific
frequency [11].
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Fig. 2 Integration of AGV
and RBPA

Hence, this chapter focuses on the technique for designing a smart AGV system
reconfigurable in challenging environments [12, 13]. Since RBPA provides tech-
nological solutions to various types of businesses, operating models that provide
automation will enhance quality and efficiency.

4 Internet of Things (IoT)

“Internet of Things, Data and Service” is recommended by Germany Trade and
Invest in the appearance of the fourth industrial revolution called “Industry 4.0”
or “Smart Factory” that will transform the traditional manufacturing production.
“Industry 4.0” is a technological revolution from traditional manufacturing systems
to cyber-physical systems (CPS) [14]. In the vision of the Internet of things (IoT),
network connectivity is extended to electronic devices from very simple to the point
where anything can connect to the Internet.

4.1 Industrial Internet of Things (IIoT)

This CPS interacts between the virtual versus real world and intelligent “smart”
objects are a new aspect on production processes. Cyber-physical systems repre-
sent the next revolutionary step based on existing embedded systems. IIoT found
with the advantages of optimized production, real-time monitoring and autonomous
decision-making towards feature of predictive and proactive maintenance. Also, the
IoT combined with the Internet of Services will enable Industry 4.0. Therefore, these
systems promise to revolutionize our interaction with the physical world just as the
Internet has transformed communication and personal interaction.
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Fig. 3 SDN open flow architecture with RBPA methodology

In a larger-scale smart manufacturing company, Industrial IoT is a key element
which brings together modern cloud computing, trend of automation and AI to create
intelligent, self-optimizing industrial equipment and facilities. Thus, the design prin-
ciples on smart product utilize the latest sensor technology to enhance various equip-
ment with remote monitoring capabilities and its applications extend through data-
driven automation practices in the industrial sector of economy. Finally, the IIoT
deliberates priority for manufacturing companies as it empowers them to provide
more value to their customers.

5 Design and Implementation

To validate our work, we implement the AGV to interact the entire system using this
architecture (Fig. 3). In order to implement IIoT in the context of Industry 4.0, all
kinds of devices should interact effectively. Under the architecture of SD-IIoT [15],
we propose IIoT as an evolution of robot to machine (R2M) and machine to machine
(M2M) by introducing intelligent automatic guided vehicle with industrial robotics.

6 Results and Discussion

We first review the correlations of related devices such as AGV, RBPA and cyber-
physical systems (CPS). SD-IIoT has been multiple incarnations, such as sensor
networks, M2M and industrial robot. While the correlations among M2M, WSNs,
CPS and robot are still having some limitations. The proposed work improves the
utilization rate by integrating the intelligent AGVandRBPA. In thematerial handling
process at conveyer belt, our intelligentAGV loads parallel alongwith thefixed indus-
trial robots. Therefore, our proposed work utilizes the resources effectively. Figure 4
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Fig. 4 Material
management

shows the utilization rate is increased when compared with SD-IIoT architecture. In
the mean while, the total energy consumption is reduced significantly.

7 Conclusion

In the context of Smart Industry, intelligent AGV, RBPA and cloud resources nurture
the production of smart factories. The work designs a structure of the RBPA-AGV
model for shopfloor. To enhance the intelligence level of these systems,which feature
new concepts through the integration of SD-IIoT, AGV and industrial robots systems
are crucial [16]. In this chapter, we introduce an intelligent AGV-robot-based smart
controlmodel formaterial handling to improve the efficiency of equipment utilization
rate and reduce the energy.
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Sensitivity Analysis for Welding
Parameters in Dissimilar Friction Stir
Welded Joints Using Response Surface
Methodology

K. Palani, C. Elanchezhian, B. Vijaya Ramnath, and A. Adinarayanan

Abstract This investigation aimed to study the influence of the critical friction stir
welding (FSW) parameters involved on the tensile properties, viz. tensile strength
and tensile elongation of the dissimilar AA8011-H24 aluminium alloys and Ti3Al2.5
titanium alloy joints. The process parameters, viz. rotational speed, axial feed, and
welding speed, with five various tool pin profiles have used the FSW experiments
on the responses, such as tensile strength and tensile elongation. The mathematical
models are developed from the responses using the four factors, five-level central
composite design of response surface methodology. The effectiveness of the FSW
process parameters for the tensile properties and changes in welding parameters
affects the tensile strength and tensile elongation using the sensitivity analysis.

Keywords Dissimilar friction stir welding · Response surface methodology ·
Sensitivity analysis

1 Introduction

The potential applications of joining of Ti alloys due to its high strength to weight
ratio, excellent specific strength, and better corrosion resistance with Al alloys due to
its reduction in weight density, and low cost of the structures which play the critical
challenge to reduce fuel cost and improve the performance in aviation, automobile,
shipbuilding, and nuclear industries [1]. The critical parts and the rest of the structures
are made of Ti alloys and Al alloys in the aerospace and marine industries [2].
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However, it is very difficult to fabricate the sound welds due to the presence of brittle
inter-metallic compounds (IMCs) in the Ti/Al welded joints. The IMCs deteriorates
the strength properties due to the large difference in the metallurgical, chemical,
and physical properties of Ti alloy and Al alloy of the joints in conventional fusion
welding processes [3]. The quality of the welded joints is decided by the selection of
suitable process parameters on the strength properties of the welded joints. Several
approaches are made earlier to fabricate the dissimilar friction stir welded joints. The
effect of pin profiles and rotational speed on themicrostructure and tensile strength of
dissimilar AA8011-H24 and AA6061-T6 friction stir welded aluminium alloys are
discussed [4]. They studied that the performance on the tensile strength is examined
in the weldment based on the different rotational speeds and the tools used in the
FSW process.

The optimum process parameters are determined using the statistical technique,
response surfacemethodology to enhance the strength properties of the welded joints
[5–7]. The sensitivity analysis is implemented to find the optimum effective process
parameters which are involved the quality of the friction stir welded AA6061-T6
aluminium alloy joints [8]. The dissimilar FSW joints with the sensitivity of the
process parameters are not discussed from the current researchers. In this investiga-
tion, the brief discussion is made on the sensitivity analysis of welding parameters
in dissimilar friction stir welded AA8011-H24 aluminium alloys and Ti3Al2.5 V
titanium alloys joints using response surface methodology.

2 Materials and Methods

In this present work, the 6 mm thick rolled plates of Ti3Al2.5 V titanium alloys
and AA 8011-H24 aluminium alloys were procured from Kataria steel distributors
in Mumbai with the dimensions of 100 mm × 100 mm to fabricate the friction stir
welded (FSW) butt joints [9]. The AA8011-H24 aluminium alloys have the major
alloying elements of 0.74% Fe, 0.56% Si, 0.13% Cu and remaining Al with 140Mpa
tensile strength, while the Ti3Al2.5 V titanium alloys have 0.3% Fe, 3% Al, 2.5%
V and remaining Ti with 620 MPa tensile strength. The five different tool profiled
tools, viz. straight cylindrical, tapered threaded cylindrical, straight hexagon, tapered
hexagon, straight threaded cylindrical, are used with the dimensions of 6 mm pin
diameter, 18 mm shoulder diameter and 5.7 mm pin length and are made of M2 tool
steel with Cobalt coating. The experiments are conducted based on the four factors,
five levels of central composite design with the rotational speeds (250, 300, 350, 400
and 450 RPM), axial feeds (1, 2, 3, 4 and 5 mm) and welding speeds (25, 30, 35, 40
and 45 mm/min) to examine the tensile properties of the joints. The tensile samples
and hardness samples are prepared as per the standard dimensions.
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3 Results and Discussions

The design matrix which contains the different combinations of the input process
parameters, viz. rotational speed, tool pin profile, axial feed and welding speed,
and corresponding responses are listed in Table 1. After conducting the experiments
based on the design matrix, the mathematical models of tensile strength and tensile
elongation are developed for the dissimilar alloy joints of FSWprocess with the input
process parameters of rotational speed, tool pin profile, axial feed, and welding speed
are represented in Eqs. 1 and 2, respectively, using the Design Expert 11 software.

T S (MPa) = −245.271 + (1.158 ∗ Ns) + (23.433 ∗ T p) + (22.40 ∗ Fa) + (7.80 ∗ Sw)

− (0.03 ∗ Ns ∗ T p) − (0.01 ∗ Ns ∗ Fa) − (0.003∗)Ns ∗ Sw)

− (0.15 ∗ T p ∗ Sw) − (0.239 ∗ Fa ∗ Sw) − (0.0013 ∗ Ns2)

− (1.456 ∗ T p2) − (1.568 ∗ Fa2) − (0.082 ∗ Sw2) (1)

T E (%) = −16.044 + (0.057 ∗ Ns) + (1.314 ∗ T p) − (0.416 ∗ Fa) + (0.489 ∗ Sw)

+ (0.0017 ∗ Ns ∗ T p) − (0.0004 ∗ Ns ∗ Sw) − (0.044 ∗ T p ∗ Sw)

+ (0.016 ∗ Fa ∗ Sw) − (0.00007 ∗ Ns2) − (0.0497 ∗ T p2)

− (0.0597 ∗ Fa2) − (0.0037 ∗ Sw2) (2)

In this investigation, the effectiveness of FSW parameters is examined based on
the responses using the sensitivity analysis. It is used to identify the most influencing
input FSW parameters on the tensile properties, such as tensile strength and tensile
elongation of the dissimilar AA8011-H24 aluminium alloys and Ti3Al2.5V tita-
nium alloys from the mathematical models of the dissimilar joints. The sensitivity
equations are attained by partial differentiating of the tensile strength and tensile
elongation with respect to five different tool pin profiles and the other input parame-
ters such as welding speed and axial feed are kept constant are represented in Eqs. 3
and 4, respectively.

∂T S/∂Ns = +0.45 − (1.47 ∗ T p) − (0.52 ∗ Fa) − (0.69 ∗ Sw) − (6.67 ∗ Ns)
(3)

∂T E/∂Ns = +0.13 + (0.084 ∗ T p) + (0.026 ∗ Fa) − (0.098 ∗ Sw) − (0.34 ∗ Ns) (4)

The above equations represent the sensitivity of rotational speedwith respect to the
various tool pin profiles on the responses, viz. tensile strength and tensile elongation
of the butt joints, respectively.

The sensitivity of tensile strength and tensile elongation of the rotational speeds
with five various profiled tools and the other parameters, viz. welding speed and axial
feed, kept constant are given in Table 2. This investigation shows the effectiveness
of the responses which is attained by the small changes in applied parameters in the
FSW process. The positive sensitivity values indicate that there is an increment in the
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Table 1 Design matrix with inputs parameters and experimental responses

Expt Rotational
speed Ns
(RPM)

Tool pin
profile (Tp)

Axial feed
Fa (mm)

Welding
speed Sw
(mm/min)

Tensile
strength TS
(Mpa)

Tensile
elongation
TE (%)

1 300 2 2 30 149.9 3.82

2 400 2 2 30 156.2 4.15

3 300 4 2 30 152.9 4.36

4 400 4 2 30 153.2 4.88

5 300 2 4 30 155.4 3.73

6 400 2 4 30 159.7 3.98

7 300 4 4 30 158.5 4.35

8 400 4 4 30 156.9 4.95

9 300 2 2 40 154.2 4.42

10 400 2 2 40 157.8 4.22

11 300 4 2 40 154.2 4.08

12 400 4 2 40 151.9 4.14

13 300 2 4 40 155.1 4.62

14 400 2 4 40 156.4 4.48

15 300 4 4 40 155.1 4.28

16 400 4 4 40 150.7 4.62

17 250 3 3 35 149.1 3.74

18 450 3 3 35 150.8 4.32

19 350 1 3 35 158.8 4.17

20 350 5 3 35 156.1 4.78

21 350 3 1 35 154.8 4.36

22 350 3 5 35 159.2 4.51

23 350 3 3 25 155.9 4.22

24 350 3 3 45 154.2 4.39

25 350 3 3 35 163.3 4.65

26 350 3 3 35 163.4 4.73

27 350 3 3 35 163.2 4.71

28 350 3 3 35 163.2 4.65

29 350 3 3 35 163.2 4.68

30 350 3 3 35 163.3 4.58

31 350 3 3 35 163.3 4.56



Sensitivity Analysis for Welding Parameters … 349

Table 2 Sensitivity analysis on tensile strength and tensile elongation

Tool pin
profile

Constant welding speed: 40 mm/min and constant
axial feed: 3 mm

Sensitivity of tensile
strength (Mpa)

Rotational
speed (RPM)

Tensile strength
(Mpa)

Tensile
elongation (%)

∂TS/∂Ns ∂TE/∂Ns

Straight
cylindrical

250 139.120 3.744 16.040 0.544

300 151.810 4.112 9.370 0.204

350 157.840 4.144 2.700 −0.136

400 157.210 3.840 −3.970 −0.476

450 149.910 3.200 −10.640 −0.814

Threaded
tapered
cylindrical

250 144.990 3.867 14.570 0.628

300 156.210 4.319 7.900 0.288

350 160.770 4.435 1.230 −0.052

400 158.670 4.215 −5.440 −0.392

450 149.900 3.659 −12.110 −0.732

Straight
hexagon

250 147.940 3.890 13.100 0.712

300 157.690 4.426 6.430 0.372

350 160.784 4.626 −0.240 0.032

400 157.210 4.490 −6.910 −0.308

450 146.980 4.018 −13.580 −0.648

Tapered
hexagon

250 147.980 3.813 11.630 0.796

300 156.270 4.433 4.960 0.456

350 157.890 4.717 −1.710 0.116

400 152.850 4.665 −8.380 −0.224

450 141.150 4.277 −15.050 −0.564

Straight
threaded
cylindrical

250 145.110 3.636 10.160 0.880

300 151.930 4.340 3.490 0.540

350 152.080 4.708 −3.180 0.200

400 145.570 4.740 −9.850 −0.140

450 132.400 4.436 −16.520 −0.480

responses, viz. tensile strength and tensile elongation by small changes in parameter,
while the negative sensitivity values show that the decrement in the responses [10].

3.1 Sensitivity Analysis on the Tensile Strength

The sensitivity analysis is carried out on the tensile strength with the input parameter
rotational speed for five different friction stir welding tools represented in Fig. 1.
From Fig. 1, it can be seen that the straight threaded cylindrical tool pin has the



350 K. Palani et al.

Fig. 1 Sensitivity analysis on the tensile strength of the dissimilar FSW joints

minimum positive sensitivity values of the tensile strength at the rotational speeds
of 250 RPM and 300 RPM, while the negative sensitive values are obtained at the
rotational speeds of 400 RPM and 450 RPM, respectively. At the same time, the
straight cylindrical tool pin gives the superior sensitivity values of the tensile strength
at the rotational speed of 250 RPM, whereas the minimum sensitivity is observed at
the 450 RPM rotational speed [11].

Theminimumvariations are observed on the tensile strength of the dissimilar FSW
joints using the Straight hexagon tool pin at the 350 RPM rotational speed. In this
regard, the other tool pin profiles, straight cylindrical and tapered threaded cylindrical
tool pins, provide the positive sensitivity values, whereas the tapered hexagon and
straight threaded cylindrical tool pin provided negative sensitivity results on the
tensile strength. This is due the variations in frictional heat developed in the weld
nugget zone and material flow, which changes the tensile strength of the butt joints
[12].
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3.2 Sensitivity Analysis on the Tensile Elongation

The sensitivity analysis applied on the tensile elongation with the input parameter
rotational speed for five different friction stir welding tools is represented in Fig. 2.
It can be seen that the straight cylindrical tool pin gives the minimum positive sensi-
tivity values on tensile elongation at the rotational speeds of 250 RPM and 300
RPM, whereas the negative sensitivity values of tensile elongation are obtained in
the rotational speed range of 350 RPM–450 RPM respectively. At the meanwhile,
the straight threaded cylindrical tool pin delivers the minimum positive sensitivity
value of the tensile elongation at the rotational speed of 350 RPM, whereas the nega-
tive sensitivity results are obtained for the tensile elongation for all the friction stir
welding tools at the rotational speeds of 400–450 RPM, respectively. The straight

Fig. 2 Sensitivity analysis on the tensile elongation of the dissimilar FSW joints



352 K. Palani et al.

hexagon tool pin provides the minimum fluctuations on the tensile elongation due to
the ductile behaviour of the dissimilar welded joints at the weld nugget zone [13].

4 Conclusions

In this investigation, the mathematical relationship between the input parameters
and the responses, viz. tensile strength and tensile elongation, has studied on the
dissimilar FSW joints and the significant conclusions were listed as follows:

1. The developed mathematical models are employed to examine the relationship
between the tensile properties and the input process parameters of the FSW
process using response surface methodology.

2. The effectiveness of the welding parameters in the developed mathematical
models is examined by the sensitivity analysis and studied the influence of
changes in input parameters which affects the tensile properties of the joints.

3. The minimum negative sensitivity values are obtained on the tensile strength,
whileminimum positive sensitivity values are produced for the tensile elongation
using the straight hexagon tool pin at the 350 RPM rotational speeds compared
to other combinations of the rotational speeds with different profiled tool pins.

References

1. Charit I, Mishra RS (2018) Effect of friction stir processed microstructure on tensile properties
of an Al-Zn-Mg-Sc alloy upon subsequent aging heat treatment. J Mater Sci Technol 34:214–
218

2. Thomas WM, Nicholas ED, Needham JC, Murch MG, Temple-Smith P, Dawes CJ (1991)
Improvements relating to friction welding. G.B. Patent Applications. 9,125,978.8

3. Palani K, Elanchezhian C, Raju M (2018) Sensitivity analysis of process parameters on tensile
properties in plasma arc welding of AA8011-H24 aluminium alloys and Ti3Al2.5V titanium
alloys using response surface methodology. In: IOP conference series: materials science and
engineering, vol 390, p 012042

4. Palani K, Elanchezhian C, Vijaya Ramnath B, Bhaskar GB, Naveen E (2018) Effect of pin
profile and rotational speed on microstructure and tensile strength of dissimilar AA8011 and
AA6061-T6 friction stir welded aluminum alloys. Mater Today Proc 5:24515–24524

5. An H, Green DE, Johrendt J (2010) Multi-objective optimization and sensitivity analysis of
tube hydroforming. Int J Adv Manuf Technol 50(1–4):67–84

6. Tian X, Liu Y, Deng W (2015) Sensitivity analysis for process parameters influencing electric
arc cutting. Int J Adv Manuf Technol 78(1–4):481–492

7. Palani K, Elanchezhian C (2018) Multi response optimization of friction stir welding process
parameters in dissimilar alloys using grey relational analysis. In: IOP conference series:
materials science and engineering, vol 390, p 012061

8. Rajakumar S, Muralidharan C, Balasubramanian V (2011) Response surfaces and sensitivity
analysis for friction stir welded AA6061-T6 aluminium alloy joints. Int J Manuf Res 6(3):215–
235



Sensitivity Analysis for Welding Parameters … 353

9. PalaniK,ElanchezhianC (2015)Multi response optimizationof process parameters onAA8011
friction stir welded aluminium alloys using RSM based GRA coupled with DEA. Appl Mech
Mater 813:446–450

10. Lua SK, Secgin A (2007) Sensitivity analysis of submerged arc welding process parameters. J
Mater Process Technol 202:500–507

11. Karaoglu S, SeçginA (2008) Sensitivity analysis of submerged arcwelding. Int JMater Process
Technol 202:500–507

12. Palani PK, Murugan N (2006) Sensitivity analysis for process parameters in cladding of
stainless steel by flux cored arc welding. Int J Manuf Process 8:90–100

13. Karthikeyan R, Balasubramanian V (2012) Optimization and sensitivity analysis of friction
stir spot-welding process parameters for joining AA 6061 aluminum alloy. Int J Manuf Res
7(3):257–272



Experimental Investigation of Welding
Parameters on Microhardness
and Tensile Behaviour of Similar
and Dissimilar Submerged FSWed
Aluminium Alloy Joints

K. Palani, C. Elanchezhian, B. Vijaya Ramnath, D. Charan,
Ch. Divya Prakash, R. Kathiravan, and O. Narendra Reddy

Abstract This investigation focused to study the effects of submerged friction stir
welding (SFSW) process parameters on the microhardness and tensile strength of the
AA8011–H24 aluminium alloy and AA5083-H321 aluminium alloy joints. The nine
different experiments are carried out based on the SFSW process parameters, viz.,
rotational speed, welding speed and tool tilt angle with hexagonal tool pin profile
under the three different mediums, namely distilled water, brine solution and salt
water. The microhardness and tensile tests are conducted on the welded samples to
identify the strength of the welded joints at weld stir zone. It is concluded that the
superior tensile strength of 69.67Mpa is examined for dissimilarAA5083–H321with
AA8011–H24 alloy joint than the other joints and also, the superior microhardness is
found for the similar AA5083–H321 aluminium alloy under distilledwater compared
to other fabricated joints.

Keywords Aluminium alloy ·Microhardness · Submerged friction · Stir welding ·
Tensile strength

1 Introduction

The potential applications of joining of different grades of aluminium alloys due to its
high strength to weight ratio, better corrosion resistance and low cost, which play the
major role in fuel consumption with cost reduction and it enhances the performance
in the automobile, marine and automobile industries [1]. Due to the presence of
defects in the welded structured components using the traditional fusion welding
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processes, the friction stir welding is mainly focused on the industrial sectors [2, 3].
In marine applications, the green innovative solid-state welding technique, such as
submerged friction stir welding process, which has the combinations of extrusion
and forging process under the submerged medium with non-consumable rotating
tool [4]. The newly fabricated non-consumable tool, which is used to fabricate the
butt joint configuration under the submerged medium [5]. The investigation is done
on the effects of the parameters, viz., tool pin profile, rotational speed and welding
speed on the mechanical properties of the AA6063 aluminium alloy using the SFSW
process [6, 7]. The effect of pin profiles and rotational speed on the microstructure
and tensile strength of dissimilar AA8011–H24 and AA6061-T6 friction stir welded
aluminium alloys [8]. The study is made on the performance of the tensile strength
in the weldment based on the different rotational speeds and the tools used in the
FSW process. The effect of welding speed on the microstructures and mechanical
properties of the underwater friction stir welded AA2219 aluminium alloy joints
are discussed. The superior strength is achieved at the lower welding speed, which
has the defect-free welded joints at the constant rotational speed of the tool [9, 10].
The limited discussions have made by the current researchers using the submerged
friction stir welding (SFSW) process on the different grades of aluminium alloys. In
this investigation, the study is carried on the effects of the FSW parameters using the
non-consumable D2 steel tool under a different submerged medium.

2 Materials and Methods

In this investigation, the AA5083−H321 and AA8011–H24 aluminium alloys are
procured from Kataria steel distributors in Mumbai with the dimensions of 100 mm
× 100 mm to fabricate the SFSW welded joints using the conventional friction stir
welding machine [3, 11]. The mechanical properties and chemical composition of
the AA5083–H321 and AA8011–H24 aluminium alloys are represented in Table 1.
The tank is designed and it is prepared with a dimension of 600 mm × 500 mm ×
200 mm for the SFSW of dissimilar joints.

Besides, the specially designed and fabricated non-consumable FSW tool, which
is made of D2 steel with the dimensions of shoulder diameter of 18 mm, pin diameter

Table 1 Mechanical properties and chemical composition of the dissimilar alloys

Aluminium
alloy

Mechanical properties Chemical composition

Tensile
strength
(Mpa)

Elongation
(%)

Cu Fe Si Mn Mg Ti Zn Al

AA8011–H24 103 25 0.13 0.7 0.5 0.5 0.3 0.002 0.1 Rem

AA5083–H321 307 17 0.1 0.4 0.4 0.5 4.5 0.15 0.25 Rem
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Table 2 Various
combinations of the
aluminium alloys for SFSW
process

S. No. Combinations of aluminium
alloys

Submerged medium

1 AA8011–AA5083 Distilled water

2 AA8011–AA5083 Salt water

3 AA8011–AA5083 Brine solution

4 AA8011–AA5083 Distilled water

5 AA8011–AA5083 Salt water

6 AA8011–AA5083 Brine solution

7 AA8011–AA5083 Distilled water

8 AA8011–AA5083 Salt water

9 AA8011–AA5083 Brine solution

of 6 mm and a pin length of 5.7 mm and the side length of 2 mm is selected for the
experiments.

The three different submerged mediums, namely distilled water, salt water and
brine solution are used to fabricate the SFSW aluminium alloy joints and the nine
different combinations of the aluminiumalloyswith the submergedmediumare listed
in Table 2. The tensile specimens are sliced from the perpendicular direction of the
welded joints using the wire-cut EDM process based on ASTM E8M-09 guidelines
using SHANTHAUniversal TestingMachine [8]. Besides, the hardness test is carried
out using Vickers microhardness tester (Shimadzu, HMV 2 T E) with a load 2 kg
with 15 s holding time-based on ASTM E92 guidelines. The hardness values are
measured with the 0.5 mm indentation on the weld centre.

3 Results and Discussion

3.1 Microhardness of SFSW Joints Under the Distilled Water

The submerged friction stir welding is carried out on the AA5083–H321 and
AA8011–H24 aluminium alloys under the distilled water and it is depicted in Fig. 1.
The inverted ‘W ’ shaped microhardness profiles are examined for the fabricated
joints. The superior microhardness is found at the weld stir zone for the friction stir
welded AA5083–H321 under the distilled water than the other fabricated joints [8].
Besides, due to the presence of intermetallic compounds in the weld SZ, 35.71 and
66.33% of the hardness are examined for the dissimilar joints under distilled water,
which is more than the hardness of both base materials.
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Fig. 1 Vickers microhardness profiles of SFSW joints under the distilled water

3.2 Microhardness of SFSW Joints Under the Salt Water

The submerged FSW is carried out on the AA5083–H321 and AA8011–H24
aluminium alloy joints under the salt water and it is depicted in Fig. 2. The inverted
‘W’-shaped microhardness profiles are examined for the fabricated joints. The lower
microhardness is examined at the stir zone for the AA5083–H321 aluminium alloy
joints than the AA8011–H24 aluminium alloy joints. Also, it is more than the hard-
ness of the dissimilar AA5083–H321 and AA8011–H24 aluminium alloy joints, due
to the presence of the intermetallic compounds in the weld SZ.

Fig. 2 Vickers microhardness profiles of SFSW joints under the salt water
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Fig. 3 Vickers microhardness profiles of SFSW joints under the brine solution

3.3 Microhardness of SFSW Joints Under the Brine Solution

The submerged friction stir welding is carried out on the AA5083–H321 and
AA8011–H24 aluminium alloy joints under the brine solution and it is depicted in
Fig. 3. The inverted ‘W ’-shaped profile of microhardness is achieved for the SFSW
AA5083–H321 andAA8011–H24 aluminium alloy joints. The highermicrohardness
appears at the SZ for the AA5083–H321 aluminium alloy joints than the AA8011–
H24 aluminium alloy joints and also, these are almost equal to the hardness appeared
in the dissimilar joints. Besides, the 53.19% and 65.9% hardness of the dissimilar
submerged friction stir welded AA8011–H24 and AA5083–H321 aluminium alloy
joints are examined at the weld SZ, which is higher than the TMAZ and BMZ,
respectively.

3.4 Tensile Strength of SFSW Joints Under the Distilled
Water

The tensile strength of the submerged friction stir welding is carried out on the
AA5083–H321 and AA8011–H24 aluminium alloy joints under the distilled water
and it is depicted in Fig. 4. The superior tensile strength of 69.67 MPa is observed
in the dissimilar joints at the process parameters of 1750 rpm rotational speed and
40 mm/min welding speed when it is compared to other fabricated joints. It is due to
the presence of intermetallic compounds appeared in the welded region, which initi-
ates the increase in strength properties by the sufficient frictional heat with dynamic
recrystallization of the materials [10, 11].
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Fig. 4 Effect of the tensile strength of SFSW joints under the distilled water

The lower tensile strength of 17.67 MPa is observed in the AA8011–H24
aluminium alloy joints, because of the formation of defects, which leads to the
inferior strength properties in the welded region.

3.5 Tensile Strength of SFSW Joints Under the Salt Water

The tensile strength of the submerged friction stir welding is carried out on the
AA5083–H321 and AA8011–H24 aluminium alloy joints under the salt water and
it is depicted in Fig. 5. The superior tensile strength of 27.15 MPa is observed in
the dissimilar joints at the process parameters of 1750 rpm rotational speed and
40 mm/min welding speed when it is compared to other fabricated joints. It is due
to the presence of brittle intermetallic compounds appeared in the weld SZ, which
initiates the inferior strength properties by the lack of frictional heat with dynamic
recrystallization of the materials [12].
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Fig. 5 Effect of the tensile strength of SFSW joints under the salt water

3.6 Tensile Strength of SFSW Joints Under the Brine
Solution

The tensile strength of the submerged friction stir welding is carried out on the
AA5083–H321 and AA8011–H24 aluminium alloy joints under the brine solution
and it is depicted in Fig. 6. The superior tensile strength of 54.9 MPa is observed
in the dissimilar joints at the process parameters of 1750 rpm rotational speed and
40 mm/min welding speed when it is compared to other fabricated joints.

It is due to the presence of brittle intermetallic compounds appeared in the weld
SZ, which initiates the inferior strength properties by the lack of frictional heat with
dynamic recrystallization of the materials [12–14]. The lower tensile strength of
13.84 MPa is observed in the SFSW AA5083–H321 aluminium alloy joints, by the
presence of defects in the welded region.

4 Conclusions

In this investigation, the effect of welding parameters on Vickers microhardness and
tensile strength of submerged friction stir weldingAA8011–H24 andAA5083–H321
aluminium alloy joints are investigated and the following inferences are discussed.
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Fig. 6 Effect of the tensile strength of SFSW joints under the brine solution

1. The submerged friction stir welding process is carried out on the AA8011–H24
and AA5083–H321 aluminium alloy joints under different submerged mediums,
namely distilled water, salt water and brine solution.

2. The superior microhardness is appeared at the TMAZ for dissimilar AA5083–
H321 aluminium alloy joints under the medium of distilled water than the other
fabricated joints.

3. The superior tensile strength of 69.67 MPa observed for the dissimilar AA5083–
H321 and AA8011–H24 aluminium alloy joints under the distilled water than
the other combinations of joints.
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Study on the Influence of Nanosized
Silica Reinforcement in Microrubber
Blended Epoxy Carbon Composite
Laminate Subjected Under Dynamic
Mechanical Analysis

R. Ramesh, C. Senthamaraikannan, Niranjan Suresh, and B. Lokesh

Abstract The woven fabric carbon/epoxy composite is one of the commercially
well-recognized composite materials for structural applications like aerospace
systems, automobiles and also in ship building industries. In the present investiga-
tion, dynamicmechanical behavior ofwoven fabric carbon epoxy composite laminate
fabricated, by blending micron sized rubber and nanosized silica particles of varying
weight fraction in epoxy matrix was studied. Silica in nanosize was added in two
different weight fractions say 6 and 11% by weight in 9 wt% rubber particle blended
epoxymatrix. The composite plates were fabricated by hand layup method with 40%
of fiber volume fraction. The storagemodulus, lossmodulus and tan delta valueswere
evaluated by conducting dynamic mechanical analysis for all the specimens as per
the ASTM standards. Results from the DMA tests under temperature sweep for the
constant frequency range of 1 Hz reveals that there is significant increase in the tested
parameters like storage modulus and loss modulus of the hybrid composite.
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1 Introduction

Woven fabric carbon epoxy composite wasmostly used in structural applications due
to their superior specific strength and specific stiffness ratio [1]. Laminated composite
plates are used to fabricate aircraft structures in the aerospace industry, vehicle parts
in the automotive industry, and in ship building industry. Costa et al. [2] studied the
formation of rubber particles in epoxy matrix by carboxyl terminated process and
further they extended their study to analyze rubber-modified carbon/epoxy laminates
for aerospace field applications and concluded that they are most suitable for struc-
tural components of aerospace applications. Johnsen et al. [3] proved that the brittle-
ness of the epoxy can be reduced by adding reactive liquid rubber such as carboxyl
terminated butadiene acrylonitrile copolymer, CTBN, and thereby improving their
toughness. Recent reviewonmulti-functional compositematerials reveals that tensile
modulus; tensile strength and fracture toughness of epoxy considerably decreases
with the addition of CTBN particles [4]. Senthamaraikannan et al. [5] investi-
gated CTBN rubber-modified carbon composite laminates under free vibration and
concluded that the addition ofCTBN rubber particles significantly enhances damping
performance of carbon epoxy laminate. An optimum content of the reactive liquid
rubber microparticles is arrived as 9% by wt, for significant enhancement in passive
dampingwithmoderatemechanical properties. Nanosilica reinforced composites are
gaining importance due to their capability for improving static/dynamic modulus,
microhardness and fracture toughness of composites. Manjunatha et al. [6] demon-
strated that the addition of nanosilica along with microrubber particles in epoxy
matrix significantly raises the properties of the neat epoxy resin. There is limited
experimental work in studying the material damping performance of microrubber
and nanosilica modified woven carbon epoxy composites. Experimentally, dynamic
mechanical analysis (DMA) is very useful in studying the dynamic modulus and
damping parameter of polymer over a range of temperature [7]. This paper presents
our recent study on dynamic mechanical properties of carbon fiber/epoxy laminates
by adding microsized rubber and nanosized particles in epoxy matrix by dynamic
mechanical analysis. The epoxywasmodified by adding different weight fractions of
nanosilica with 9 wt% rubber particles and DMA tests were conducted on modified
carbon epoxy laminate.

2 Fabrication of Carbon Epoxy Composite Plates
for Evaluating DMA Characteristics

To study the viscoelastic behavior of microrubber and nanosilica added carbon
epoxy composite laminate, twill weave carbon fabric was considered. Epoxy blended
with 40% by wt microrubber particles of 5 µm in size and nanosilica particles of
25 nm average size was purchased from Evonik® Industries AG, Germany. Further,
purchased epoxy was diluted into different weight fractions by blending and mixing



Study on the Influence of Nanosized Silica … 367

Table 1 Composition of particles in hybrid epoxy formulations and its corresponding material
codes are tabulated

Material codes are given for various composition Weight (%)

Epoxy Rubber Silica

CE 100 – –

M9 91 9

M9 S6 85 9 6

M9 S11 80 9 11

Fig. 1 Fabricated carbon epoxy composite

with the same type of virgin epoxy resin purchased from the same company for
considered hybrid epoxy composition as shown in Table 1.

Mixing, blending and stirring procedures were adopted as per the previous
research study [8] supported by probe sonicator for 30 min at 60 °C. The volume
fraction of fiber is maintained at 40% by weight as preferred in earlier researches [5,
9]. Laminates were prepared by hand layup method using a precisely sized dam and
cured under 350 psi using a compression molding machine for 24 hrs. After curing
for predetermined hours, laminates were trimmed and shown in Fig. 1.

3 Dynamic Mechanical Analysis of Hybrid Carbon Epoxy
Composites

Dynamic mechanical analysis was conducted using a dynamic mechanical analyzer
(DMA Q800 V20.6 Build 24), as per the ASTM Standard D4065 [10]. The samples
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with dimensions 35 mm long × 15 mm wide × 3 mm thick were tested from 20 to
180 °C at a heating rate of 10 °C/min and at frequency of 1.0 Hz. Three samples
were used for conducting the experiments in three-point bending mode and results
were discussed.

Storage Modulus
The variation of dynamic elastic modulus as a function of temperature for the consid-
ered carbon epoxy laminates is shown in Figs. 2 and 3. The storage modulus curves
of the modified and unmodified composites present three zones, a glassy region, an
abrupt modulus decreasing region and the high temperature rubbery region. Storage
moduluswas increased by adding the nanosilica particles in the epoxymatrix. Storage
modulus at the glassy region was shown in Table 2. It is observed that storage
modulus of all composites increases with the addition of 6 wt% and 11 wt % of
silica with 9 wt% rubber particle modified epoxy, by 35% and 49%, respectively.
Samples are subjected to tension–compression deformation mode as similar to three-
point bending mode at flexural test. Storage modulus will be increased when higher
amount of stress transfer take place between fiber matrix interactions. This is due to
effect of deformation of micro and nanoparticles inside the epoxymatrix.More loads
can be taken up by the particles if their weight content in the epoxy matrix increases.
This can be further described by considering the deformation of epoxy matrix in two
phases. In the first phase, the constituent particleswill deformwithin thematrix; in the
second phase, this deformation will behave as bulk deformation of matrix including
the fiber. As there is increase in micro/nanoconstituents’ content in each layer, this
increases the rate of bulk deformation by providing more local individual particle
deformation. Thereby increases the amount of elastic energy storage in the laminates.
Distribution of particles in the matrix causes more amount of energy storage because
of added flexibility to the epoxy matrix. Thus, the deformation of the rubber/silica
particle is responsible for enhanced stress transfer. Additional deformation of adding
rubber particle is supported by previous studies [5].

Sprenger et al. [11] reported that adding epoxidized rubber particle in the matrix,
decreases the tensile and flexural modulus due to its additional deformation effect,
thereby increasing the plasticizing effect in thematrix.Kinloch [12] also confirms that
the addition of rubber particle in the epoxy matrix enhances more energy absorbing
capacity due to flexibility of rubber particles. Han et al. [13] describe that the inclu-
sion of nanofiller is mobile enough to form the temporary bonds that allow it to

Table 2 Effect of micro/nanoparticles on dynamic mechanical properties of carbon epoxy
composites

Parameters Units CE M9 M9 S6 M9 S11

Storage modulus MPa 13,116 16,720 22,583 24,976

Loss modulus MPa 1930 2487 3074 4497

tan delta – 0.41 0.49 0.55 0.77

Glass transition temperature °C 101.3 114.8 83.5 80.7
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Fig. 2 Effect of adding silica particles on storage modulus of rubber-modified carbon epoxy
composites

dissipate energy and thus rubbery matrices benefit the most from the addition of
nanofillers. This phenomenon enhances the storage modulus of the nanosilica added
rubber-modified carbon epoxy composite. There is increase in storage modulus due
to increase in nanosilica fillers.

During transition state due to temperature rise, sudden collapse of bonding causes
abrupt decrease in storage modulus. Addition of rubber particle influences more de-
bonding in the epoxy network; it is clearly visible that M9 specimens show abrupt
decrease in storage modulus value. In rubbery state, as further temperature increases
more loosening of epoxy matrix causes increased mobility within the matrix and
loses their close packing arrangement, thus, decreases storagemodulus for increasing
temperature. Also, the addition of nanosilica particle in this state influences by
increasing trend in the storage modulus after 120 °C.

4 Loss Modulus

The effect of temperature on lossmodulus of carbon epoxy composite by the addition
of rubber/silica particles is shown in Fig. 4. As discussed previously, laminates are
subjected to cyclic load of 1 Hz under three-point bending mode. The loss modulus,
E′′, is proportional to the lost or dissipated energy per cycle. At low temperatures
up to 60 °C, viscous behavior of rubber particles influences the loss modulus of
the composite by increasing its viscoelastic property for the addition of rubber in
epoxy matrix. Further, the nanoconstituents increase the surface area and promotes
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more amount of energy dissipating capacity of the composites. In room temperature,
loss modulus of M9S11 laminate was better than other considered concentrations.
Dissipation of energy at low temperature was very effective for this weight fraction.
In transition region, the transition peak was found to become stronger for increasing
silica particle concentration.At this temperature, nanoparticles exhibit pseudo-plastic
deformation, which further increases the energy dissipating capacity of composites.

Further, the comparison of loss modulus curves shows that the loss modulus
peak or glass transition temperature Tg shifts toward lower temperature for M9S11
laminate due to the inclusion ofmore silica particles in the epoxymatrix. Francis et al.
[14] explains that there is increase in epoxy particle mobility with the inclusion of
filler particles. This is further confirmed by comparing the broadening and narrowing
curve regions. Broadened curve can be seen for unmodified carbon epoxy composite.
Curve become narrow for higher concentration silica particle modified composite
M9S11 than M9S6 (Fig. 3).

FromTable 2, the lossmodulus for theM9S11 composite is found to be the highest
which is an indication of the improved energy dissipation, which could contribute
to their better energy dissipating properties due to the above-said reasons. There
is a maximum increase of 36% in energy dissipating capability of carbon epoxy
composites due to the addition of rubber particles in the epoxy matrix. Similar trend
was observed by Baller et al. [15], when incorporating nanosilica filler in virgin
epoxy matrix. In this study, Baller et al. explain that the non-dissipative nature of
the nanosilica filler in epoxy matrix causes the very small interfacial losses and that
the matrix/filler interfacial bonding is accordingly good. This increased interfacial
adhesion leads to an overall increase in the modulus under DMA test.

Fig. 3 Effect of nanosilica particles on loss modulus of carbon epoxy composite
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Fig. 4 Variation in damping factor (tan δ) values of carbon epoxy composites with addition of
rubber and silica particles

5 Damping Factor

Themagnitude of the damping factor is an indicative of the material damping present
in polymer systemand it gives balancebetween the elastic andviscous phase in a poly-
meric material. Damping factor at glass transition temperature was extracted for each
considered specimen and shown in Fig. 4 shows that damping factor increases with
increase in nanosilica concentration in 9 wt% rubber added carbon epoxy composite
and reachesmaximumvalue forM9S11 composite. Chen et al. [16, 17] demonstrated
that the thermal and rheological effect of adding nanosilica in epoxy matrix, and the
results show the nanosilica particles induce an exclusion zone that lowers the reaction
temperature and can also lower Tg of the nanocomposite at high-filler loadings.

6 Conclusions

Dynamicmechanical behavior ofwoven fabric carbon epoxy laminatewas conducted
with modified epoxy, blended with microrubber and nanosized silica particles as per
standards. Dynamic mechanical test results show that the addition of microrubber
particle in epoxy matrix in carbon laminate improves the material damping capacity
of the composite. Further, the addition of nanosilica aides the dynamic mechanical
properties under temperature sweep. Study indicated the nanosilica particles induce
an exclusion zone in epoxymatrix which in turn increases the storage modulus. Non-
dissipative nature of the nanosilica causes filler, higher amount of energy storage and
release is possible for composite due to increased deformation of matrix for same
loading conditions. At lower temperature, energy absorbing capacity is better for
increased weight content; thus, M9S11 wt% laminates have better storage modulus
and lossmodulus values. Carbon epoxy laminatewith 9wt% rubber and 11wt%silica
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concentration show better glass transition temperature and loss modulus values at
room temperature.Results indicate that the nanoparticles inmicrorubber added epoxy
matrix are effective reinforcing agents for carbon epoxy composite. Because of the
improved properties and the excellent dispersion, this appears capable combination
for use in the manufacturing of tailored composites.
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Moth-Flame Optimization Algorithm
for Improving the Surface Roughness
on FDM Processed Parts

A. Tamilarasan , D. Rajamani , P. Pranay, P. Manohar, A. Venkata Akhil,
and B. Thirupathi Reddy

Abstract This paper presents an optimal method for determining the best FDM
processing parameters by minimizing the surface roughness using a nature-inspired
moth-flame optimization algorithm. The experiment design is formulated using the
Box–Behnken design. The quadratic model derived from ANOVA results shows
that the model was significant and satisfactory. Moth-flame optimization algorithm
is effectively implemented and found to be an excellent optimization tool for fast
convergence and global optima location.

Keywords FDM process · Surface roughness ·Moth-flame algorithm ·
Optimization

1 Introduction

Additive manufacturing technology is an innovative development technique derived
directly from the CAD data set to produce layer-by-layer components [1]. In the
additive production processes including the FDM process are required for the supply
of high quality components. The higher demand for FDM in the manufacturing
sector of industrial components such as medical devices, telecommunications, elec-
tronics and aerospace needs ever-increasing dimensional precision rates [2]. Since
the mechanism is complex, the resulting properties of constructed components are
difficult to model and evaluate [3]. Consequently, researchers have suggested several
conceptual models developed via experimental data analysis. The group method for
predictive processing and differential evolution used for the optimization of FDM
process parameters was introduced by Rayegani and Onwubolu [3]. The obtained
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results are highly promising and hence the approach proposed for practical use in the
design and manufacturing of components using additive processing technologies.
Sood et al. [4] tried to find an optimal parametric combination which could simulta-
neously improve the ABS P400’s tensile, flexural and impact strengths. Rao and Rai
[5] suggested TLBO and non-TLBO sorting algorithms for the optimization of FDM
method parameters. TheTLBOalgorithmhas been found to be superior to theGAand
QPSO algorithms. Many researchers have made significant efforts to enhance FDM
processed components in terms of surface roughness and different strengths. This
paper therefore proposes to find optimal combinations of ABSmaterial FDM param-
eters to improve surface roughness with a recent moth-flame optimizing algorithm.
The experiments were based on the response surface methodology (RSM)-based
Box–Behnken method (BBD) was used. Moreover, the RSM provides a statistical
model for surface roughness. The proposed flame-moth optimization algorithm is
used for the lowest surface roughness in order to ensure the best possible parameters
environment for the FDM process parameters.

2 Experimental Planning

2.1 RSM-Based Box–Behnken Design

RSM is an experimental methodology that is mostly used to evaluate and solve
problems by examining relations between predictors and responses to identify vari-
ables that significantly influence the quality and properties of the product [6]. Box–
Behnken design (BBD) investigates the relationships ofmultiple variables of descrip-
tion with one or more variables of response. The key BBD range should be limited
to a situation where drastic responses are not expected [6]. This present analysis has
chosen and assigned four FDM parameters as X1, X2, X3 and X4, respectively. The
low, middle and high levels of each variable were labeled as −1, 0, and +1, respec-
tively, as shown in Table 1. The variables were coded by the following equation
as:

xi = Xi − X0

�X
, i = 1, 2, 3 (1)

Table 1 Process parameters and levels

Parameter (symbol) Unit −1 0 +1

Layer thickness (X1) mm 0.13 0.23 0.33

Part orientation (X2) Degree 0 45 90

Raster width (X3) mm 0.2 0.35 0.5

Raster angle (X4) Degree 0 30 60
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where Xi and xi are the actual and coded values, respectively. X0 is the value of
Xi at the center point of the domain and �X is the increment of Xi corresponding to
one unit of Xi. For the optimization of process parameters, the statistical models of
the experimental data generate the secondary polynomial equation. The following
quadratic (second order) polynomial model explains the behavior of the system:

Y = β0 +
k∑

i=1

βi xi +
k∑

i=1

βi i x
2
i +

∑

i< j

βi j xi x j (2)

where Y is the response and xi are the values of the ith FDM process parameters;
β0 is themodel constant; β i represents the linear coefficient; β ii denotes the quadratic
coefficient;β ij is the interaction coefficient; k is the number of the factors or variables;
and ε is the statistical experimental error [6].

2.2 Experimental Procedure

Firstly, the components aremodeled on and exported to CATIAV5 as an STL format.
STL file is being imported to FDM applications (Insight) software. Thematerial used
for the production of the component is ABS P400. The temperature of the printer’s
nozzle during the experiment was set at a temperature of 808 °C, a fill rate of 100%
and no support. All experiments were performed in conjunction with the BBD design
experimental program. The parts shall be made by means of the FDM Fortus 400MC
system machine Stratasys and manufactured specimens as shown in Fig. 1.

Surface roughness was calculated using aMitutoyo SJ-210 profilometer sampling
duration of 2.5 mm (Fig. 2). The overall surface roughness measurement is taken
and displayed in Table 2.

Fig. 1 FDM processing zone and fabricated specimens
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Fig. 2 Surface roughness
measurement

3 Statistical Modeling of Experimental Work

The use of a BBDmatrix, which fits very accurately with the second-order response,
results in coefficients of regression. The commercial DesignExpert 7 software is used
to obtain these coefficients. Using these coefficients, the final model is established
and the polynomial second-ordermodel for surface roughnesswas obtained in Eq. (3)

Ra = −2.97155+ 49.94286X1 + 0.016206X2

+ 2.09247X3 + 0.045127X4

− 0.065264X1X4 − 113.07928X2
1

− 1.34493E − 004X2
2 − 3.50958X2

3

− 2.70090E − 004X2
4(R

2 = 0.9752; R2
Adj = 0.9634; R2

Pred = 0.94) (3)

As can be seen in Eq. 3, the determination coefficient (R2) is 97.52%, ensuring
high regression functions validity. The predicted R-squared of 0.94 is in reasonable
agreement with the adjusted R-squared of 0.9634.

4 Moth-Flame Optimization Algorithm

Mirjalili [7] developed the moth-flame optimization algorithm and it works
based on the navigation method of moths through night by maintaining a fixed angle
with respect to the moon. Moths are very similar to butterflies as a group of insects.
One of the moths most interesting behaviors is their unique approach to navigation.
They fly through a fixed angle with respect to the moon to travel long distances in a
straight path [7]. This effective approach is referred to as transverse orientation. The
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Table 2 BBD design matrix with results

Exp. Run X1 (mm) X2 (Degree) X3 (mm) X4 (Degree) Ra (µm)

1 0.229 45 0.381 30 3.948

2 0.229 0 0.381 60 3.608

3 0.229 45 0.559 60 3.821

4 0.229 45 0.381 30 3.967

5 0.330 45 0.381 0 1.995

6 0.229 0 0.381 0 2.717

7 0.229 90 0.381 60 4.075

8 0.330 45 0.203 30 2.222

9 0.229 90 0.559 30 3.481

10 0.127 45 0.381 0 2.198

11 0.229 45 0.381 30 3.906

12 0.127 90 0.381 30 3.057

13 0.229 45 0.559 0 3.226

14 0.330 90 0.381 30 2.420

15 0.330 0 0.381 30 1.868

16 0.127 45 0.559 30 2.972

17 0.229 90 0.381 0 3.099

18 0.127 0 0.381 30 2.759

19 0.229 0 0.559 30 3.396

20 0.229 45 0.381 30 3.712

21 0.229 45 0.381 30 4.189

22 0.229 0 0.203 30 3.538

23 0.330 45 0.381 60 2.547

24 0.127 45 0.203 30 3.141

25 0.127 45 0.381 60 3.545

26 0.229 45 0.203 0 3.354

27 0.330 45 0.559 30 2.123

28 0.229 45 0.203 60 4.036

29 0.229 90 0.203 30 3.969

transverse orientation’s effectiveness strongly depends on the light source’s distance.
For example, when the source of light is close to the moth, the moth begins to fly
around the light in a spiral path. Eventually, this spiral fly path converges the moth
to the light [7]. The moths are regarded as the candidate solutions in the MFO algo-
rithm and their position is considered as a vector of variables of decision. Therefore,
each moth can fly freely in the problem’s solution space. The flowchart for MFO
algorithm as given in Fig. 3.
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Fig. 3 Flowchart for MFO algorithm

5 Implementation of MFO Algorithm

In this study,MFOalgorithmwasused to calculate optimumFDMprocess parameters
for producing the lowest surface roughness value. Equation (3) derived by response
surfacemethod is taken tominimize the fitness functionwith suitable lower and upper
bounds. The optimal parameters are obtained as shown in Table 3 by applying MFO
algorithm. The obtained convergence curve is depicted in Fig. 4. It is observed that
best fitness and range decreases with increased number of iterations. It is observed
that higher layer thickness, raster width and lower part orientation, raster angle values
result in lowest surface roughness is noted.

Table 3 Confirmation experiments and their comparison with the results

Process parameters Avg. surface roughness

X1 (mm) X2 (Degree) X3 (mm) X4 (Degree) Pred Actual Error (%)

0.329 4.38 0.463 4.12 1.590 1.624 0.020936
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Fig. 4 Convergence plot during MFO optimization

6 Conclusions

The conclusions of this present study were drawn and as follows:

• RSM-based BBD has been used to determine the surface roughness attained by
various FDM process parameters.

• The mathematical model was developed to describe the relationship between
the independent process parameters and surface roughness at 95% confidence
intervals.

• A nature-inspired MFO algorithm has produced an optimal combination of
process parameters to optimize the surface roughness of the FDM processed
specimens.
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Multi-response Optimization of AWJ
Process Parameters in Cut Quality
Characteristics of Hastelloy C-276

A. Tamilarasan , S. Arumugam , D. Rajamani , P. Changareddy,
E. Balasubramanian , and P. Pranay

Abstract In this study, the AWJ cutting of Hastelloy C-276 has been performed to
investigate the influence of four process parameters such as water jet pressure, jet
traverse speed, abrasive flow rate and standoff distance on surface roughness and kerf
taper angle. Based on the experiments carried out, two models have been developed
using Box–Behnken design. Response surface analysis on cutting characteristics of
AWJ was made based on the developed models. The desirability function approach
was applied to acquire the compromised solutions between the multiple responses.
The errors between experimental and predicted values at the optimal combination of
parameter settings lie within ±2% which was found through confirmation test.

Keywords Abrasive water jet · Surface roughness · Kerf taper angle · Desirability
function

1 Introduction

The abrasive water jet cutting technique contributes significantly to the develop-
ment of product as a non-traditional method. The water jet was used to machine
different materials in pure form or mixed with abrasives. The AWJ cutting process
was environmentally friendly with good machining capabilities for handling mate-
rials such as steel, Inconel, granite and titanium [1]. The AWJ process’s complex
and stochastic nature makes it difficult to obtain an analytical model based on the
process’s physics. Therefore, the optimization of AWJ process parameters is neces-
sary for obtaining the desirable cut quality characteristics of different materials.
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Uthayakumar [2] addressed on the abrasive water jet processing of based super-
alloys using the three different parameters such as water jet pressure, jet nozzle
traverse speed and standoff distance. It is observed that the most influential factor
in surface morphology and surface quality is the water jet pressure. Therefore, in
cutting Hastelloy C-276, the present work aims to simultaneously minimize surface
roughness and kerf taper angle. The experiments are conducted in AWJ process using
RSM-BBD methodology. Then, mathematical models are developed at 95% confi-
dence intervals. Further, the desirability function-based multi-response optimization
is used to optimize the AWJ cutting process parameters.

2 Experimental Procedure

In this study, nickel superalloy based on Hastelloy C-276 was used as the target
material and this material is prepared in the dimensions of 150 × 30 × 5 mm3. The
box-behnken design, a RSM approach has been utilized to design and perform the
experiments within the levels of selected process parameters, such as water pressure
of 2000, 3000 and 4000 bar, jet traverse speed of 150, 200 and 250 mm/min, abrasive
flow rate of 300, 400 and 500 g/min, and stand-off distance of 1, 2 and 3 mm, respec-
tively. Figure 1 shows the experimental setup used for this study. The experiments
were carried out in a water jet Germany manufacturing model S 3015 injection type
AWJ machining center which can generate a maximum pressure of 620 MPa and
10 m/in traverse speed with a water discharge of 3.2 L per min.

The surface roughness (Ra) and kerf taper angle (K t) were the output responses
considered in this study. The surface roughness is measured by Mitutoyo making
surface tester type SJ-201P. The tool makers microscope (Model 98—SCHERR
TUMICO)was used tomeasure the top and bottom kerf widths at 10×magnification.
The angle of the kerf taper (K t) was calculated using the formula:

Fig. 1 Cutting zone of AWJ
process
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Kt(deg) = (Wt −Wb) × 180

2π t
(1)

whereW t is the top kerf width,Wb is the bottom kerf width and t is the thickness
of the material. For each cut, three measurements were taken and averaged value
taken for best reading in order to avoid the statistical error. Table 1 lists the BBD
design matrix with measured responses.

Table 1 BBD design matrix with measured responses

Exp. No. X1 (bar) X2 (mm/min) X3 (g/min) X4 (mm) Ra (µm) K t (°)

1 4000 200 400 3 2 1.37

2 3000 150 500 2 2.68 2.32

3 3000 200 500 1 2.54 2.12

4 3000 200 400 2 3.21 1.42

5 3000 250 400 1 2.44 1.15

6 4000 200 500 2 1.67 2.25

7 3000 200 300 1 2.64 1.3

8 3000 200 400 2 3.21 1.44

9 3000 200 400 2 3.11 1.4

10 3000 200 400 2 3.21 1.41

11 2000 200 300 2 2.47 1.39

12 3000 250 400 3 3.21 1.25

13 3000 150 400 3 2.84 1.46

14 4000 200 300 2 1.91 1.15

15 3000 200 500 3 3.01 2.29

16 3000 150 300 2 2.64 1.36

17 3000 200 400 2 3.23 1.4

18 3000 150 400 1 2.34 1.32

19 3000 200 300 3 3.28 1.25

20 4000 200 400 1 1.57 1.21

21 4000 250 400 2 1.91 1.14

22 2000 200 500 2 2.34 2.28

23 3000 250 300 2 3.13 1.18

24 3000 250 500 2 2.74 2.15

25 2000 200 400 1 1.91 1.37

26 4000 150 400 2 1.47 1.2

27 2000 150 400 2 2.17 1.46

28 2000 200 400 3 2.79 1.45

29 2000 250 400 2 2.41 1.22



384 A. Tamilarasan et al.

3 Results and Discussion

3.1 Mathematical Model for Ra and Kt

The fit summary recommended that the developed surface roughness and kerf taper
angle quadratic model is analyzed and be statistically significant at 95% confidence
interval. ANOVATable 2 presents the results of quadratic models. The highly signifi-
cant models are indicated by the F-test with a very low probability value (p < 0.0001).
The developed models are examined by the determination coefficient (R2 = 0.995
for Ra, R2 = 0.995 for K t), which meant that the sample variation of more than
99.5% is attributed to the variables and that each model could not explain only 0.5%
of the total variance. Using an Adjusted-R2 is to assess the suitability and fitness of
the model [3, 4].

The adjusted-R2 value corrects the sample size R2 value and the model number
of terms. The adjusted-R2 value (0.992 for both Ra and K t) is also high, promoting a
high correlation between the observed values and the predicted values. The predicted
R2 of 0.987 (i.e., for Ra) and 0.9799 (i.e., for K t) is in reasonable agreement with
the Adjusted R2 values. Furthermore, in this model, the value of adequate precision
(AP), which compares the range of the predicted value at the design point with the
average predictive error, is well above 4. Overall, statistical analysis showed that
the experimental values fit well with the predicted values and that the polynomial
model’s accuracy and general availability were adequate for further optimization
work.

Ra = −13.66927+ 5.36346E − 003X1 + 0.048620X2

+ 0.014139X3 + 1.16228X4 + 1.00500E

Table 2 ANOVA results-model validation

Source SS df MS F p R2 Adj R2 Pre R2 AP

Surface roughness

Model 8.45 12 0.7 321.9 <0.0001 0.995 0.992 0.987 56.33

Total 8.49 28

Residual 0.035 16 0.021

Lack of fit 0.026 12 0.022 1.019 0.5461

Pure error 0.0863 4 0.021

Kerf taper angle

Model 4.31 11 0.39 315.8 <0.0001 0.995 0.992 0.9799 53.23

Total 4.33 28

Residual 0.021 17 0.001

Lack of fit 0.02 13 0.001 0.015 0.0723

Pure error 0.0128 4 0.000
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− 006X1X2 − 1.14000E − 004X1X4

− 2.09000E − 005X2X3 + 1.33500E

− 003X2X4 − 9.38925E − 007X2
1

− 1.07820E − 004X2
2 − 1.35800E − 005X2

3 − 0.19493X2
4 (2)

KTA = −13.66927+ 5.36346E − 003X1 + 0.048620X2

+ 0.014139X3 + 1.16228X4 + 1.00500E

− 006X1X2 − 1.14000E − 004X1X4

− 2.09000E − 005X2X3 + 1.33500E − 003X2X4

− 9.38925E − 007X2
1 − 1.07820E − 004X2

2

− 1.35800E − 005X2
3 − 0.19493X2

4 (3)

3.2 Effect of Process Parameters on Ra

Figure 2a, b shows the estimated response surface for Ra in relation to the process
parameters of water jet pressure, jet traverse speed and abrasive flow rate. These
figures indicate all the process variables significantly affected the surface roughness.
In Fig. 2a, higher value of water jet pressure (4000 bar) and lower value of jet
transverse speed (150mm/min) result in a lower value of surface roughness (1.4µm),
while the lowest values of jet transverse speed and abrasive flow rate lead minimal
surface roughness (2.63 µm) as illustrated in Fig. 2b.
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Fig. 2 a, b shows the effect of parameters on Ra
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Fig. 3 a, b shows the effect of parameters on K t

3.3 Effect of Process Parameters on Kt

Based on a developedmodel ofKt through the response surfacemethodology, Fig. 3a,
b presents the effect of abrasive flow rate on kerf taper angle at various water jet
pressure and standoff distances. From Fig. 3a, it is found that the kerf taper angle
increased as the abrasive flow rate increased from 300 to 500 g/min for all values
of water jet pressure. This scenario may be due to the fact that the outer rim of the
diverged jet still has enough energy to cut material and due to the diverged jet energy
[4]. Figure 3b shows that, with increased abrasive flow rate from 300 to 500 g/min,
the kerf taper angle is found to increase; this is due the widening of the lower part
of the kerf by the jet decreases as the standoff distance, which increases the higher
value of Kt [5].

3.4 Multi-response Optimization by Desirability Approach

By the need of requirements for each response in the set, a combination of input
variables optimizes a set of two responses in this desirability approach. The aim of
present investigation is to optimize the AWJ process parameters in order to enhance
the quality indices such as minimized Ra and Kt. To achieve this goal, the desirability
function approach has been used. As seen in Fig. 4 by a numerical optimization
procedure, the ramp desirability graph reached optimum points. Each ramp’s dot
denotes the parameter setting reflection, and the amount of desirability is indicated by
the dot’s height.Using the optimized parameters, a confirmation studywas performed
after optimizing each parameter level and with its corresponding response value.
The value of Ra and K t is obtained from the confirmation study which is closely
linked to the data obtained from the optimization of desirability using Box–Behnken
design. The triplicate confirmation experiments have been conducted, and the average
values are reported in Table 3. The results of the confirmation experiment show that
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Fig. 4 Desirability ramp for numerical optimization

Table 3 Confirmation experiment results

Ra (µm) K t (°)

Pred Actual Error (%) Pred Actual Error (%)

1.309 1.41 1.1 1.072 1.087 −0.01399

the differences between the predicted values and the experimental values are below
±2%. This proximity of values therefore confirms the excellent reproducibility of
the experimental conclusions.

4 Conclusions

Based on the detailed experimental study carried out on AWJ cutting of Hastelloy
C-276, the following points can be concluded.

• The experimental work was performed using RSM-based BBD methodology.
• The empirical mathematical models showed a good fitting of the experimental

data. And, the multi-response optimization using desirability approach was
utilized for the search of simultaneous optimal values of the surface roughness
and kerf taper angle.

• The simultaneousmaximum values of 1.309µmand 1.072° for surface roughness
and kerf taper angle, respectively, corresponded to the optimal process parameters
of water jet pressure(3981.59 bar), jet traverse speed(151 mm/min), abrasive flow
rate (364 g/min) and standoff distance(1.22 mm).
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Application of Water Cycle Algorithm
for Optimizing the PAC Process
Parameters in Cutting Ti–6Al–4V Alloy

A. Tamilarasan , T. Rajmohan , S. Arumugam , A. Arunpremnath,
K. Mohan, and P. Manohar

Abstract Plasma arc cutting (PAC) is a thermal cutting process using a heavy plasma
gas jet to melt and separate metal. In this work, RSM-based Box–Behnken designed
experiments were conducted taking into account four process parameters, namely
cutting speed, current flow rate, torch height and gas pressure, to achieve maximum
metal removal rate(MRR) in cutting of Ti–6Al–4V alloy. The experimental design,
ANOVA, regression analysis and quadratic model have been developed using RSM
according to BBD designmethodology. A new evolutionary algorithm, i.e., the water
cycle algorithm, a technique based on the continuous movement of water in nature,
is used to determine the optimum parametric combinations of PAC process. The
predicted optimum values were validated through the confirmation experiment, and
the estimated relative error is 2.688%.

Keywords Plasma arc cutting · Box–Behnken design ·Metal removal rate ·Water
cycle algorithm · Optimization

1 Introduction

Plasma arc cutting is a method used to cut metals of various thicknesses. The
compressed air (nitrogen, argon, etc.) is used to produce a plasma jet, and the metals
are cut using a high-temperature plasma arc and plasma jet mechanical erosion [1].
This process is faster and cheaper than other processes of cutting such as water jet
and laser cutting. Torch geometry, plasma gas properties, flow rate, cutting speed,
velocity, current, distance between torch and workpiece are very important process
parameters which have a significant effect on cutting quality and production rate.
For the smooth operation of the plasma arc cutting process, process parameters need
to be optimized. Adalarasan et al. [2] implemented the effective GT-RSM technique
for predicting the optimal setting of PAC cutting parameters for AISI304L stainless
steel. Naik and Maity [3] implemented the DRSM technique to predict the optimum
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solution of input parameters for plasma arc cutting process. Maity and Bagal [4]
applied RSM coupled with gray relational analysis and principal component analysis
to optimize plasma arc cutting processes with multi-objective criteria. The literature
has demonstrated an interesting potential through the use of different optimization
approaches. Therefore, the present describes the application of the water cycle algo-
rithm for optimizing the PAC process parameters in cutting Ti–6Al–4V alloy using
the selected process parameters. The necessary experiments are conducted based on
Box–Behnken design and are used for fitting of mathematical model.

2 Experimental Plan and Work

Response surface methodology (RSM)-based Box–Behnken design is employed to
describe the liaison between plasma arc cutting parameters and their responses. A
second-order polynomial response to study the influence of PAC process can be
developed as given by the equation

y = β0 +
k∑

i=1

βi xi +
k∑

i=1

βi i x
2
i +

∑

i

∑

j

βi j xi x j + ε (1)

where β0 is constant, β i, β ii and β ij are the coefficients of linear, quadratic and
cross-products terms, respectively. In this study, the PAC performance is evaluated
in terms of metal removal rate (MRR). The selected process variables were equally
spaced, and the low, middle and high levels of each variable were coded as −1, 0
and +1, respectively, as given in Table 1.

The EDX analysis of Ti alloy in Fig. 1a shows the presence of Ti (higher content),
Al and V elements in the titanium alloy material. Experiments are carried out on the
CNC plasma arc cutting (EPP-450 Model), which is supplied by ESAB. Air is used
to cut gas, and special electrodes made of water-cooled copper are used with metal
inserts (hafnium). A schematic diagram of plasma arc cutting process is shown in
Fig. 1b. The 50-mm-length cuts were made with the use of compressed air as plasma
gas on 3-mm-thick titanium alloy plate. A nozzle’s outlet diameter is 1.2 mm and
6 bar plasma gas pressure. To obtain the amount of material removal rate (MRR), the
weight of the workpieces (specimens) must be measured before and after the cutting

Table 1 Process parameters and levels

Levels X1: cutting speed
(mm/min)

X2: current flow rate
(Ampere)

X3: torch height
(mm)

X4: gas pressure
(Bar)

−1 550 70 2 5

0 650 80 3 7

1 750 90 4 9
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Fig. 1 a EDX of analysis of the titanium alloy, b experimental setup

process. The MRR can be defined as the volume of material removed divided by the
machining time. MRR is defined by:

MRR = WRW/T (g/min) (2)

whereWRW: workpiece removal weight (g), T: cutting time (s). A Box–Behnken
experimental design with 29 runs of MRR values is tabulated in Table 2.

3 Model Development and Checking the Adequacy Based
on RSM.

Based on the calculated values of the regression coefficients using design expert
software, a polynomial regression model equation is proposed as follows, fitting
97.7% of the data variation (actual values):

MRR = +18.63846− 0.0266X1 − 0.47611X2 + 8.36737X3

+ 0.086176X4 − 5.49858E− 003X1X3 − 2.68944E

− 003X1X4 − 0.043015X2X3 + 0.023942X2X4

+ 0.16001X3X4 + 4.56965E− 005X2
1 + 2.67827E

− 003X2
2 − 0.47955X2

3

− 0.058038X2
4(R

2 = 0.977) (3)

The significant terms associated with the positive sign coefficient indicated a
synergistic effect, and an antagonistic effect was indicated by the negative sign
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Table 2 BBD design matrix

Exp. Run Process parameters Response

Cutting speed
(mm/min)

Current flow
rate (Ampere)

Torch height
(mm)

Gas pressure
(Bar)

MRR (g/s)

1 550 70 3 7 2.985

2 750 70 3 7 2.177

3 550 90 3 7 2.557

4 750 90 3 7 2.053

5 650 80 2 5 2.049

6 650 80 4 5 0.460

7 650 80 2 9 0.913

8 650 80 4 9 0.603

9 550 80 3 5 1.644

10 750 80 3 5 2.385

11 550 80 3 9 2.512

12 750 80 3 9 1.101

13 650 70 2 7 1.446

14 650 90 2 7 2.136

15 650 70 4 7 1.673

16 650 90 4 7 0.642

17 550 80 2 7 1.919

18 750 80 2 7 2.500

19 550 80 4 7 2.171

20 750 80 4 7 0.552

21 650 70 3 5 2.493

22 650 90 3 5 1.440

23 650 70 3 9 1.290

24 650 90 3 9 2.152

25 650 80 3 7 1.685

26 650 80 3 7 1.746

27 650 80 3 7 1.855

28 650 80 3 7 1.634

29 650 80 3 7 1.765

coefficient [5, 6]. The analysis of variance has been done to check the adequacy
of the model. The calculated R2 value 0.977 shows good relationships between
the response’s experimental and predicted values. The results in the relationships
between the independent variable and the response could be well explained.
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4 Water Cycle Algorithm

Initially, the water cycle algorithm (WCA) was introduced by Eskandar et al. [7]. It
is a modern algorithm that imitates the essence of the water cycle in order to solve
optimization problems. TheWCA is developed on powerfulmathematical principles,
which allow the algorithms to solve optimization problems efficiently. The WCA is
focused on rivers and streams to the sea and was developed from observing the water
cycle method. Suppose any rain or precipitation [7] phenomena are present. After
the precipitation cycle, the population is generated along with the original design
variables (i.e., population of streams). The best individual (i.e., the best stream) is
chosen as the sea with the lowest cost function [7]. Therefore, a number of good
streams are chosen as rivers (i.e., cost feature values similar to the latest best record),
and the remaining streams are drawn into the rivers and the sea. The pseudo-code
is given as follows [7]: set the parameters of WCA such as Npop, N sr and maximum
number of iterations.

River_position= the new stream 
if    stream_objective < sea_objective 

Sea_position= the new stream 
end if 

end if 
if river_objective < sea_objective 

Sea_position =River_position 
end if 

end for 

for i=1:Npop 
Create a stream 
Calculate the objective function value of the stream 

end for 
sort the streams from best to worst based on their objective function value 
Sea the first stream 
Rivers  nsr  - 1 
Stream  npop - nsr 
Determine the intensity of flow for rivers and sea 
i=0; 
While  i < maximum number of iterations 
i=i+1; 

Update the position of streams 
Stream_objective=objective function value of the new stream 

for    each stream 
if   stream_objective < river_objective 
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for   each river 
Update the position of rivers 
river_objective =objective function value of the new river 

if river_objective < sea_objective 
Sea_position =River_position 

end if 
end for 

for Rivers and streams 
d=calculate the distance between each river or stream and the sea 

if  d <d max  
raining process (for both rivers and streams) 

end if 
end for 
Decrease the max d 

end while 

5 Implementation of WCA Algorithm in PAC Process

The problem of optimization of this study is indicated as maximizing the MRR
criteria, subject to PAC cutting constraints. Therefore, the restricted problem of
optimization with WCA is given by Eq. 3 taken as the maximization objective
function.

Taking into account the lowest level (Level −1) and highest level (Level +1) of
the experiment design specified for PAC cutting parameters as shown in Table 1,
the lowest and highest limitation range for optimization constraints is as follows:
550 mm/min < cutting speed < 750 mm/min; 70 A < current flow rate < 90 A;
2 mm< torch height < 4mm; 5 bar < gas pressure < 9 bar. The water cycle algorithm-
based optimization process is performed using MATLAB environment to find the
optimal MRR solution. The initial parameters for the WCA were selected as 50, 8
and 1E-05, for Npop, N sr and dmax, respectively. The convergence curve obtained
from the algorithm is shown in Fig. 2. There are 200 runs performed in the WCA
algorithm in the current work. The WCA achieves a good fitness function as can be
seen in Fig. 2; in iteration 90, and after that, there is no significant improvement.
Table 3 shows the results of WCA compared with experimental data. The relative
error percentage is achieved that 2.688%.
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Fig. 2 Convergence plot for WCA algorithm

Table 3 Validation test results

Cutting speed
(mm/min)

Current flow
rate (Ampere)

Torch height
(mm)

Gas pressure
(Bar)

MRR (g/min)

Predicted Experiment Error %

739.62 71.47 2.6 5.28 3.125 3.041 2.688

6 Conclusions

In this work, an application of RSM based water cycle algorithm is utilized for maxi-
mizing theMRR in PAC cutting Ti–6Al–4V alloy and optimized parameters are vali-
dated through confirmation experiments. The main conclusions can be summarized
as follows.

• The empirical relation established has the potential to MRR in PAC cutting of
Ti–6Al–4V alloy within the ranges of process parameters studied.

• AMATLABprogramwas developed forWCOoptimization algorithm to optimize
the parameters.

• The relative error between the experimental and predicted value was 2.688%,
which indicated that the proposed method is feasible.
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Butterfly Optimization Algorithm
for Optimization of Roller Burnishing
Process Parameters

A. Tamilarasan , S. Arumugam , D. Rajamani , S. Vijayabhaskar ,
R. Balakumar, and B. Thirupathi Reddy

Abstract In this work, an attempt is made to optimize the roller burnishing process
parameters using a novel butterfly optimization algorithm. A total of 17 experiments
were conducted according to Box–Behnken design considering three process param-
eters, namely burnishing speed, burnishing feed, burnishing depth to achieve higher
surface hardness value. Single-objective optimization is performed using a nature-
inspired butterfly optimization algorithm in which objective function is developed
using RSM to select the optimal setting of burnishing process parameters. A compar-
ison of the experimental and optimization results for surface hardness shows that the
percentage error lies ±2%.

Keywords Roller burnishing · Butterfly optimization algorithm · Surface hardness

1 Introduction

The burnishing process, which is an attractive finishing process that can improve
metal surface finishing, surface hardness and dimensional accuracy, has been given
considerable attention in the recent past. The burnishing process also reduces surface
defects and alters the microstructure of conventional and unconventional machined
surfaces. Related to the burnishing process research, great efforts have been made by
many researchers [1–5]. Nguyen and Le [2] optimized the interior roller burnishing
process for improving surface quality using archive-based micro-genetic algorithm.
Seemikeri et al. [3] focused on surface roughness, microhardness, surface integrity
and fatigue life aspects of AISI 1045workingmaterial using full factorial experiment
design. Khabeery and Axir [4] investigated the use of roller burning to improve the
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surface integrity of 6061 aluminum alloy using a vertical milling machine. Tamila-
rasan et al. [5] utilized the lion optimization algorithm for improving the surface
quality of roller burnished surfaces. Evaluating the results of optimal solutions
in the literature, there are many studies on the operating parameters affecting the
burnishing process parameters. Therefore, the present paper aims at the optimization
of various process parameters for finding the best surface hardness value using new
type nature-inspired butterfly optimization algorithm.

2 Experimental Framework

2.1 RSM-Based Box–Behnken Design

RSM is a widely accepted experimental statistical technique [6]. The RSM approach
conducts statistically designed experiments, then evaluates the coefficients in amath-
ematical model and predicts the response and examines the model’s adequacy [7].
It is very useful to model and predict the interest reaction affected by a number
of input variables in order to optimize the responses. Among different designs,
the BBD method was selected for the experimental design because it provides a
reasonable balance between predictability and run economy [6]. The modeling of
the desired response to several independent input variables can be obtained through
the use of experiment design and the application of regression analysis. The response
surface can be expressed as follows if all variables are assumed to be measurable
and quadratic model of Yu can be written as follows

Yu = bo +
k∑

i=1

bi Xi +
∑

j>i

bi j Xi X j +
k∑

i=1

bii X
2
i ± ε (1)

The coefficient bo is the free term, the coefficients bi are the linear terms, the
coefficients bij are the interaction terms, and the coefficients bii are the quadratic
terms.

2.2 Experiment Procedure

Thematerial used in this study is brass and delivered in the form of bars with diameter
of 30 mm.These bars have been cut in length to 100 mm. As shown in Fig. 1, the
roller burning operation was performed by clamping it on a lathe machine’s tool
post. The machine’s three-jaw chuck and tailstock center clamped the workpiece.
During burnishing, no coolant was used. The variable spindle speed of the lathe
machine is up to 5000 rpm with a maximum 25 kW power. Burnishing experiments
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Fig. 1 Experimental zone of
roller burnishing process

were performed with roller burnishing tools on external surfaces. The using BBD
method, three burnishing parameters were selected to perform the experiments. The
burnishing parameters examined include: (1) burnishing speed (range: 30–150 rpm),
(2) burnishing feed rate (range: 40–60 mm/rev) and (3) burnishing depth (range:
5–10 mm). Using the Mitutoyo surface hardness measuring device, surface hardness
values were measured. For each sample, the surface hardness values are measured
three times and their arithmetic mean value has been considered for investigation.

3 Regression Analysis for the BBD Design Matrix

Table 1 shows the arrangements and outcomes of the17 experiments conducted on
the basis of BBD design. Based on the proposed second-order polynomial model,
the mathematical model is developed from coefficients obtained using the Design–
Expert software, which expressed the relationship between surface hardness using
the selected burnishing process parameters (burnishing speed, burnishing feed rate
and burnishing depth). The model equation for surface hardness in terms of actual
factors is given by

SH = −19.47156+ 6.10417E − 003X1 + 0.54687X2

+ 1.43950X3 + 3.95833E − 004X1X2

− 1.31667E − 003X1X3 − 7.70000E − 003X2X3

− 5.31250E − 005X2
1 − 4.56250E − 003X2

2

− 0.0282X2
3(R

2 = 0.993; R2
Adj = 0.984) (2)

The mathematical regression model’s statistical results have been calculated. The
predicted values of the responses will ideally match the corresponding experimental
results if the value of R2 is equal to one. Equation (2) indicating the R2 value was
0.993. Themodel’s fit degree was high enough to account for 99.3 percentage surface
hardness values. The R2

Adj value (i.e., 0.984) is also high, promoting a high correla-
tionbetween theobservedvalues and thepredictedvalues.The actual versus predicted
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Table 1 BBD design matrix

Exp. Run Burnishing speed
(rpm)

Burnishing feed
rate (mm/rev)

Burnishing depth
(mm)

Surface hardness
(Hv)

1 30 40 7.5 2.25

2 150 40 7.5 2.49

3 30 60 7.5 3.34

4 150 60 7.5 4.53

5 30 50 5 1.5

6 150 50 5 2.73

7 30 50 10 4.53

8 150 50 10 4.97

9 90 40 5 1.14

10 90 60 5 2.7

11 90 40 10 4.02

12 90 60 10 4.81

13 90 50 7.5 3.86

14 90 50 7.5 3.92

15 90 50 7.5 3.63

16 90 50 7.5 3.8

17 90 50 7.5 3.79

values graph depicted in Fig. 2 clearly shows that the predictions made by the math-
ematical model are in good agreement with the experimental values. Hence, the
regression analysis is substantiating the model developed.

Fig. 2 Actual versus
predicted values
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4 Butterfly Optimization Algorithm

In the past, various researchers have gained a lot of attention from nature-inspired
metaheuristic algorithms. Butterfly optimization algorithm (BOA) is a part of the
same class of algorithms for optimization [8]. It is essentially inspired by the behavior
of butterflies foraging food [8]. In BOA, these butterflies are used as search agents
to optimize the process variables. Butterflies use their sense of smell, vision, taste,
touch and hearing to find a partner for food and mating. These senses also help
to migrate from one place to another, to escape from predator and to lay eggs in
suitable places. Among all these senses, smell is the most important sense that helps
butterflies find food, usually nectar, even far away. Based on different observations
behavior of the butterflies, the pseudo-code of butterfly optimization algorithm is
developed and given in ‘Algorithm 1’ [8].

Algorithm 1: Butterfly Optimization Algorithm

1: Objective function f(x) , x= (x1, x2,...xdim) , dim = no. of dimensions
2: Generate initial population of n butterflies xi = (i=1,2,...., n)
3: Stimulus Intensity Ii at xi is determined by f(xi) 
4: Define sensor modality c, power exponent a and switch probability p
5: While stopping criteria not met do
6:           for each butterfly bf in population do
7:                          Calculate fragrance for bf
8:           end for
9:           Find the best bf 
10:         for each butterfly bf in population do 
11:                        Generate a random number r from [0,1]
12:                if r < p then
13:                                      Move towards best butterfly / solution
14:                          else 
15:                                      Move randomly in the search space
16:                          end if
17:         end for
18:         Update the value of a 
19: end while
20: Output the best solution found.
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5 Optimization Through BOA Algorithm

The computer code for the BOA algorithm is developed inMATLAB environment as
selected for the easy convergence of the optimization problem using the regression
Eq. (2). Themain control parameters are sensor modality (c), power exponent (a) and
switch probability (p). On the basis of trail runs, these control parameters are selected
and the results obtained with these selected parameters are close to the optimum
results for the given problem. Figure 3 shows the evolution of the generations. The
figure shows that the optimal fitness value after 40 iterations is 5.09 Hv based on
the BOA algorithm. The corresponding optimized combinations of parameters are
shown in Table 2, respectively.

Following the selection of optimal process parameters, experiments were
conducted to check the corresponding induced surface hardness under the optimal
combination of process parameters. The obtained percentage of error between the
values predicted and the values tested in the experimental work. The calculated error
is found to be very small, confirming the excellent reproducibility of the experimental
conditions.

Fig. 3 Fitness curve with BOA algorithm

Table 2 Confirmation test results

Burnishing speed
(rpm)

Burnishing feed
rate (mm/rev)

Burnishing depth
(mm)

Surface hardness (Hv)

Predicted Experiment Error %

137.2 53.61 9.98 5.09 5.056 0.6679
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6 Conclusions

The main conclusions observed in this study are as follows:

• A Box–Behnken design effectively used for the experiment.
• The mathematical model developed using the RSM-BBDmethodology described

the relationship between the independent process parameters and surface hardness
at 95% confidence intervals.

• Anature-inspiredBOAalgorithmhas produced anoptimal combination of process
parameters to optimize the surface hardness of the roller burnished specimens.

• In the optimization,when the fragrance is 30, theBOAs search the global optimum
with reasonable convergence speed.

• The best possible optimumconditions of this burnishing process are the following:
137.2 rpm of burnishing speed, 53.61 mm per rev of burnishing feed rate and
9.98 mm of burnishing depth to yield the highest value of surface hardness which
is 5.09 Hv.
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Multi-objective Optimization of WEDM
Process Parameters Using NSGA-II
Algorithm

A. Tamilarasan , G. Sriram, S. Arumugam , D. Vijayan ,
D. Rajamani , and A. Venkata Akhil

Abstract In this paper, NSGA-II algorithm is applied to look for the variety of
optimum solutions in WEDM process problem. Four parameters, namely wire feed,
pulse-on time and pulse-off time, and two machining criteria, i.e., kerf width and
material removal rate, are, respectively, considered as input variables and responses.
The obtained results showed that the proposed NSGA-II algorithm is an effective
and appropriate strategy for optimizing the process of WEDM machining process
parameters.

Keywords WEDM · Kerf width ·MRR · NSGA-II algorithm · Optimization

1 Introduction

Wire electrical discharge machining (WEDM) is an essential machining technique
to produce complicated cut outs through hard to machine metals without the use of
high-cost grinding or expensive formed tools [1].The most important performance
measurements are material removal rate (MRR), machined surface roughness (SR)
and kerf, i.e., cutting width(KW). Significant research has been carried out in the
field of WEDM process by various researchers. Faisal and Kumar [1] implemented
a multi-objective optimization for the EDM process of EN31 steel for MRR and
roughness parameter by means of PSO and BBO techniques. Mohanty et al. [2]
optimized the EDM process parameters using utility concept and QPSO algorithm.
The demonstrated results showed the good convergence and computational effort
of QPSO algorithm. Ma et al. [3] proposed an integrated optimization model for
WEDM using Gaussian process regression and wolf pack algorithm approach in
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machining of SiCp/Al composite. Critical review of the past studies suggests that
a significant amount of work is dedicated to technological improvement and statis-
tical and numerical modeling to improve and analyze WEDM processes. In view of
this, the current study focuses on multi-objective optimization of WEDM process
parameters using NSGA-II algorithm for multiple performance characteristics viz.
kerf width and MRR which are functions of selected process variables.

2 Experimental Methodology

Response surface methodology is an effective design of experiment approach for
statistical evaluation of the relationship between independent variables and the
responses [4–6]. In thiswork, central composite design (CCD) is selected and consists
of 2n factorial runs (coded to the usual ± notation) with 2n axial runs (±α, 0, 0, …,
0), (0, ±α, 0, 0, …, 0), …, (0, 0, …, ±α) and accentor runs (six replicates, 0, 0,
0, …, 0). The main objective of this work is to identify the mathematical models
describing the response dependence on the three parameters of viz., wire feed (X1),
pulse-on time (X2) and pulse-off time (X3). An empirical model has been developed
to correlate the response toWEDM process and is based on a quadratic second-order
model as

Y = β0 +
k∑

i=1

βi xi +
k∑

i=1

βi i x
2
i +

∑

i< j

βi j xi x j (1)

where Y is the response, xi (1, 2, …, k) are the independent k quantitative process
variables, β0 is a constant and β i, β ii and β ij are the coefficients of linear, quadratic

and interaction terms. The ranges of the three factors (i.e., wire feed: 4–8mm/min;
pulse-on time: 100–125 s; pulse-off time: 50–60 s) can be defined based on the
previous experience and engineering analysis. A WEDM was selected as a machine
tool by Sodick (Model: VL600Q), India (Fig. 1). High-strength low-alloy, 100mm×
350mm× 10mmworkpiece material, is used. This steel finds its wide application in
the manufacture of high load bearing parts of cars due to its high strength-to-weight
ratio, components such as steering, chassis parts, door intrusions and suspension
parts. The kerf width was measured using the microscope of the Carl Zeiss tool
maker (100). The kerf width value is the average of three measurements per cut
piece length. First of all, the initial weight of the workpiece was taken before the
WEDM operation was performed. The MRR is calculated as

MRR = KW× T × Vc (2)

where KW is the kerf width, T the thickness of workpiece (10mm) andV c the cutting
speed. The final weight for the workpiece was then compared to the initial weight
and the difference between the two weights that yielded theMRR. Experiments have
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Fig. 1 Schematic of WEDM
process

been repeated twice to minimize the experimental error caused by noise factors .The
experimental results of measured responses are given in Table 1.

3 Mathematical Modeling

The mathematical models are produced on the basis of the proposed second-order
polynomial model using the Design–Expert software, which expressed the rela-
tionship between kerf width and MRR through the parameters of WEDM process.
The final model equations for both responses are determined by the actual factors
given by Eq. (3)–(4). The model demonstrates that the experimental data were accu-
rately described, and that, the correlation between the three variables was successful.
Furthermore, The R2, adjusted R2 values are 98.28% and 98.23%, respectively, for
KWmodel, while theR2, adjustedR2 are 99.81% and 99.67%, respectively, forMRR
model.

KW = −1898.5335+ 44.9143X1 + 11.3961X2 + 42.0062X3

− 0.11980X1X2 − 0.06184X2X3 − 2.0431X2
1 − 0.0301862X2

2

− 0.29275X2
3(R

2 = 0.9828; R2
Adj = 0.9823) (3)

MRR = +2852.14455− 31.2237X1 − 24.49425X2

− 49.36818X3 + 0.10423X1X2 + 0.15144X2X3 + 1.34445X2
1

+ 0.065519X2
2 + 0.3106X2

3(R
2 = 0.9981; R2

Adj = 0.9967) (4)
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Table 1 CCD design matrix with responses

Exp. Run Process parameters Responses

X1: wire feed X2: pulse on
time

X3: pulse off
time

KW (micron) MRR
(mm3/min)

1 8 125 60 165.71 60.037

2 4 100 60 134.55 42.828

3 4 125 60 144.45 16.097

4 6 112.5 55 160.48 9.033

5 6 112.5 63.4 163.25 61.367

6 6 133.52 55 153.05 42.565

7 4 125 50 126.94 55.010

8 4 100 50 100.34 46.909

9 6 112.5 55 156.34 46.157

10 2.63 112.5 55 109.28 21.951

11 8 100 50 134.45 64.576

12 6 112.5 46.59 108.14 31.022

13 8 125 50 147.83 26.693

14 6 112.5 55 156.45 54.920

15 6 112.5 55 156.37 18.494

16 6 91.47 55 133.06 18.757

17 8 100 60 166.55 18.795

18 6 112.5 55 161.74 18.547

19 6 112.5 55 161.54 17.345

20 9.36 112.5 55 157.28 19.291

4 NSGA-II Algorithm

Srinivas and Deb [7] proposed a modified version of fast elitist multi-objective opti-
mization algorithm of NSGA-II. The algorithm generates a set of evenly distributed
solutions using non-dominated sorting and a crowded-comparison approach. The
step-by-step procedure of algorithm is as follows:

1. Set the initial run parameters for the algorithm, viz. population size (N),
maximum number of generations (gmax), crossover probability (Pc), mutation
probability (Pm; generation, g = 0).

2. Randomly create an initial population Pg of size N with a good coverage of the
search space and thereby have a diverse gene pool with potential to explore as
much of the search space as possible.

3. Evaluate the objective values and rank the population using the concept of domi-
nation. Each solution is assigned a fitness (or rank) equal to its non-domination
level (1 is the best level, 2 is the next best level and so on).
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4. Perform the crowding sort procedure and include the most widely solutions by
using crowding distance value.

5. The child populationQg is produced from the parent population Pg using binary
selection, recombination and mutation operators.

6. Then, the two populations are combined together to produce Rg (=Pg U Qg),
which is of size 2 N.

7. After this, the population Rg undergoes non-dominated sorting to achieve a
global non-domination check.

8. The new population Pg + 1 is filled based on the ranking of the non-dominated
fronts.

9. Since the combined population is twice the size of the population size N, all
the fronts are not allowed to be used. Therefore, a crowding distance sorting is
performed in descending order and the population is filled. Thus, for this new
population Pg + 1, the whole process is repeated.

10. Update the number of generations, g = g + 1.
11. Repeat steps 3–10 until a stopping criterion is met.

5 NSGA-II Algorithm-Based Optimization of Parameters

Based on the empirical relationships obtained, NSGA-II algorithm is implemented
in the MATLAB environment. The problem has two conflicting goals: minimizing
the kerf width and maximizing the material removal rate. Maximization of MRR
has been converted into minimization by taking it in reverse and only takes the
problem of minimization. The range of lower and upper limits is set by LB = [4
100 50]; UB = [8 125 60]. The control parameters are adjusted to achieve the best
solutions. Finally, following several simulations, the tuned parameters were selected
to obtain the best optimal Pareto solutions. The parameters are: population size
= 200, crossover probability = 0.9, generation number = 1000. Table 2 shows a
set of 25 solutions with appropriate WEDMed conditions. The choice of important
response (KWorMRRor combined)within the experimental range is very important
because the process parameters selected are determined to improve the efficiency
of production and quality of the cut specimens. The process engineer can select
any of the optimal cutting conditions solutions for the optimal Pareto solution set,
depending on the requirements. Since, it is observed from the Table 2, none of the
solutions in the non-dominated set are better than any other solution in the set. A
little consideration has shown that it is more desirable to boost productivity at higher
MRR. The appropriate solutions are 1, 8 and 15, while the kerf width values will be
compromised. In same way, the solutions of 3, 5 and 19 were noted for obtaining
the minimum kerf width. And, MRR values are compromised. Similarly, with one
response at a time, the other responses are compromised. The remaining solutions
are treated with minimal kerf width during the WEDM process to obtain balanced
higher MRR values.
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Table 2 Optimal combination of parameters

Sol. Set X1 X2 X3 KW MRR

1 4.001 100.11 50.101 97.622 61.509

2 4.0039 119.34 50.005 120.98 20.199

3 5.1852 123.6 50.005 136.46 10.624

4 4.0301 119.59 50.014 121.56 19.776

5 6.8196 123.68 50.002 145.57 7.0254

6 4.5468 123.45 50.017 129.95 14.025

7 5.6196 123.63 50.04 140.13 8.9793

8 4.0043 105.87 50.004 107.17 43.749

9 4.0202 112.6 50.009 115.71 28.865

10 4.0043 106.12 50.005 107.53 43.101

11 4.0314 121.26 50.026 122.56 18.562

12 4.9642 123.46 50.029 134.48 11.703

13 4.0049 107.13 50.007 108.95 40.528

14 4.7251 123.51 50.033 132.04 12.967

15 4.0049 102.74 50.008 102.42 52.625

16 4.0101 105.07 50.003 106.09 45.84

17 4.009 109.32 50.007 111.85 35.397

18 4.0063 105.26 50.009 106.35 45.337

19 6.1859 122.69 50.011 143.26 7.6983

20 4.0034 110.48 50.007 113.14 33.007

Finally, the first three sets of WEDMed solutions were selected to verify the
predicted KW andMRR values through experimental work. The optimal parameters
and experiment are presented in Table 3. Between the predicted optimum values and
the optimum values obtained from the experiment, there is a good agreement based
on Table 3.

Table 3 Validation of predicted optimal results with experiment

Sol. Set X1 X2 X3 KW MRR

Predicted/experiment Predicted/experiment

1 4.001 100.11 50.101 97.622/97.01 61.509/60.245

2 4.0039 119.34 50.005 120.98/119.78 20.199/19.874

3 5.1852 123.6 50.005 136.46/136.12 10.624/9.232
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6 Conclusions

This article presented a RSM and NSGA-II application to select the optimum combi-
nation values of WEDM process parameters affecting both kerf width and MRR
values in cutting of HSLA steel. Based on that, the following conclusions have been
drawn from the present work:

• Mathematical models for kerf width and MRR were developed and statistically
validated using RSM through the understanding of four process variables.

• Amulti-objective optimization approach based on NSGA-II is proposed to obtain
Pareto-optimal solutions.

• Experiments have verified the optimal parametric setting obtained by NSGA-
II algorithm and the proposed hybrid approach can be effectively utilized for
optimization of WEDM process parameters.
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Water Quality Index and Correlation
Study of Temple Ponds in Kanchipuram,
Tamil Nadu, India

P. Meenakshi and G. Sriram

Abstract This research work aims to accept the quality of water in temple ponds in
Kanchipuram. The water quality parameters such as pH, DO, total dissolved solids,
chlorides, sulphates, iron and biological parameter like total coliforms were tested
for temple pond water. The results were evaluated and compared with ISI-IS: 2296–
1982 and BIS standards. The results show according to Class C standards the pond
water was medium and good quality so the water nature is drinking water with usual
treatment next by disinfection. Presence of dissolved oxygen according to Class C
standards majorly affects the water quality. Dharmalingeswarar temple pond water
is majorly affected and it having very poor quality. Correlation and regression values
were calculated by using SPSS software. Analysis result shows TDS having good
positive correlation between chloride (r = 0.989) and sulphate (r = 0.970). Chloride
shows good positive correlation with SO4 (r = 0.988). Results obtained from this
study shows that the analysed temple pond water was fit for surface water.

Keywords WQI · Pond water · Correlation · Regression

1 Introduction

The water near in surface sources ponds [1], lakes, rivers, hydraulic structure dams,
etc., which is only use by peoples for engineering [2], houses and farming purposes.
Some pond water has heavy metals also like sulphur [3], iron, etc. Temple pond
water having seasonal changes [4] due to the environment this causes the change
of quality of water [5]. In this temple pond, [6] also one of the structure to store
water and it is used for increasing the groundwater level. Kancheepuram is situated
in south-west direction at a distance of 76 km from Chennai. Kanchipuram [7] has
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a divine river Vegavathi, and a tributary of the river Pallar. Kancheepuram covers an
area of 36.14 km2 and has an elevation of about 83 m (275 ft.) above sea level. The
term water quality index [8] give a symbol of how fitting the water for human use.
The index [9] transforms a many quantity of variables data into a solo number, which
represent the water worth stage. The strength and direction of the linear relationships
between pairs of variables can be measured by correlation coefficients [10, 11]. To
study the relationship [12] between one dependent and one independent [13] variable
regression is used [14]. The study [15, 16] was conducted on March 2017, mainly
related to knowing the nature of the temple pond water and how it is related to
drinking water nature. Kanchipuram is highly holiest city and vigorously developing
in industry side also, so tomaintain the city holy and save water in ponds, the analysis
temple pond water is at present very important. Renovation of ponds is important
topic at present scenario.

2 Materials and Methods

The present survey was undertaken to estimate the worth of temple pond water in
Kanchipuram. Seventeen stations were identified for sampling in Kanchipuram. The
location and level of water in temple pond is shown in Table 1.

The studywas conducted in the period ofMarch 2017. The sampleswere collected
in pre-cleaned polyethene bottles, immediately brought to the laboratory and anal-
ysed for various physicochemical parameters and total coliform count. The results
were verified with ISI-IS: 2296–1982 standards. As per the standards the water
classified into Class A to Class E. The details are given below.

(Class—A)=Water used for drinking without usual action but after disinfection.
(Class—B) = Bathing.
(Class—C)=Water used for drinking with usual treatment but after disinfection.
(Class—D) = Culture of fish and wildlife circulation.
(Class—E) = Irrigation, industrial waste removal.

2.1 Water Quality Index—(WQI)

WQI means worth of water in terms of digit. This number will give the quality of
water. It also indicates the relativeweight of each parameter. The computation ofWQI
was done using weighed arithmetic index method. There is number of parameter in
the water sample result qn represents the quality of nth parameter in the water sample
with reference to standard permissible value.

Quality rating (qn)

= 100(observed value− ideal value)/(Standard value− ideal value).
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Table 1 Temple name with
level of water

Pond No. Name of the temple Level of pond water

P1 Lakshmi narayana
temple

Low

P2 Kamakshi amman
temple

Medium

P3 Kailasanathar temple Medium

P4 Kasi viswanathar
temple

High

P5 Astabhujakoram temple Low

P6 Puniya kotteswarar
temple

Low

P7 Kusala kottam Low

P8 Kachabeshwarar temple Medium

P9 Varadharaja perumal
temple (front side)

Medium

P10 Varadharaja perumal
temple (back side)

Low

P11 Sonnavannam Saitha
perumal temple

Low

P12 Dharmalingeswarar
temple

Medium

P13 Ekambareswarar
temple

Medium

P14 Santhaleeswarar temple Low

P15 Vilakoli perumal
temple

Low

P16 Kailasanathar temple High

P17 Thamarai kulam High

Ideal value = 0 except in pH, dissolved oxygen parameters.
Calculation of quality rating for pH and DO.
Quality rating (qn) for pH = 100 (observed value for pH – 7)/(8.5 – 7) and
Quality rating (qn) for DO= 100 (observed value for DO– 14.60)/(15.00 – 14.60).
Unit weight (Wn)= proportionality constant (k)/standard acceptable value given

for nth parameter (sn).
WQI value is calculated by the following equation.

WQI =
∑

(wnqn)/
∑

wn (1)

Water quality index and category value of water quality as shown in Table 2.
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Table 2 Water quality index
(WQI) and category value

S. No. Category value WQI

1 Excellent nature of water (0–25)

2 Good nature of water (26–50)

3 Poor nature of water (51–75)

4 Very poor nature of water (76–100)

5 Unfit for drinking (>100)

3 Results and Discussion

Analysis of pond water is in the period of March 2017 shows the results in Table 3.
All the results were compared with Class C standards of ISI-IS: 2296–1982.

3.1 PH

The pH value [16] indicates the measure of the hydrogen ion application in water.
The pH value depends on the impurity enter into the water. According to Class C

Table 3 Observed values of parameters for temple pond water

Pond No. pH DO (mg/l) TDS (mg/l) CL (mg/l) SO4
(mg/l)

Fe
(mg/l)

TCC
(MPN)

P1 7.44 6.7 230 38 25 0.54 1800

P2 8.42 6.2 382 104 49 0.67 500

P3 7.47 7.3 161 23 10 0.72 500

P4 7.42 7.1 618 171 94 0.82 880

P5 7.4 7.4 573 159 87 0.68 1800

P6 7.47 7.9 305 61 24 0.53 500

P7 7.59 7.3 306 63 29 0.46 500

P8 7.25 7.6 159 38 16 0.37 820

P9 7.85 6.9 165 37 19 0.42 500

P10 7.48 7.9 424 94 39 0.54 2300

P11 7.94 6.7 932 244 118 0.74 1200

P12 9.07 6.2 1326 403 187 0.82 1440

P13 7.45 6.8 132 37 14 0.65 500

P14 7.76 6.8 676 165 72 0.65 800

P15 7.85 6.7 835 202 83 0.58 1200

P16 7.96 6.8 574 136 67 0.46 620

P17 7.4 7.2 425 96 32 0.67 1800



Water Quality Index and Correlation Study of Temple Ponds … 417

standards, the maximum limit is 8.5. Measured pH value ranging between 7.25 and
9.07. Test results show maximum temple ponds having a pH value less than 8.5.
Dharmalingeswarar temple (P12) only having greater pH value 9.07. The high pH
value indicates that the water is alkaline. The pH is considered as a derived water
contaminant whose impact is considered a visual alarm.

3.2 Dissolved Oxygen

It means the stage of free, non-compound oxygen here in water. The quality of water
[15] is majorly depends on DO because it indicates the amount of living organisms
present in water. It enters the water through the air slowly or mixed quickly by
aeration process. Bacteria and fungi need dissolved oxygen for decomposition and
this process is main for nutrient recycling. Dissolved oxygen value varies between
6.2 and 7.9 mg/l. In the test result, all pond water having DO value greater than
standard value 4. It majorly affects the water quality index.

3.3 Total Dissolved Solids

TDS indicates the presence of mineral content [4] of water. It refers to the presence
of salts like sodium, chloride, calcium, magnesium, potassium, sulphates and bicar-
bonates. Presence of any one mineral greater than the limit causes the health risk.
Commonly high TDS causes diarrhoea, corrosiveness, scaling and less effectiveness
of detergents. Total dissolved solids value ranges between 161 and 1326 mg/l. The
result shows all measured values with in the limit so TDS not affect the water quality
in all temple ponds.

3.4 Chloride

Chloride is a salt naturally present inwater, it can easily dissolve inwater and transport
into another place through groundwater. Chloride salt is important for functioning
kidney, the nervous system and nutrition. No health effects created by chloride alone.
If it combines with sodium and exceeds the limit can cause heart disease or kidney
disease. Chloride value ranges between 21 and 403 mg/l. According to test results
chloride is the minimum value comparing with standards for all 17 temple pond
water.
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3.5 Sulphate

One of the natural materials is sulphate. It contains sulphur [3] and oxygen. It majorly
present in soil. Combustion of fossil fuels releases sulphur oxides to the atmosphere,
it converted into sulphate. Decomposition of plant and animal may release sulphate
into the water. Sulphate individually non-toxic. The combination of magnesium or
sodiumsulphatemay cause diarrhoea and dehydration. Sulphate value varies between
10 and 187 mg/l. Sulphate is with in the limit for all 17 temple water.

3.6 Iron

Fe is the natural material present in soil. Iron is important for energy metabolism.
Deficiency of Fe causes anaemia. It present in natural food also. It is the main a
component of haemoglobin, it transports oxygen and carbon dioxide in the blood.
Less iron causes toxicity; more value damage blood vessels, liver and kidneys. Iron
value varies between 0.37 and 0.82mg/l. Iron value iswithin the limit for all sampling
points so it does not affect the quality of water.

3.7 Total Coliform Count

Total coliforms means a group of bacteria [16] present in water. Disease-causing
bacteria, viruses in drinking water varied from area to area. Commonly it causes
vomiting and diarrhoea. Major value affects the lungs, skin, eyes, nervous system,
kidneys or liver. Total coliform count varies between 500 and 2300 MPN. These
values are with in the limit according to surface water standards.

The above result shows total dissolved solids, chloride, sulphate, iron, total
coliform count is within the standard limit according to Class C ISI-IS: 2296-1982
standards.

3.8 Water Quality Index

Calculation of element weight of each parameter is indicated in Table 4.
The WQI valued of each temple pond water is shown in Table 5.
WQI [2] shows the quality of water, most of the pond water in poor quality up to

13 temples, two temple pond water good quality, one temple pond water very poor
quality. The overall water quality index status for 17 temple pond water is shown in
(see Fig. 1).
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Table 4 Unit weight of
observed parameters

Parameter ISI-IS: 2296–1982 Class C
standards

Unit weight (Wi)

pH 8.5 0.29975

DO 4 0.63697

TDS 1500 0.00169

Cl 600 0.00424

SO4 400 0.00637

Fe 50 0.05095

TCC 5000 0.00051

1.00051

Water quality index is majorly affected due to the excessive presence of dissolved
oxygen. Next, the variation of PH value is also next affects the water quality index.
Dharmalingeswarar temple pond water having very high pH value, TDS, chloride,
sulphate and iron value also high compared to other temple pond water so it is under
very poor quality.

3.9 Correlation and Regression Analysis

There is a good positive correlation [12] between TDS with Cl (r = 0.989), with
SO4 (r = 0.970), with pH (r = 0.689) and negative relationship with DO (r = −
0.473). Chloride gives good positive correlation with sulphate (r = 0.988), with pH
(r= 0.729) and negative relationship with dissolved oxygen (r=−0.502). Similarly,
good positive correlation between Fe with Cl (r = 0.599), with TDS (r = 0.599)
with SO4 (r = 0.617). Dissolved oxygen shows negative correlation with TDS (r =
−0.473), chloride (r = −0.502), sulphate (r = −0.503), iron (r = −0.390).

Correlation analysis results are shown in Table 5.
Regression equation of observed parameters is shown in Table 6.
Linear regression between TDS with SO4, Cl is shown in (see Fig. 2). Linear

regression between Fe with SO4, Cl is shown in (see Fig. 3). Linear regression
between pH with SO4, Cl is shown in (see Fig. 4).

4 Conclusion

The present study shows that the quality of water in 17 number of temples taken in the
month of March 2017. As per the Class C standards for surface water quality given
by ISI-IS: 2296–1982 only two number of temple ponds shown the good quality and
the remaining 14 numbers of temples came under poor quality. The higher value of
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Fig. 1 Status of water
quality index for temple
pond water

Table 6 Regression equation of observed parameters

Dependent variable (Y ) Independent variable (X) R2 Regression equation (Y = aX + b)

TDS SO4 0.940 Y = 6.731 X + 101.6

Cl 0.978 Y = 3.277 X + 84.40

Fe SO4 0.380 Y = 0.001 X + 0.506

Cl 0.358 Y = 0.000 X + 0.507

pH SO4 0.495 Y = 0.006 X + 7.329

Cl 0.531 Y = 0.003 X + 7.305

Fig. 2 Linear regression
between TDS with SO4, Cl.

Fig. 3 Linear regression
between Fe with SO4, Cl
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Fig. 4 Linear regression
between pH with SO4, Cl

DO obtained from the results does not have any impact on the surface water bodies.
The parameters such as pH and TCC were very high in Dharmalingeswarar temple
pond and make it as very poor quality. Hence, this pond water needs full-fledged
treatment process for further use and the remaining ponds require normal treatment
process for other than domestic needs.
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Comparative Corrosion Behaviour
of Ferrous and Non-ferrous Metals
in Bio-lubricant and Bio-diesel
Environment

R. Ellappan, S. Arumugam, R. Sundararajan, and K. Venkatesh

Abstract Major cause for the deterioration of metals in automotive engine compo-
nents is due to the corrosive effect of bio-fuels as well as bio-lubricant. This study
compares the corrosive behaviour of rapeseed oil bio-lubricant and petroleum lubri-
cant on ferrous and non-ferrous metals. Rapeseed oil bio-lubricant and petroleum
lubricant with 10% by volume of rapeseed bio-fuel blend are used for conducting
static immersion tests for the period of 2880 h at room temperature. The changes in
properties of oils like density and kinematic viscosity were examined for the different
metals exposed under bio-lubricant and petroleum lubricant. The corrosion rates of
metallic coupons are evaluated byweight loss basis. Degradation ofmetallic surfaces
was characterized by digital camera (visual testing) and SEM. Static immersion test
studies show that the non-ferrous metals are more prone to corrosion comparatively
ferrous metals exposed in bio-based fuels and lubricants.

Keywords Corrosion · Bio-lubricant · Corrosion rate · Degradation

1 Introduction

Bio-fuels and bio-lubricants have better degradation tendency compared with
conventional fuels and lubricants. Savita kaul et al. [1] observed that the usage of
bio-diesel shows notable corrosion on metallic parts of diesel engine compared with
conventional diesel fuel. Numerous literatures reported that the usage of bio-fuel
promotes corrosion on engine component materials and fuel supply systems [2–10].
Haseeb et al. [2] concluded that the copper and leaded bronze show higher corrosion
rate in bio-diesel as compared with neat diesel, and the evidence of degradation is
noticed by increased TAN and oxidation rate and hygroscopic nature of bio-fuel.
Fazal et al. [3] observed that the weight loss and corrosion rate of copper increased
due the presence of oxygen moieties and fatty acids and higher moisture absorption
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nature of bio-fuels. Increase in temperature leads to promote corrosion in both neat
diesel and bio-diesel [4].

Haseeb et al. [5] explored that the metallic component of automobile can undergo
tribo-corrosion attacks and also elastomers seems to degrade to a greater extent in
bio-diesel. Fazal et al. [6] studied that the bio-diesel feasibility in automobiles with
materials compatibility and concluded that long-term test leads to loss of lubricity
due to its corrosive and oxidative nature. Enzhu hu et al. [7] compared that the
exposure of ferrous and non-ferrous meats over rapeseed oil bio-fuel. The corrosion
rate of copper is slightly higher than the rest of the metals with immersion time and
temperature. Singh et al. [9] reviewed that the stainless steel is having significant
corrosion resistant in bio-diesel compared with other metals.

Palm bio-diesel promotes corrosion due to the presence of functional groups and
greater amount of water content [11]. Chew et al. [12] noticed higher corrosion
rate of magnesium compared to that of aluminium exposed in bio-diesel, increase
in TAN limit proved the degradation of metals in bio-diesel. Static immersion test
reveals that the B100 fuel blend shows increased TAN and B0 fuel blend measured
lowest TAN value [13]. Arumugam et al. [14] conducted static immersion test under
high temperature environment for ferrous and non-ferrous metals exposed under
rapeseed-based bio-lubricant and petroleum base lubricant, on ferrous metals found
more corrosive than ferrous metals in terms of corrosion rate.

2 Materials and Methods

2.1 Material Selection and Sample Preparation

Selection of materials for corrosion studies under lubricant atmosphere is mainly
based on the major constituent of engine component materials, therefore, the ferrous
materials in diesel engine cast iron as liner and medium carbon steel as timing
gears and non-ferrous metals like copper, aluminium and brass were used in big end
bearings of crank shaft were taken for testing. All the samples were cut from round
bars and polished by using 80–1600 grade silicon carbide emery sheets. Before the
start immersion, all the metal coupons were cleaned for removing the oiliness and
other contaminants by using acetone and ultrasonic cleaning with absolute ethanol
as per ASTM G1 std [11], and rapeseed-based bio-lubricant and synthetic lubricant
were added with 10% B20 bio-diesel to correlate the probability of fuel dilution in
the normal diesel engines for corrosion studies (Fig. 1).
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Cast Iron Mild Steel Copper Aluminium Brass

Fig. 1 Test coupons before testing

Cast Iron AluminiumCopperMild Steel Brass

Fig. 2 Materials immersed in petroleum lubricant diluted with bio-diesel

Cast Iron Mild Steel Copper Aluminium Brass

Fig. 3 Materials immersed in bio-lubricant diluted with bio-diesel

2.2 Experimental Methods

Each metal coupon for test was immersed in the cylindrical glass beakers contains
bio-lubricants and petroleum lubricants separately for corrosion studies under static
condition at room temperature for the duration of 2880 h [11]. The metal coupons
immersed in both the lubricant were cleaned to remove the corrosion products on the
metal surfaces by exposing themetal coupons about twice for 5–10 s in 10–15%HCL
with Clarke solution, consequently, the metal coupons were cleaned using acetone
and dried and instantly weighed of weigh balance with 5 decimal accuracy to account
the weight loss for evaluating corrosion rate (Figs. 2 and 3).

3 Result and Discussions

3.1 Visual Examinations

Figures 4 and 5 show that the change of colour on the tested ferrous and non-ferrous
metal coupons in both bio-lubricant and petroleum lubricant.Among all the change of
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Cast Iron Mild Steel Copper Aluminium Brass

Fig. 4 Test coupons exposed in petroleum lubricant

Cast Iron Mild steel Copper Aluminium Brass 

Fig. 5 Test coupons exposed in bio-lubricant

colour in the copper coupon shows comparatively darker than the synthetic lubricant
environment.

3.2 3.2 Corrosion Rate Evaluation

Corrosion rate is the amounts of metals which deteriorate in specific environment
condition. Metal degradation was evaluated as corrosion rate and it is expressed in
MPY (mils per year). The corrosion rate can be calculated using the equation given
below,

Corrosion Rate (MPY) = w × 534

D × T × A

where w—weight loss in the metal in mg, D—density of the metal in g/cm3, A—
exposed surface area of themetal in in2, T—time of exposure of themetal in lubricant
in h= 2880 h. The density of each metal at 20 °C is taken from the heat transfer data
book and the weight loss is calculated from the weight of the specimens measured
before and after testing, which is converted into corrosion rate by substituting the
values in the above equation, and the results are tabulated in Table 1. From the table,
it can be found that for the coupons tested in bio-lubricant shows slightly increase
corrosion rate compared with petroleum lubricant in the order given below.

3.3 Surface Morphology Analysis

Scanning electron microscope (SEM) is used to analyse the qualitative differences in
the surfaces before and after the static immersion test in bio and petroleum lubricant



Comparative Corrosion Behaviour of Ferrous and Non-ferrous … 429

Table. 1 Corrosion rate of bio-lubricant and petroleum lubricant

Bio-lubricant Petroleum lubricant

S. No. Metal Density
at 20 °C
(g/cm3)

Area
(in2)

Weight
loss W
(mg)

Corrosion
rate
(MPY)

Area (in2) Weight
loss W
(mg)

Corrosion
rate
(MPY)

1 Cast iron 7.20 3.5145 0.005 0.000036 3.4988 0.004 0.000029

2 Mild steel 7.85 1.1501 0.003 0.000061 1.1550 0.002 0.000040

3 Copper 8.96 0.8752 0.013 0.00030 0.8747 0.003 0.000070

4 Aluminium 2.78 1.4517 0.002 0.00009 1.4611 0.001 0.000045

5 Brass 8.73 1.7985 0.006 0.000070 1.7972 0.003 0.000035

through high-resolution imaging technique. The SEM images of ferrous and non-
ferrous metals before and after testing in bio and petroleum lubricants are shown and
discussed below.

3.3.1 Cast Iron

Cast iron surface exposed in bio-lubricant shows some non-metallic deposits on cast
iron surface. There is no significance change on the surface exposed in petroleum
lubricant. Mild steel surface exposed in petroleum lubricant shows severe colour
change, and the surface exposed in bio-lubricant shows that the deposits of non-
metallic compounds through the surface. In case of brass surface exposed in bio-
lubricant as well as petroleum lubricant found more number of small pits can be
found throughout the surface which shows that pitting corrosion has taken place.
Copper surface exposed to petroleum lubricant showsmore number of pits throughout
the surface similar to brass. Whereas the coupon exposed to bio-lubricant shows
drastic change in base metal of copper indicates that copper surface is more prone
to corrosion. Aluminium surface exposed in petroleum lubricant shows changes in
colour and slight distortion on the surfaces, but the coupon exposed in bio-lubricant
shows severe colour change on the surface and mild distortion on base metal (Fig. 6).

3.3.2 Mild Steel

See Fig. 7.

3.3.3 Brass

See Fig. 8.
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Fig. 6 SEM images of cast iron, a surface in petroleum lubricant, b surface in bio-lubricant

Fig. 7 SEM images of mild steel. a Surface in petroleum lubricant, b surface in bio-lubricant

Fig. 8 SEM images of brass. a Surface in petroleum lubricant, b surface in bio-lubricant

3.3.4 Copper

See Fig. 9.
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Fig. 9 SEM images of copper. a Surface in petroleum lubricant, b surface in bio-lubricant

Fig. 10 SEM images of aluminium. a Surface in petroleum lubricant, b surface in bio-lubricant

3.3.5 Aluminium

See Fig. 10.

4 Conclusions

The effect of lubricant on different metals which comprises in the engine compo-
nents associated with lubrication oil was analysed under static immersion test. From
the above study, corrosion rate, surface morphology and lubricant properties were
examined, comparing the results before and after testing shows that the corrosion
in bio-lubricant is slightly higher than the petroleum lubricant. Upon the exposure
to different metals tested copper is more prone to corrosion in bio-lubricant. Other
metals such as cast iron and mild steel, brass and aluminium does not show signifi-
cant corrosion and also found that more corrosion resistant in both bio and petroleum
lubricant environment. To correlate with the real-time application of lubricant further
study is needed for bio-lubricant in high temperature environment will provide the
effect of temperature that promotes the oxide films leading to corrosion on the
metallic surfaces due to degradation of lubricant.
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Multi-response Optimization
and Mechanical Behaviour
of Al–Cu/Al–Mg–Si Alloys by Dissimilar
Friction Stir Welding

R. Dinesh Kumar, S. Pradeep, and S. Muthukumaran

Abstract AA2024 (Al–Cu alloy) and AA6061 (Al–Mg–Si alloy) are joined by
friction stir welding (FSW) technique. The process parameters are selected using
Taguchi L9 orthogonal array and optimization was carried out in two modes, namely
single response by ANOVA and multi-response by grey relational analysis (GRA).
ANOVA results revealed that rotational speed has the maximum influence on ulti-
mate tensile strength (UTS) and yield strength (YS), whereas traverse speed domi-
nates in percentage elongation and impact strength. The weld trial with parameter
60 mm/min, 1000 rpm and threaded shoulder is found to be optimal through GRA
with the responses such as 221MPa ultimate tensile strength, 184MPa yield strength,
15.1% elongation and 7.86 J impact strength. The validation of predicted and exper-
imental response shows very minimal error of 2%. The microstructural study reveals
finer grains in the weld nugget and formation of an onion ring. The tensile studies
indicated the failure of welded joints at the heat affected zone of AA6061 alloywhich
is further confirmed by hardness studies.

Keywords Dissimilar material · Multi-response optimization · Onion ring ·
Hardness

1 Introduction

Aluminium alloys are widely used in the structural components such as construction
of frames, pipelines and storage tanks in the aerospace andmarine industries [1]. The
fusion welding of aluminium alloys leads to defects like hot cracking, gas porosity
and thermal distortion [2]. Al–Cu and Al–Mg–Si aluminium alloys are generally
termed as nonweldable/heat treatable aluminium alloys that could lose its stability
and strength gained by heat treatment in fusion welding [3, 4]. Friction stir welding
(FSW) is a revolutionary solid-state welding process invented by Wayne Thomas
of The Welding Institute (TWI), UK and patented in 1991 [5]. The shoulder profile
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and tool pin profile that helps to improve the strength by forging action on the first
mode and regulating the metal flow pattern in first and second mode of metal transfer
[6]. AA2024 on advancing side leads to the formation of elongated particles such as
Al2Cu and Mg-Si which increases the strength subsequently leaving it on retreating
side generates Al–Si and Mg–Si which offers better corrosion resistance in the weld
nugget [7]. The fatigue behaviour of the joint is found improved on fixing harder
material on the advancing side [8]. Most of the research concentrate on advancing
and retreating side, apart from that very few researchers have worked in presenting
both individual and combined effect of a process parameter such of rotation speed,
traverse speed and tool profile, and this research mainly focus optimizing various
process parameter to improve the weld quality and microstructural correlation with
strength and hardness.

2 Experimental Procedure

The AA2024 and AA6061 were cut into rectangular samples of dimensions 110 ×
60 × 6 mm and welding was done using FSW machine. The chemical composition
results for the base material were shown in Table 1.

The welding tool used in this study was D3 tool steel, which was heat treated
and tempered before welding. The various tool profiles used in this work include
concave shoulder taper threaded pin, flat shoulder taper threaded pin and threaded
shoulder taper threaded pin as shown in Fig. 1. The process parameters are used in

Table 1 Chemical composition of the Al alloys [1]

Alloy (wt%) Mg Mn Cu Fe Si Cr Zn Ti Al

AA2024 1.5 0.6 4.35 0.5 0.5 0.10 0.25 0.15 Remaining

AA6061 1 0.15 0.27 0.7 0.6 0.19 0.6 0.15 Remaining

Fig. 1 Tool profile a flat shoulder, b concave shoulder and c threaded shoulder
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Table 2 Mechanical properties of AA2024 and AA6061 base metals [3]

Alloy UTS (MPa) YS (MPa) Elongation (%) Hardness (Hv)

AA2024 464 344 16 137

AA6061 317 286 10 75

welding were shown in Table 3. AA2024 was placed on the advancing side (AS)
because of its greater mechanical strength. Then, the welded samples were cut using
wire electric discharge machining for tensile testing as per ASTM E8 standard and
for characterization studies. The tensile studies were carried out with the strain rate
of 1 mm/min. Vickers microhardness test was carried out with a load of 500 mg
with a dwell time of 15 s across the weld sample. V-Notch specimens were cut
as per ASTM E370 standard and the tests were conducted to estimate the impact
strength of the welded sample. The macrostructure and microstructure analysis of
the weldments were done by stereo and optical microscopes which are properly
etched with Poulton’s reagent (Table 2).

3 Results and Discussion

Tensile and impact results are calculated after testing are shown in Table 3.MINITAB
software is used to predict the optimized parameter and to analyse the influence of
different process parameters on the weld quality. There are two methods adopted
in this process to calculate the best setting ANOVA technique to estimate the single
response, i.e. effect of every input parameter over theweld strength andgrey relational
analysis for multi-response which gives the optimal parameter to get better weld
quality.

Table 3 Tensile testing results after testing

Exp.
No.

Traverse
speed
(mm/min)

Tool
shoulder
profile

Rotational
speed (rpm)

UTS
(MPa)

YS
(MPa)

Elongation
(%)

Impact
strength
(Joules)

1 30 Flat 800 186 163 12.8 7.86

2 Threaded 1000 175 134 10.5 3.85

3 Concave 1200 180 141 11.9 5.82

4 45 Flat 1000 188 124 15.3 7.01

5 Threaded 1200 215 178 14.7 3.03

6 Concave 800 218 174 15.2 6.12

7 60 Flat 1200 207 186 14.4 6.85

8 Threaded 800 221 184 15.1 7.86

9 Concave 1000 170 160 8.81 8.51
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3.1 ANOVA

ANOVA is a major tool which investigates the impact of every parameter used in
the process from sequential responses gained. The MINITAB 15 software is used to
examine the importance of welding parameters like rotational speed, traverse speed
and tool shoulder profile individually. The responses like UTS, YS, % elongation,
impact strength and its%contribution on the parameters are studied and the combined
effect on responses are studied by considering the response factor larger the better
criterion is given in Eq. (1).

S

N
= −10 log10

(
1

n

n∑
k=1

1
1

Zi j2

)
(1)

where Zij is the different parameters and n is the number of levels.
From Table 4, the rotational speed has maximum influence on UTS, and tool

profile has the least impact on UTS. Figure 2 shows that when the traverse speed
increases, UTS also increase to a certain limit and drops down; when the rotational
speed increase, UTS falls over certain rpm and again raises and flat shoulder provides
better UTS than others.

From Table 5, rotational speed has the maximum influence on YS and traverse
speed has the least impact. Figure 3 shows a relative trend that when traverse speed
increases, the YS also increases and for rotational speed it drops down over specific
interval and again increases, and flat pin profile provides better yield property than
others. Yield strength plays a vital role in an aerospace domain where a change from
elastic to plastic limit which will not lose its property (Fig. 4).

From Table 6, the traverse speed has maximum influence on elongation and
welding rotational speed has the least impact on elongation. Figure 4 shows that
when traverse speed increases, the elongation also increases till 45 mm/min and
continues to drop till 60 mm/min, whereas, for rotational speed, it drops down till
1000 rpm and again increases, and concave shoulder profile gave better elongation
than others. Elongation hasmaximumcontrol in the formability of thewelded product

Table 4 ANOVA of ultimate tensile strength

Factors DOF Sum of square Mean sum F value Probability of
significance

% of
contribution

Traverse speed
(mm/min)

2 1130.89 565.44 7.91 0.112 36.17

Tool shoulder
profile

2 324.22 162.11 2.27 0.306 10.37

Rotational
speed (rpm)

2 1528.22 764.11 10.70 0.086 48.83

Error 2 142.89 71.44 4.57

Total 8 3126.22
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Fig. 2 Main effects plot for UTS

Table 5 ANOVA of yield strength

Factors DOF Sum of square Mean sum F value Probability of
significance

% of
contribution

Traverse speed
(mm/min)

2 1424.9 712.4 2.68 0.271 34.65

Tool shoulder
profile

2 108.2 54.1 0.20 0.831 2.63

Rotational
speed (rpm)

2 2048.2 1024.1 3.86 0.206 49.80

Error 2 530.9 265.4 12.91

Total 8 4112.2

in the field of aerospace where a lot of complicated structures involved which can
only be formed into a required shape.

From Table 7, both traverse speed and tool shoulder profile have the maximum
and almost equal influence on impact strength and rotational speed has the least
on impact strength. Figure 5 reveals that when traverse speed increases, the yield
strength decreases up to certain value and get sudden hike at 60 mm/min and when
rotation speed increases, impact strength decreases, and concave shoulder provides
better impact strength than others. It is always important to have the maximum
impact strength for an aerospace component because when the spacecraft moves
with maximum velocity the sudden strike of a foreign body will lead to collapse of
the system.
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Fig. 3 Main effects plot for yield strength
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Fig. 4 Main effects plot for % elongation

3.2 Grey Relational Analysis (GRA)

Grey relational analysis (GRA)which uses the normalization of data to calculate grey
relational coefficients (GRC) and grey relational grades (GRG). The normalizing
process by calculated using Eq. (2),

z∗
i (k) = zi (k) − min zi (k)

max zi (k) − min zi (k)
(2)
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Table 6 ANOVA of elongation

Factors DOF Sum of square Mean sum F value Probability of
significance

% of
contribution

Traverse speed
(mm/min)

2 17.46 8.730 2.85 0.260 39.57

Tool shoulder
profile

2 7.504 3.752 1.23 0.449 17.0

Rotational
speed (rpm)

2 13.036 6.518 2.13 0.320 29.54

Error 2 6.12 3.060 13.87

Total 8 44.121
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Fig. 5 Main effects plot for impact strength

Table 7 ANOVA of impact strength

Factors DOF Sum of square Mean sum F value Probability of
significance

% of
contribution

Traverse speed
(mm/min)

2 9.344 4.672 3.61 0.217 33.96

Tool shoulder
profile

2 9.215 4.608 3.56 0.219 33.95

Rotational
speed (rpm)

2 6.363 3.182 2.46 0.289 23.12

Error 2 2.589 1.294 9.41

Total 8 27.511
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Fig. 6 Macrostructure of the weldment

where I = 1, 2, 3 … n; k = 1, 2, 3 … m; n = no. of data generated; m = no. of
factors; zi (k) is the corresponding value; max zi (k) and min zi (k) are maximum and
minimum value recorded; z∗

i (k) is the normalization factor.
Grey Relational Coefficient. The grey relational coefficient (GRC) was calcu-

lated by the following Eq. (3)

εi (k) = �min+ω�max

�oi(k) + ω�max
(3)

where εi (k) is the grey relational coefficient; �oi is the difference between z∗
i (k) and

z∗
o(k); z

∗
o(k) is reference value and z∗

i (k) normalized value; �max is highest value
of � the oi(k), �min is least value of �oi(k); the ω is maintained as 0.5; n = total
number of response in GRC and i(k) represent a level. The corresponding values are
listed in Table 8.

Table 8 Grey relation coefficient (GRC) and (GRG)

Exp. No. Grey relational coefficient Grey relational
grade

Rank

UTS YS Elongation Toughness

1 0.4215 0.5741 0.5648 0.8083 0.5922 6

2 0.3566 0.3735 0.4034 0.3703 0.3759 9

3 0.3835 0.4079 0.4883 0.5046 0.4461 8

4 0.4359 0.3333 1.0000 0.6462 0.6039 5

5 0.8095 0.7949 0.8440 0.3333 0.6954 4

6 0.8947 0.7209 0.9701 0.5341 0.7800 2

7 0.6456 1.0000 0.7829 0.6227 0.7628 3

8 1.0000 0.9394 0.9419 0.8083 0.9224 1

9 0.3333 0.5439 0.3333 1.0000 0.5526 7
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Table 9 Optimal process parameters

Parameter and symbol Level 1 Level 2 Level 3 (max-min) Rank Optimal level

Traverse speed (A) 0.4714 0.6931 0.7459 0.2745 2 3

Tool profile (B) 0.6529 0.6646 0.5929 0.0717 3 2

Rotational speed (C) 0.7648 0.5108 0.5647 0.2540 1 1

Table 10 Validation of optimal process parameter

Optimum
parameter

Mode of
analysis

UTS (MPa) YS (MPa) Elongation (%) Impact strength
(Joules)

A3B2C1 Predicted 220.22 196.22 15.12 7.99

A3B2C1 Experimental 221 184 15.1 7.86

Grey Relational Grade. The grey relational grade (GRG) was calculated by the
following Eq. (4)

εi = 1

n

n∑
k=1

i(k) (4)

The largerGRGobtained is considered to have an optimal parameter for the output
generated as shown in Table 8. Sample 8withmaximumGRGvalue is found to be the
optimal parameter with traverse speed of 60 mm/min, rotational speed of 1000 rpm
and threaded shoulder which is further confirmed by analysing the maximum grade
value in Table 9.

Validation weld is carried out for the optimal parameter and tested for results.
From Table 10, it is found that there is no much deviation between predicted and
experimental values with an error rate of less than 2%.

3.3 Metallographic Analysis

From the macrographic studies, different regions of weldments are identified and it
represents the active stir of both the base material in the nugget zone as shown in
Fig. 6. The stir zone is dominated by AA2024 since it was placed on the advancing
side. The microstructure of the different regions of the optimized trail was shown
in Fig. 7a–e. The highly refined grains in the stir zone in Fig. 7c could enhance the
strength of the weldment. There are no significant changes in the microstructure of
the basemetals even after considerable amount of thermal cycle evident from Fig. 7d,
e. On the other side, the thermal cycle influences the HAZ which is evident from the
microstructure (Fig. 7a, b).

In the TMAZ, there is significant growth in the grain boundaries which could
be due to the plastic deformation and the less heat input. It is apparent from the
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Fig. 7 Microstructure of the weldment

microstructure that a distinct grain boundary separates the deformed zones of the
TMAZ from the recrystallized zone (weld nugget) where fine equiaxed grains were
formed.

3.4 Hardness of Welded Sample

Vickers microhardness test is conducted on optimized parameter trial with 25 inden-
tations in each horizontal row with 1, 3 and 5 mm from the top surface of the weld
nugget is shown in Fig. 8. The hardness of the stir zone was comparatively lower
than that of AA2024 and higher than AA6061 base material and TMAZ. It is also
found that hardness is higher for the reading measured at 3 mm from the top surface
of the weld nugget which confirms the onion ring zone.

Fig. 8 Hardness distribution
in different regions of
optimized parameter trial
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4 Conclusion

In this analysis, Taguchi L9 array has been used for selection of process parame-
ters. Single response optimization is done by ANOVA technique and multi-response
optimization is carried out by grey relational analysis.

1. ANOVA optimization reveals that the rotational speed has the maximum influ-
ence on yield strength with 49.80% contribution and 48.83% contribution
for ultimate tensile strength and traverse speed has maximum influence on
percentage elongation with 39.57% contribution and on impact strength 33.96%
contribution.

2. Multi-response optimization by GRA results with maximum GRG value for the
8th sample with parameters 60 mm/min, 1000 rpm and threaded shoulder with
taper threaded pin profilemarking the responses such as 221MPa ultimate tensile
strength, 184 MPa yield strength, 15.1% elongation and 7.86 J impact strength.

3. The validation trial is made and found to have less than 2% error between
experimental and predicted value.

4. Further, macrostructure, microstructure and hardness studies are made on the
optimal parameter and found to have better mixing of metal in the weld nugget
and increase in hardness due to the presence of onion ring present in the weld
region which is confirmed by microhardness test.
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Tribological Behaviour of Al 7075 Alloy
Reinforced with Nano-Alumina
and Silicon Carbide Particulates

T. S. A. Suryakumari, S. Ranganathan, B. Mahendra Reddy, G. Nethaji,
and Challam Naveen Kumar

Abstract Aluminium metal matrix composites are being used worldwide in the
fields of aeronautical and automotive industries. In this study, Aluminium 7075metal
matrix nano-composites are developed by low-cost stir castingmethod. Al 7075 alloy
is reinforced with 1% nano-alumina and 1% nano-silicon carbide, 2% alumina, 2%
silicon carbide nano-particles to fabricate metal matrix nano-composites. Wear tests
were conducted on pin on disc apparatus by applying different loads 10, 15N at
constant sliding velocity of 1.5 m/s with sliding distance 750 m. Wear rate increased
significantly in addition of applied load. The coefficient of friction decreases with
increase of applied load for themetal matrix and hybrid nano-composites. The results
attributed that wear rate improved, uniform distribution of nano-particles obtained
and lesser porosity for the metal matrix composite reinforced with 2% of Al2O3

nano-particles.

Keywords Al 7075 · Nano-alumina · Nano-silicon carbide ·Wear behaviour

1 Introduction

Aluminium alloys are the combination of different elements as they improve the
mechanical properties such as tensile strength, impact strength, wear loss and
compressive strength to the base metal. Materials with attractive properties of high
strength to weight, stiffness to weight ratio and wear resistance have great demand in
manufacturing industries. Aluminium alloys reinforced with SiC, Al2O3, B4C, TiC,
TiB2, etc. particulate to form metal matrix nano-composites and enhance mechan-
ical and tribological properties. In the fields of automobile and aerospace industries,
replacement of material is generally taken place because of possessing low wear
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and low coefficient of friction. It leads to loss of economy to the industry. To rectify
these problems, tribological properties place a crucial role in development ofmaterial
sciences [1]. Aluminium alloys reinforced with solid lubricants, hard ceramic parti-
cles, whiskers and short fibres form as advanced metal matrix composites to balance
mechanical, physical and tribological characteristics precisely [2]. Huge research
has been carried out on metal matrix composites with nano-particulate ceramics for
manufacturing strengthened composites with proper dispersion of particles [3]. Stir
casting and compo casting are the low-cost liquid state technics for the fabrication
of aluminium metal matrix composites [4]. Recent studies strongly confirmed that
clustering of reinforcements, wettability of reinforcement particles in molten base
metal are the important parameters in the production of composites by stir casting
process [5].MMcs reinforced with ceramic particles have been studied in the last two
decades and concluded that the wear performance was superior than the unreinforced
metal matrix composites. The effect of Al2O3 particles on wear rate has been studied
using Taguchi method and ANOVA and analyzed the parameters. Wear parameters
particle size and sliding distance were having significant effect on wear resistance
[6]. Krishna Kant Sahu et al. studied the micro-structure and wear behaviour of
Al/Al2O3 nano as cast and heat-treated composites. Aluminium nano-composites
with various weight percentages of Al2O3 were successfully fabricated and investi-
gated for tribological properties [7]. Singla et al. made a study on Al–SiC composite.
The maximum hardness observed is 45.5 BHN at Wt. % of 25. Siddique et al. made
a study in determining the hardness of Al–SiC composite. Hardness increased with
the increase in addition of silicon carbide particulates [8]. In the last two decades,
wear performance of MMCs reinforced with ceramic particles has been reported to
be superior to that of their respective unreinforced matrix materials

2 Materials and Experimental Procedure

2.1 Raw Materials

The raw materials considered for the fabrication and testing properties like wear
properties and coefficient of friction are Al7075 alloy and the reinforced particles
are Al2O3 and SiC of size 50 nm. The elements that are observed in the base alloy
are as shown below. The compositions were made by using non-destructive testing
method and contains, Si-04, Fe 0.5, Cu 1.2-2, Mg 2.1-2.9, Mn 0.3, Cr 0.18-0.28,
Zn 5.1-6.1, Ti02, balance aluminium metal. The reinforcements that preferred in this
study are Al2O3, SiC. The sizes of these reinforcements are 5 0 nm.
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Fig. 1 Stir casting setup

2.2 Experimental Procedure

The fabrication of the three different namely Al7075+1%Al2O3+1%SiC,
Al7075+2%Al2O3 and Al7075+2%SiC compositions was carried out by using low-
cost stir casting method. During stir casting, the base alloy and reinforcements are
heated in the furnace to a temperature of 850 °C. After reaching the optimum temper-
ature of the base alloy in the furnace, the reinforced particleswere added to themolten
metal alloy that was located in the crucible. In order to reduce the emission of harmful
gases and to remove the impurities inside the crucible, coverall and degasser were
added to molten metal. The composite molten material is reheated to a temperature
of 850 °C [4, 5]. The composite material is then poured in their respective cylindrical
and rectangular dies. During this process, the die is maintained at a temperature
of about 450 °C. For attaining good mechanical and tribological properties of the
MMC, thematerial was undergone heat treatment process. The resultantmetalmatrix
composite is soaked in water for a time of around 7 h. Heat-treated MMC always
improves the particle distribution in the base alloy [6] (Fig. 1).

3 Tribological Properties of Metal Matrix Composite

3.1 Wear Test

The wear pins were designed as per ASTM standards as shown in Fig. 2. The
wear tests were carried out for three composites by varying sliding distance, sliding

Fig. 2 Wear pins after
testing
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velocity and applied load. Three different composites compositions are as follows:
Al7075 + 1%Al2O3 + 1%SiC, Al7075 + 2%Al2O3, Al7075 + 2%SiC.

4 Results and Discussions

4.1 Density

The theoretical densities and porosities of the three different composites were
calculated and has shown in Table 1.

From the above table, it is observed that the density of the third composite was
more compared with the base alloy, i.e. the density of base alloy. Sample 2 porosity
was the lowest when compared with the other samples. The mechanical properties
like micro-hardness, tensile strength were improved to an extent for sample 2. The
wear loss for three samples increased with increased applied load at constant sliding
velocity and sliding distance.

Figure 3 indicates the variation of the specific wear rate with respect to an applied
load. From the graph, it is observed that the specific wear rate increased with increase
in the applied load in sample 1 and 3, whereas in sample 2, the specific wear rate
has decreased may be due oxidation alumina nano-particles. The specific wear rate
in sample 3 for an applied load of 15 N is more when compared with remaining
samples because of micro-cracks in the casting.

Table 1 Measured densities with porosities

S. No. Composition Theoretical density
(gm/cc)

Experimental density
(gm/cc)

Porosity (%)

1 Al7075 + 1%Al2O3 +
1%SiC

2.822 2.775 3.79

2 Al7075 + 2%Al2O3 2.826 2.782 1.556

3 Al7075 + 2%SiC 2.818 2.769 1.73

Fig. 3 Effect of applied load
on wear rate
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Fig. 4 Effect of speed on
wear rate
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From Fig. 4, it was understood that the specific wear rate of sample 1 increases
as the speed of the disc increases from 597 to 896 rpm. Similarly, the specific wear
of sample 3 increases as the speed of the disc increases from 597 to 896 rpm. The
specific wear of sample 2 decreases as the speed of disc increases. Due to high
hardness, base alloy that is reinforced with nano-alumina is possessing less specific
wear rate when compared with other sample 1 and 3. Coefficient of friction is defined
as the maximum force that a material can with stand against the applied load.

The variation of the coefficient of friction for an applied load of 10 N was shown
above. The maximum coefficient of friction observed in Graph 1 is 0.561, Graph 2
is 0.61 and Graph 3 is 0.485 that is considered for an applied load of 10 N, with a
sliding velocity of 1 m/s and a sliding distance of 500 m.

The coefficient of friction decreases for all the three samples as the load increases
from 10 to 15 N. It is concluded that coefficient of friction is inversely proportional
to the applied load on the disc has shown in Fig. 5.

The microstructures of the above samples are shown in Fig. 6 which indicate the
distribution of nano-particles in the matrix phase. The distribution of the particles in
sample 1 is not uniform because of improper distribution of silicon carbide particles
where as in sample 3. During the experiment, when SiC particles were added to
the molten alloy, they tend to float on the surface of the melt. Even though SiC has
slightly larger specific density than that of Al 7075 molten alloy, it floats because of
high surface tension of the melt and poor wettability between the particles and the
melt. SEM analysis for three composites has shown in Fig. 7.

Graph 1 Variation of COF
for Specimen 1
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Fig. 5 Effect of applied load on COF

Fig. 6 Microstructure of samples 1, 2, 3

Fig. 7 SEM images for samples 1, 2, 3
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5 Conclusions

The conclusions made based on the tribological study of nano-composites fabricated
by low-cost stir casting method have given below.

• The three different composite materials were fabricated by stir casting approach.
During stir casting, there is a formation of clusters and agglomerations in sample
1 and sample 2.

• The densities of the three composites were calculated and compared with the
unreinforced alloy and specimen 2 possesses high density and low porosity.

• An increased wear loss of the composites was observed because of increase in
applied load maintaining sliding velocity and sliding distance as constant.

• The specific wear rate has increased when speed of disc increased. Hence, it is
concluded that the specific wear rate is directly proportional to the speed of the
disc.

• The coefficient of friction decreased when there is an increase in applied load.
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Optimization of Process Parameters
on Sliding Wear Behavior of Aluminum
7075 Hybrid Nanocomposite Analyzed
Using Desirability Approach-Part II

T. S. A. SuryaKumari and S. Ranganathan

Abstract Aluminum 7075 metal matrix composites are most attracted materials in
the production of marine applications, automobile parts and aircraft parts due to
their excellent tribological and mechanical properties. Ultra-sonic cavitation method
is the most effective method for the production of aluminum nanocomposites which
was adopted for the composite fabrication. Pin-on-disk tribometer was utilized to
conduct the dry slidingwear tests and three process parameters have been considered.
This paper presents the optimization of wear process parameters on cast Al7075/SiC
(p)/Gr hybrid metal matrix nanocomposites using desirability approach. The specific
wear rate and wear loss have been optimized using desirability method. The specific
wear rate increases with increased sliding distance and sliding velocity and decreases
with increase in applied load at low sliding distance. The applied load and sliding
distance contribute more on perdition of specific wear rate and wear loss. The effect
of parameters and significance of their interactions on wear loss, specific wear rate
has been investigated by ANOVA and the wear pattern was analyzed with 3D surface
profilometer.

Keywords Al nanocomposites · Specific wear rate ·Wear loss · Graphite
particulates · Desirability

1 Introduction

Aluminum nanometal matrix composites find lot of application in engineering indus-
tries. Present scenarios, the aerospace, automobile, defense and electrical indus-
tries, are utilizing the aluminum-based nanometal matrix composites to enhance the
mechanical and tribological properties. Aluminum alloy has low density, superior
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damping capacity, and high corrosion resistance, good thermal and electrical conduc-
tivity. Mohammad Sharifi and Kaimzadeh presented the dry sliding wear behavior
of aluminum metal matrix composites fabricated through powder metallurgy and
reported that the high amount of oxide compounds content on the worn surface of
nanocomposites have lower wear rate [1]. Gheorghe lacob et al. studied the wear
rate and micro-hardness of hybrid composites and the lower wear rate obtained
due the presence of Al2O3 and graphite which acts as a self-lubricant [2]. Veeresh
Kumar et al. studied the mechanical and dry sliding wear of Al 6061-SiC composites
and presence of SiC were superior to that of the matrix material [3]. Yulin et al.
studied the tribological and wear mechanisms of WC–Co and WC–Fe3 Al hard
material under dry sliding conditions [4]. Miranda et al. presented the mechanical
and wear behavior of hybrid metallic and ceramic composites [5]. Garcia Rodriguez
et al. discussed the dry sliding wear behavior of globular AZ91 magnesium alloy
and AZ91/SiCp composites and the presence of SiC particles determines the wear
behavior of AZ91 magnesium alloy [6]. Rahaman and Liangchi Zhang investigated
the friction and wear mechanisms of aluminum high silicon alloy under dry contact
sliding and found that the subsurface deformation and cracks in silicon particles play
a major role on friction and wear [7]. Umanath et al. analyzed the dry sliding wear
behavior of Al6061 hybrid metal matrix composites and established the statistical
regression analysis to estimate the wear [8]. Yunfeng su et al. presented the tribolo-
gocal and lubrication mechanisms of self-lubricating ceramic/metal composites and
formulated some principles to design self-lubricating ceramic/metal composites [9].
The purpose of this research work was to fabricate the Al7075/SiC/Gr hybrid metal
matrix composites to establish the empirical model and regression equations of wear
rate and friction force during the dry sliding condition. The desirability approach
multiple optimization was carried out to predict the wear loss and specific wear rate
of hybrid metal matrix composites.

2 Experimental Procedure

The Al 7075 used as a base metal and addition of 1.2 wt % of nano-SiC particle with
0.5 wt % of graphite was used to fabricate the hybrid metal nanocomposites using
ultra-sonic probe assisted stir casting method. The dry sliding wear tests were carried
out on pin-on-disk apparatus using EN 31 grade steel disks as per the ASTM G99
standards. The wear tests were carried with an applied of load of 10–30 N, sliding
velocity of 1–3 m/s and with sliding distance of 1000–3000 m in three levels to find
the wear loss and specific wear rate of hybrid metal matrix composites. Experiments
were planned and designed based on central composite design (CCD) using Design
Expert 11.0. The desirability-based multiperformance optimization of wear loss and
specific wear rate was established.
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3 Results and Discussions

Experiments were planned according to CCD and test results obtained by conducting
wear test. The relation between wear process responses and parameters was devel-
oped asmathematical expressions by using the test results. Regression equations have
established as per the interactions of process parameters for wear loss and specific
wear rate using design expert software (Table 1).

Statistical interpretations of data and significance of interactions between vari-
ables were analyzed by analysis of variance. Wear loss and specific wear rate have
been considered as response variables. From Table 2, the regression analysis of
wear loss observed that the applied load and sliding velocity are the most influenced
factors. P value indicates more than 0.05 for the sliding distance, so it is not so signif-
icant factor. Table 3 depicts the parameter applied load is the most influencing factor
on specific wear rate whereas sliding velocity moderately significant. Interaction of
sliding velocity and sliding distance has less significant. Lack of fit for the responses
specific wear rate and wear loss was given as not significant so that the models fit
into the data. Regression equation for specific wear rate was given below.

Specific wear rate = 9.43–2.82A-1.41B-0.8375C + 0.5931AB + 0.8896AC +
0.2965BC-0.340A2-1.60B2-0.8388 C2 + 0.2964 ABC + 2.00 A2B-0.0521 A2C-
0.1442 AB2.

In the above equation, value 9.43 indicates the overall average model value for all
testing conditions. Coefficients having positive sign indicate that the specific wear

Table 1 ANOVA for wear loss

Source Sum of squares df Mean square F-value p-value

Model 0.0001 13 8.17610–06 7.16 0.0119 Significant

A-Applied
load

8.00010–06 1 8.00010–06 7.00 0.0382

B-sliding
velocity

8.00010–06 1 8.00010–06 7.00 0.0382

C-sliding
distance

6.12510–06 1 6.12510–06 5.36 0.0598

AB 6.12510–06 1 6.12510–06 5.36 0.0598

AC 1.12510–06 1 1.12510–06 0.9848 0.3593

BC 3.12510–06 1 3.12510–06 2.74 0.1492

ABC 3.12510–06 1 3.12510–06 2.74 0.1492

A2C 9.08210–08 1 9.08210–08 0.0795 0.7874

AB2 3.75310–06 1 3.75310–06 3.29 0.1199

Residual 6.85410–06 6 1.14210–06

Lack of fit 6.81910–06 1 6.81910–06 974.16 < 0.0001 Not significant

Pure error 3.50010–08 5 7.00010–09

Cor. total 0.0001 19
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Table 2 ANOVA for specific wear rate

Source Sum of Squares df Mean Square F-value p-value

Model 194.06 13 14.93 8.49 0.0076 Significant

A-applied
load

45.02 1 45.02 25.61 0.0023

B-Sliding
velocity

11.25 1 11.25 6.40 0.0447

C-Sliding
distance

3.97 1 3.97 2.26 0.1837

AB 2.81 1 2.81 1.60 0.2527

AC 6.33 1 6.33 3.60 0.1065

BC 0.7035 1 0.7035 0.4002 0.5503

A2 1.67 1 1.67 0.9523 0.3668

B2 36.84 1 36.84 20.96 0.0038

C2 10.14 1 10.14 5.77 0.0532

ABC 0.7030 1 0.7030 0.3999 0.5505

A2B 13.30 1 13.30 7.57 0.0333

A2C 0.0090 1 0.0090 0.0051 0.9453

AB2 0.0689 1 0.0689 0.0392 0.8496

Residual 10.55 6 1.76

Lack of fit 10.45 1 10.45 558.11 < 0.0001 Not significant

Pure error 0.0937 5 0.0187

Cor. total 204.61 19

rate increases with increase in the factors, whereas negative sign indicates that the
specific wear rate decreases with increases in the factors. Factor applied is −2.82
which indicates that the specific wear rate decreases with increase in applied load
and VIF value more than one which indicates severe correlation between the factors.

3.1 Optimization of Responses

Desirability approach is the multiple parameter optimization technique which deter-
mines the optimumslidingwear parameters for themultiple responses bymaximizing
the desirability of composite material. Each response will be converted as an indi-
vidual desirability function and validated for its target. Desirability function ranges
zero to one.

If the response is near the target, the function value is one and otherwise it is
zero. This zero indicates the response values are not in an acceptable region. The
desirability function of composite is the geometric mean weightage of individual
responses. The current study maximizes the composite desirability. Figure 1 shows
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Fig. 1 Effect of applied load and sliding velocity on responses

the effect of applied load and sliding velocity on wear loss and specific wear rate
(Fig. 2).

Counter maps describe the desirability results in detail. Desirability nearing 1
at higher applied load irrespective of sliding distance. At higher applied loads pin
oxidized and specific wear rate has decreased as shown in Fig. 3. Out of 69 exper-
imental runs, optimum parameters obtained as applied load 30 N, sliding velocity
1 m/s and sliding distance 2000 m as shown in the ramp graph. Figure shows the
desirability results for wear loss and specific wear rate individually and combined for
both. The overall solution of desirability function is 1 and 0.9224 desirability value
describes the closeness of responses toward the target.Wear loss value is 0.002583 g,
whereas specific wear rate 1.90835× 10–5 mm3/N-m at optimum parameters (Figs. 4
and 5).

Fig. 2 Effect of sliding velocity and sliding distance on responses

Fig. 3 Effect of applied load and sliding distance on responses
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Fig. 4 Ramp graph

Fig. 5 Bar graph

Confirmation experiments were conducted for the optimum wear parameters for
the verification of performance of the factors. The results are very close to predicted
values, so that error percentage is minimum for wear loss and specific wear rate.
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4 Conclusion

The effect of sliding wear parameters on wear loss and specific wear rate was inves-
tigated. Multiple response optimization was applied using desirability approach.
Optimum parameters determined by the simulation using design experts software.
Adequacy of the model was analyzed by ANOVA. Applied load and sliding velocity
are the more influencing factors and sliding distance was less influencing. Desir-
ability value for combined responses obtained as 1, which indicates responses are
within the acceptable region. Optimum parameters were determined as applied load,
30 N, sliding velocity 1 m/s and sliding distance, 2000 m. Validation experiments
were conducted at optimum conditions and error percentage 3.021 for wear loss and
2.325 for specific wear rate. This indicates the agreement toward predicted values.
3D profile for wear specimen was analyzed.
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Investigation of Process Parameters
on Sliding Wear Behaviour of Aluminium
7075 Hybrid Nanocomposite Analyzed
Using Response Surface
Methodology-Part I

T. S. A. SuryaKumari and S. Ranganathan

Abstract This study presents the abrasivewear behaviour ofAluminium7075metal
matrix nanocomposite (MMNC) reinforced with hard ceramic SiC and solid lubri-
cant graphite. The nanocomposite was prepared using ultrasonic cavitation method
to improve the wettability and dispersion of reinforcements. Wear behaviour of
composite was examined by conducting unlubricated pin-on-disc tests as per the
experimental design, by varying the parameters such as applied load, sliding distance
and sliding velocity. Significant control factors and their interactions on output
features were identified with analysis of variance (ANOVA). Further, tribology char-
acteristics have been estimated by mathematical formulation using response surface
method.

Keywords Al7075 nanocomposites ·Wear loss · ANOVA · RSM

1 Introduction

Aluminium metal matrix composites have more attention in engineering materials
and have wide application in aerospace, automotive, defense, sports goods and ship
hull production industries due to their distinct mechanical properties such as Young’s
modulus, tensile strength with lightweight, wear resistance and coefficient of thermal
expansion. Generally, metal matrix composites attain very good mechanical prop-
erties with microparticulate reinforcements, but ductility increases with increase in
percentage of reinforcements. Nano particulates with less weight fraction, signif-
icantly improves the matrix strength and maintains ductility than microparticulate
composites [1–3]. The performance of mechanical properties improved significantly
by the addition of ceramic reinforcements such as SiC, Al2O3,B4C, TiO2 and wear
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resistance of metal matrix by incorporating a hard ceramic phase to a relatively
soft matrix alloy. Ultimate tensile strength and yield strengths were improved by
23% with the addition of nano-TiB2 with SiC particles when compared with alloy
reinforced with mono SiC [4]. Technical difficulties involved in distribution of rein-
forcements uniformly for Al/SiC alloy were discussed and good wettability was
achieved by stir casting method [5]. Mechanical milling is one of the methods to
obtain proper dispersion of nanoparticles in the matrix and better mechanical prop-
erties than tempered T6 aluminium alloys. Reinforcing the alloy with more than 2
weight percentage of nanoparticles does not have much effect on microhardness [6].
Kannan et al. investigated the tribological characteristics under static and dynamic
loading conditions for single and hybrid aluminium nanocomposites reinforced with
2wt% of Al2O3, 4wt%of SiC.Wear performance enhanced by the usage of nanocom-
posites and hence life of product will be increased. The influence of SiC particles
on wear resistance of Al6061/SiC composite at dry sliding wear atmosphere and
the effects of applied load and temperature were studied. The results show that the
matrix containing SiC particles exhibit more wear resistance [7]. By varying weight
percentages of alumina andMoS2 of Al6061/Al2O3 hybrid composites, the BHN and
tensile tests were conducted. Mechanical properties were decreased with increased
weight percentage ofmolybdenum and optimumweight fractions obtained as 12wt%
alumina, 2wt% molybdenum. Wear rate and coefficient of friction were minimized
at 3.25 m/s sliding velocity, 15 N load and 6wt% of MoS2 [8]. Selvakumar et.al.
conducted experiments by varying weight fractions of TiC and molybdenum dioxide
to identify the effects of reinforcements on tribological properties using L27 Taguchi
experiential design. Wear loss and coefficient of friction were decreased up to the
weight fraction 7.5% ofMoS2 and then increased for magnesium hybrid composites.
Brittle fracture occurred due to decrease in fracture toughness and increase in molyb-
denum dioxide [9]. A356 alloy powder and alumina particulates mixed using ball
milling process; further, MMCs were fabricated by vortex method. Compressive and
tensile stresseswere improved significantly at 2.5, 1.5 volume percentages of alumina
and porosity levels increased with increase in volume fractions. Refined microstruc-
turewas obtainedby this process [10].Addition of nanoparticles to the alloy improved
the wear resistance significantly and delamination wear was controlled for magne-
sium metal matrix nanocomposites [11]. Wear loss reduced with increased weight
percentage of nano-SiC particulate reinforcement and exhibits improved mechanical
properties for Al7075/SiC/graphene composites [12].

Abrasive wear behaviour aluminiumMMCs have been studied and reported. The
current research presented on dry sliding was behaviour of Al7075/SiC/Gr hybrid
nanocomposite fabricated with ultrasonic probe assisted vacuum stir casting.
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2 Experimental Procedures

2.1 Composite Preparation

The composites were fabricated by ultrasonic probe assisted stir casting method.
Aluminium 7075 used as base alloy and 1.2 wt% of nano-SiC particles with 0.5 wt%
of graphite were used as reinforcements. Nano-SiC particles were imported from the
US research nanomaterialswith an average size of 50 nmandgraphite less than 20μm
were used for hybrid MMNC. Motorized mechanical stirrer was used for proper
distributionof particles and reinforcementswere preheated to improve thewettability,
dispersion in molten metal. Particulates reinforcements were fed through steel tube
while stirring. A bottom poured stir casting equipment with vacuumgraphite crucible
used for the fabrication of composites.

2.2 Wear Test

Wear behaviour of MMNC samples on hardened steel discs was investigated using
pin-on-disc apparatus as per the ASTM G99 standards. Specimen was prepared by
using conventional machining processes and surfaces of pins; discs were polished
with emery paper. The pin dimensions were considered as 8mm diameter and 32mm
height. Sliding track diameter of discs was 26 mm. Dry sliding wear parameters:
applied load, sliding velocity, sliding distance were varied from 10–30 N, 1 to 3 m/s
and 1000–2000 m, respectively. The traces on cylindrical pin and circular disc were
cleaned after each test with acetone solvent. Weights of pins were weighed before
and after wear tests using an electronic weighingmachine with an accuracy of 0.1mg
and wear loss was obtained for each pin.

2.3 Design of Experiments and Results

Experimessssetsmech0nts were planned and designed based on box Behnken
quadratic model. This is the most popular assessment response surface method-
ology for identifying the mathematical relationship between process parameters and
responses. This is a two-level (high, +1, low, −1) full factorial design with eight
factorial points and six axial face centered points. Corresponds to anα value of 1.
This is designed for 20 experimental observations at three input variables. The design
details of experiments with response as given in Table 1.
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Table 1 Experimental results

Ex. No Load in N Sliding velocity in m/s Sliding distance in m Wear loss in gm

6 10 1 1000 0.003

5 30 1 1000 0.002

2 10 3 1000 0.003

19 30 3 1000 0.003

8 10 1 2000 0.004

15 30 1 2000 0.002

10 10 3 2000 0.004

20 30 3 2000 0.008

1 10 2 1500 0.003

14 30 2 1500 0.007

16 20 1 1500 0.007

12 20 3 1500 0.003

9 20 2 1000 0.004

3 20 2 2000 0.0075

11 20 2 1500 0.008

18 20 2 1500 0.005

13 20 2 1500 0.007

4 20 2 1500 0.0055

7 20 1.5 1500 0.008

17 20 1.5 1500 0.005

3 Results and Discussion

The influence of independent variables and their interactionswith an output responses
mathematically modelled using analysis of variance (ANOVA). Proper fit of the
quadratic polynomial mathematical model obtained in this wear behaviour of hybrid
nanocomposite as shown in ANOVA Table 2. Significance of individual parame-
ters, significance of regression model and significance of lack of fit tests can be
summarized using ANOVA. F value can be determined by finding the ratio of regres-
sion mean square and error of the mean square. The significance of model indi-
vidual factors and the variance and the error can be estimated at the desired level of
significance [13].

3.1 Influence of Testing Parameters on Wear Loss

The above table shows that the interactions between (i) applied load and velocity, (ii)
Load and distance, (iii) velocity and distance. The model F value obtained as 7.16



Investigation of Process Parameters on Sliding Wear Behaviour … 465

Table 2 ANOVA for cubic model for wear loss

Source Sum of Squares df Mean Square F-value p-value

Model 0.0001 13 8.17610–06 7.16 0.0119 Significant

A-Applied
Load

8.00010–06 1 8.00010–06 7.00 0.0382

B-Sliding
Velocity

8.00010–06 1 8.00010–06 7.00 0.0382

C-Sliding
Distance

6.12510–06 1 6.12510–06 5.36 0.0598

AB 6.12510–06 1 6.12510–06 5.36 0.0598

AC 1.12510–06 1 1.12510–06 0.9848 0.3593

BC 3.12510–06 1 3.12510–06 2.74 0.1492

A2 0.0000 1 0.0000 23.04 0.0030

B2 0.0000 1 0.0000 23.04 0.0030

C2 0.0000 1 0.0000 14.88 0.0084

ABC 3.12510–06 1 3.12510–06 2.74 0.1492

A2B 0.0000 1 0.0000 12.36 0.0126

A2C 9.08210–06 1 9.08210–06 0.0795 0.7874

AB2 3.75310–06 1 3.75310–06 3.29 0.1199

Residual 6.85410–06 6 1.14210–06

Lack of Fit 6.81910–06 1 6.81910–06 974.16 < 0.0001 Not significant

Pure Error 3.50010–06 5 7.00010–06

Cor Total 0.0001 19

implies that the designed model is significant. If the multiple regression coefficient,
R2 value nearing the unity shows that the less difference exists between predicted
data and actual data. Adequate precision (AP) value is higher than 4 shows the model
discrimination [14].

Higher values obtained for R2 and adequate precision in this model. The obtained
values are R2 = 0.9394 and AP = 7.1663. The value of P less than 0.05 shows 95%
confidence level and the model is statistically significant. The response equation of
wear loss for the model given below is derived from regression fit to confirm their
validity conformation test must be conducted. From Table 2, calculated error value
is observed as small and error between the experimental and predicted values is less.

Wear loss = 0.008 + 0.0012A -0.0012B + 0.0010C + 0.0009AB + 0.0004AC
+ 0.0006BC-0.0014 A2-0.0014 B2-0.0011 C2 + 0.0006ABC + 0.0021A2B-0.0002
A2C-0.0011 AB2.

The effect of individual factors can be discussed by considering the regression
equation. The constant value 0.008 indicates the overall mean value of the dry sliding
wear of composite under all the testing conditions. Further, the coefficient 0.0012
associated with applied load is positive, which shows that the wear loss increased
with increase in load due to contact pressure increased on the sliding surface which
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resulted as high wear loss at high load [14]. Further, coefficients describe that the
wear loss decreases with increased sliding velocity and increases with increased
sliding distance. Figure 1 shows that the influence of applied and sliding velocity on
wear loss. Wear loss decreased with increased sliding velocity due to the formation
of mechanical mixed layer (MML) in hybrid nanocomposite [15].

Interaction of sliding velocity and sliding distance on were loss is shown in Fig. 2.
This response shows the increase in wear loss with sliding distance due to weak
tribolayer. Figure 3 shows the response of applied load with sliding distance on wear
loss. Reduction in wear loss observed at higher applied load may be effect of the
formation of mixed layer. When load increases, temperature may be increased and
by that oxidation of metallic surfaces takes place which leads to MML.

Fig. 1 a, b Effect of sliding velocity and applied load interaction on wear loss

Fig. 2 a, b Effect of Sliding velocity and sliding distance interaction on wear loss



Investigation of Process Parameters on Sliding Wear Behaviour … 467

Fig. 3 a, b Effect of applied load and sliding distance interaction on wear loss

4 Conclusion

The Al7075/SiC/Gr hybrid nanocomposite was fabricated by ultrasonic probe
vacuum stir casting method. The wear resistance of hybrid composite has improved.
Experimental designwas planned according to theRSMandmathematicalmodelling
was done by analysis of variance to confirm the confirmation test significance. From
ANOVA, it is observed that the applied load and sliding velocity aremore influencing
factors and sliding distance is the least influencing factor on wear loss of hybrid
composite. Wear loss was reduced with increase in applied load with the effect of
mechanical mixed layer and increase in sliding velocity decreases the wear by the
support of MML. Confirmation tests resulted that the error between experimental
and predicted values of wear was very less.
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Effect of Process Parameters on Drilling
of Carbon Fiber Reinforced Polymers

D. Vijayan, A. Tamilarasan, and B. Vignesh Aravind

Abstract This paper presents the experimental investigation on the implementation
ofTaguchi technique to optimize the drilling process parameters of nano-filled carbon
fiber reinforced polymers (CFRP) to minimize the thrust force. The experiments
were performed by using three drill bit types by varying point angles at three levels
of drilling speeds, feed rates, percentage of CNT and point angles. The responses,
namely thrust force, were measured by using Kistler multicomponent dynamometer.
The drilling process parameters which directly influenced the performance charac-
teristics were optimized using Taguchi technique. The analysis of variance (ANOVA)
results clearly indicated that the feed rate was the significant factor which affected
the responses. Thereafter, scanning electron microscopy (SEM) analysis was used
to discuss the effect of drilling parameters on the microstructure of the investigated
hybrid CFRP.

Keywords Taguchi method · Process parameters · ANOVA · Carbon fiber
reinforced polymer (CFRP) · Drilling

1 Introduction

Carbon fiber reinforced polymer (CFRP) composites are extensively used in auto-
mobile, aerospace, marine, sports equipment applications because of high strength
to weight ratio. CFRP is an excellent replacement of conventional materials when
compared to well-known materials such as aluminum alloys, stainless steel and high
carbon steels. Moreover, the CFRP composites are said to have good corrosion resis-
tant when mixing with proper resins. Thus, CFRP composite materials are widely
used in aircraft, automobiles, marine and many more areas where lightweight and
high strength are major factors. The CFRP composites are often fabricated by using
drilling operation; however, it is extremely difficult to drill due to bonding strength
between fiber and resin. By selecting an appropriate optimal process parameter, the
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CFRPcomposites canbedrilledwithout defects. Since, delamination is amajor defect
associated in drilling of CFRP composite which mainly cause for poor structural
rigidity and performance. In the past decades, Usually, trial and error method to iden-
tify the optimal process parameters of the process, however it is a time-consuming
process some time require numerous resources. Alternatively, optimization tech-
niques such as Taguchi method, gray relational analysis, response surface method,
etc. can be used to obtain optimal process parameters. In the past decades, numerous
investigations have been proposed by the researchers based on the applications of
optimization techniques. For instance, Ozcelik and Ozbay [1] investigated the effects
of process factors on themechanical properties of polymers by usingTaguchimethod.
Shunmugesh and Panneerselvam [2] optimized the drilling parameters for CFRP
composites using Taguchi-based gray relational analysis. Prakash et al. [3] used the
Taguchi-based gray relational analysis and ANOVA to investigate the effect of feed
rate, spindle speed anddrill diameter onmediumdensityfiber drilling. Siddiquee et al.
[4] used Taguchi technique to optimize deep drilling parameters to minimize AISI
321 steel surface roughness and concluded that the surface roughness is minimized
by the effectiveness of the approach. Sahoo and Pradhan [5] used Taguchi technique
to optimize process parameters in metal matrix composites machining and reported
statistically significant mathematical models for performance characteristics. Gowda
et al. [6] conducted drilling experiments on Al–Si3N4 metal matrix composite and
investigated the effect of process parameters on circularity, cylindricity and surface
roughness. They concluded that by wobbling the drill bit, circularity error increases
at high speed and cylindricity increases. In drilling carbon fiber-reinforced plastic
(CFRP), Tsao [7] proposed a Taguchi method for optimizing machining param-
eters with multiple performance characteristics. From the confirmation results, it
can be understood that by finding the optimal process parameters in the drilling of
CFRP laminates, the delamination factor can be effectively reduced. In the drilling of
Al6061/SiC/Al2O3 composite by Adalarasan and Santhanakumar [8], surface finish
and burr height were observed. Taguchi L18 orthogonal array is used to design the
following parameters: feed rate, spindle speed and tool point angle. Sahu et al. [9]
have optimized multi—objective optimization of upsetting parameters for Al—TiC
metal matrix composites using gray Taguchi approach. The authors observed that
Taguchi technique is a best technique for design the experiment in order to optimize
the levels of input parameters. The authors concluded that the Taguchi method is best
suited to finding the optimum drilling process parameter setting. It is evident from
the above literature review that Taguchi technique is a best optimization technique
and it can be applied to find the optimal process parameters of drilling. Therefore, in
the present investigation, Taguchi method is used by considering significant process
parameters involved in drilling such as drilling speed, feed rate, percentage of CNT
and point angle.
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2 Experimental Setup

A hybrid composite consisting of reinforcing carbon fibers and carbon nanotubes
embedded in an epoxy matrix is used in the present investigation. Multiwall carbon
nanotubes (MWCNTs), are about 50–80 nm, were added as a filler in the composite.
The drilling experiment was carried out by using computerized vertical machining
center as shown in Fig. 1.Kistler tool dynamometer is used tomeasure the thrust force
during drilling of CFRP composite. The experiment was carried out in dry condition
without using coolant oil. The drilling parameters and their levels are shown in
Table 1. The drilling parameters such as drilling speed, feed rate, point angle are
considered as significant process parameter in the present investigation. Three-point
angles chosen based on the pilot study conducted for the present investigation such as
110°, 120° and 130° for a standard carbide drills of 6mmdiameter have been used. In
order to measure the effects of thrust force on the drilling of CFRP composites, every
new tool was allowed to drill only four holes of a composite laminate. The drilling

Fig. 1 Composite drilling experimental setup

Table 1 Factors and their
levels

Factors Units Low actual High actual

Drilling speed (N) rpm 500 1100

Feed rate (f ) mm/rev 4 8

% of CNT (%) % 3 5

Point angle (8) ° 110 130
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Table 2 Experimental results

S No Drilling speed,
N (rpm)

Feed rate, f
(mm/rev)

% of CNT, (%) Point angle, 8
(°)

Thrust force, TF
(N)

1 500 4 3 110 15.75

2 500 6 4 120 12.36

3 500 8 5 130 16.36

4 800 4 4 130 33.17

5 800 6 5 110 45.85

6 800 8 3 120 58.68

7 1100 4 5 120 65.67

8 1100 6 3 130 85.3

9 1100 8 4 110 95.5

experiments were conducted as per the order given in Taguchi L9 orthogonal array.
The experimental results are presented in Table 2. For each experiment, three trails
were conducted in order to ensure the reliable measurements and less error in the
experiment. After completing all the drilling experiments, each hole was observed
through scanning electron microscope (SEM) to understand the defects.

3 Result and Discussion

The obtained results for the quality attributes and the mean outcomes are displayed
in Table 3. The signal-to-noise ratio is a significant quality character utilized by
designer to assess the impact on the product quality index of process parameters.
follows: Since the objective of the investigation has to minimize the thrust force of
the drilling, therefore smaller S/N ratio to be considered. The S/N ratio has estimated
using the following formula,

S

N
= −10× log

(
1

n

n∑
i=1

y2i

)
(1)

Table 3 Response table for means

Level Drilling speed Feed rate Point angle % of CNT

1 52.37 14.82 38.2 47.24

2 37.9 38.23 49.5 47.01

3 46.61 83.82 49.18 42.63

Delta 14.46 69.00 11.31 4.62

Rank 2 1 3 4



Effect of Process Parameters on Drilling of Carbon Fiber … 473

If n is the number of quality index data sets equal to 9, and yi
is the value of the quality index for the ith data set.

Table 3 shows the results of the response means. Table 3 is utilized to find the
ideal control factor settings for minimizing the thrust force. The optimum input
parameters can be obtained by choosing the appropriate levels from each process
factor. Therefore, usingMINITAB—statistical software, the polynomial coefficients
are determined.

The coded and un-coded regression equations are given below,

Thrust force (TF) = + 47.63 + 33.67 × A + 9.33 × B

− 5.31 × C − 3.71 × D (2)

Thrust force (TF) = −4.35278 + 0.11222 × Drilling speed + 4.66250

× Feed rate− 5.30833 ×% of CNT

− 0.37117 × Point angle (3)

The obtained statistical analysis results show the best combination of input param-
eter for obtaining minimum thrust force. The obtained levels are as follows, A1, B1,
C2 andD2. Further, to demonstrate the relationship between the feed rate and drilling
speed on thrust force, 3D surface plot is introduced in Fig. 2a and c. It very well may
be seen that the thrust force of the drill increases with increasing feed rate. Increasing
feed rate subsequently increases the heat that raises more thrust force of the drilling.
Hence,more delaminationwas found on the composite surfaces as appeared in Fig. 2a
when increasing feed rate. And, it was observed that adding more quantity of CNT
particle builds toughness therefore which improvemore resistance on the shear plane
of drilling. Thus, much thrust force was observed during the drilling while increasing
% of CNT in the present examination as appeared in Fig. 2b. The effect of point angle
and feed rate on thrust force is introduced in Fig. 2c. It is seen that large point angles
of the drill tool produce more thrust force particularly when at high cutting speed.
At high cutting speed, the interfacial temperature between the composite material
and drill tool has observed more therefore which deform the materials rapidly that
result more delamination was observed in the fabricated CFRP composite material as
appeared in Fig. 3. Analysis of variance (ANOVA) is used to estimate the contribution
of each factor involved in the present investigation. The obtained ANOVA results are
introduced in Table 4. The contribution of each process factor is as follows, drilling
speed = 7%, feed rate = 90%, percentage of CNT = 2% and point angle = 1%.
From the results, it is recognized that the feed rate is assuming an independent factor
that decides the quality of drilled hole surface of the fabricated composite material.
The graphical results of obtained ANOVA are plotted in Fig. 4.
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Fig. 2 3D Surface plots for drilling speed, feed rate, % of CNT and point angle on thrust force

Fig. 3 Delamination and
Broken fibers in CFRP

4 Conclusion

The present investigation proposed to minimize the thrust force of the drilling of
the CFRP composite material using Taguchi method. Four significant parameters
considered, namely drilling speed, feed rate, percentage of CNT and point angle.
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Table 4 ANOVA results

Source Sum of
Squares

df Mean Square F-Value p-value
Prob > F

Model 7574.13 4 1893.53 220.43 < 0.0001 Significant

Drilling
speed
(N)

521.73 1 521.73 60.74 0.0015

Feed
rate (f )

6800.67 1 6800.67 791.69 < 0.0001

% of
CNT
(%)

169.07 1 169.07 19.68 0.0114

Point
angle (8)

82.66 1 82.66 9.62 0.0361

Residual 34.36 4 8.59

Cor
Total

7608.49 8 R-Sq =
0.9955

Aedq Precision = 36.929 Adj R-Sq = 0.9910 Pred R-Sq
= 0.9626

Fig. 4 ANOVA contribution
Drilling 
speed
7%

Feed rate
90%

% of CNT
2%

Point angle
1%

Drilling speed Feed rate % of CNT Point angle

ANOVA is applied to estimate the contribution of the individual process factor. The
result shows the feed rate is a dominant factor which decides the final quality of
drilled hole and to minimize the thrust force of the drilling process. The mean of
mean results are used to identify the optimal input factors.Moreover, 3D surface plots
are used to demonstrate the relationship between the input and output parameter also
to enhance the stability of the CFRP drilling process. Furthermore, it is observed that
by attaining optimal drilling parameters can be improved the quality of drilling hole
of the fabricated CFRP composite.
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An Experimental Study on Drilling
of Titanium Alloy Using Taguchi-Based
Fuzzy Logic Approach

D. Vijayan, T. Rajmohan , and A. Raajesh Kanna

Abstract In this study, a drilling experiment was conducted on titanium alloy mate-
rial by varying point angle of a carbide drill bits. The variables in the experiment
were drilling speed, feed rate and point angle. A hybrid optimization technique,
Taguchi-based fuzzy logic approach, is used to organize the drilling experiment.
Totally, 27 experiments were conducted as per Taguchi L27 orthogonal array. The
adequacy of experiment is further validated using normal probability values and
residuals involved in the experiment. Moreover, the analysis of variance is used to
identify the significant variable involved in the experiment. A fuzzy logic approach
is used to validate the experiment by developing rules logically in a fuzzy inference
system. Three membership functions for the inputs and nine membership functions
for the outputs were considered in order to improve the accuracy of the predicted
results. It is observed that feed rate and point angle are playing a vital role in the
conducted experiment. And the overall effectiveness of the drilling experiment has
improved by using Taguchi-based fuzzy approach.

Keywords Titanium · Taguchi · Fuzzy · Drilling · Optimization · ANOVA

1 Introduction

Drilling is commonly utilized for assembling of mechanical and electrical parts
[1, 2]. Drilling macro or miniaturized holes with a high perspective proportion in
titanium combinations is beyond the abilities of the conventional drilling procedure.
Since, titanium alloys (Ti–6Al–4V), an alpha–beta combination having chemical
combination of 6% aluminum, 4% vanadium and remaining titanium, in such a
way that, it is broadly utilized for the majority of the regular uses just as bio-medical
applications due to bio-compatibility [3, 4]. Utilization of these materials has rapidly
increased because of the fact that they have such qualities as a high strength to
weight proportion at high temperatures, superior corrosion resistance, longer service

D. Vijayan (B) · T. Rajmohan · A. Raajesh Kanna
Department of Mechanical Engineering, Sri Chandrasekharendra Saraswathi Viswa Mahavidyala,
Enathur, Kanchipuram, Tamil Nadu 631561, India
e-mail: vijaiand2012@gmail.com

© Springer Nature Singapore Pte Ltd. 2021
T. Rajmohan et al. (eds.), Advances in Materials and Manufacturing Engineering,
Springer Proceedings in Materials 7, https://doi.org/10.1007/978-981-15-6267-9_55

477

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6267-9_55&domain=pdf
https://orcid.org/0000-0002-3657-6760
mailto:vijaiand2012@gmail.com
https://doi.org/10.1007/978-981-15-6267-9_55


478 D. Vijayan et al.

life and compatibility with composite structures. Also, it is broadly utilized due
predominant attributes in various technologically advanced industries, for example,
aviation, marine, substance handling, restorative and vehicle areas [5]. There are
numerous components, for example, airframes, fastener parts, vessels, cases, hubs,
forgings, bone plates, bars, disposable ribs pens, finger and toe substitutions, spinal
combination enclosures and dental inserts, cylinders and cylinder rings. Therefore,
machining of titanium materials winds up important for getting net-shaped parts. In
the drilling of titanium and its alloys, it becomes even more difficult because of their
unfavorable properties, for example, poor thermal conductivity and lower elastic
modulus. Another restriction of conventional drilling is the required tool material
hardness, which ought to be no less than 30–50% more than that of work material.
Drilling of such alloys some time poses difficulty due to the fact that the material
is work hardened and the tool rubs against the hardened zone, causing rapid tool
wear. Excessive wear and poor surface finish exist when the tool and work piece
are in contact, if the tool has not held enough hardness [6]. Thus, researches have
been to a great extent focused on mechanical and thermal properties of the titanium
and its alloys. The majority of the items required drilled holed for assembly of
parts. Nowadays, a great deal of research work was completed for decreasing the
experimental work. In the past research, a considerable lot of the specialists utilized
the experimentation, based trial and error [7, 8]. It requires a trial time and associated
costs. And few scientists utilized the design of experiment ideas for developing
experiments through factorial design [9, 10]. These designs were utilized to reduce
the cost and time of analysis. However, this work attempts further decrease on the
trial time and cost by utilizing fuzzy logic concepts.

2 Research Methodology

2.1 Experimental Setup

The present investigation begins with experimental approach and the experimental
data are analyzedwith fuzzy logic concepts andTaguchimethod.At last, themodeling
data are validated with experimental data. The drilling analyses were conducted in a
radial drilling machine as shown in Fig. 1. The tools were used 8-mm TiAlN-coated
carbide twist drill. Ti–6Al–4 V was utilized for this investigation. The sample work
piece size of 120× 120 mm was used. The experimental design follows three levels
of spindle speed (1500, 1750, and 2000 rpm) and feed rate (4, 6, 8 mm/rev) and
cone angle (110,115 and 120°). These cutting conditions were chosen dependent on
tool manufacturer recommendation and machine tool capacity. The combinations
between these two factors were created, and each experiment observed two replicate
values. Altogether, 27 experiments were conducted as per Taguchi L27 orthogonal
array.The experimental design is as presented inTable 1.Theworkpiecewas clamped
in the special fixture to measure the force generated during drilling. The thrust force
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Fig. 1 Drilling setup

mainly depends on feed rate, drill bit and the work piece thickness. The thrust force
generated was measured by using a Kistler® digital dynamometer recorder for all 27
holes. The digital drill tool dynamometer is used to measure the thrust force (Fig. 1).

2.2 Fuzzy Logic and Regression Modeling for Thrust Force
Prediction

Anand Alagumurthi [11] integrated the fuzzy rule-based reasoning into Taguchi
loss function. The most effective combination of a parameter found from fuzzy–
Taguchi integrated approach for water jet technology was planned. Similarly, this
work assumes to combine the fuzzy logic and Taguchi to reduce the experimental
run and cost for drilling operation. The experimental outputs were used to estimate
the structure of input and outputmembership functions [12]. Thismodeling technique
was carried out to calculate the various inputs and output combinations. The fuzzy
logic model is built based on experimental results. The output data generated from
fuzzy logic model are analyzed with Taguchi. Finally, the results of fuzzy model and
fuzzy–Taguchi model are compared. Generally, the fuzzy logic procedure involves
evaluation of fuzzy rule, universe partitioning, making relationship between input
and output membership function and rules combination [6, 13].

Fuzzy logic provides foundations for approximate reasoningwith imprecise fuzzy
propositions using fuzzy set theory as a main rule [14]. Fuzzy logic could be used for
modeling these potential threats more effectively. Fuzzy logic rules are developed
in linguistic terms that address the relationship between the inputs and the outputs
from a system. The data collected from experiments are ordered in a logic control
system. In this experiment, the input parameters considered such as drilling speed,
feed rate, cone angle and the output response is thrust force. The developed fuzzy
model is as presented in Fig. 1. The input machining parameter is divided into three
membership function called low, medium and high. The output is divided into nine
sets as presented in Table 2. The modeling of the thrust force followed the triangular
type from the available membership functions like Gaussian, trapezoidal, etc. The
developed input and output membership function is presented in Figs. 2 and 3. The
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Table 1 Experimental design

Std Spindle speed (N) Feed rate (f) Cone angle (8) Thrust force (TF)

Actual Predicted from
fuzzy

1 1500 4 110 15.87 15.91

2 1500 4 110 14.28 13.98

3 1500 4 110 12.33 12.45

4 1500 6 115 11.90 11.92

5 1500 6 115 10.49 11.14

6 1500 6 115 9.67 9.21

7 1500 8 120 8.66 8.76

8 1500 8 120 7.57 7.98

9 1500 8 120 7.47 7.82

10 1750 4 115 11.90 12.47

11 1750 4 115 10.74 9.47

12 1750 4 115 9.27 9.66

13 1750 6 120 10.98 11.64

14 1750 6 120 9.27 8.41

15 1750 6 120 8.05 8.26

16 1750 8 110 10.74 9.47

17 1750 8 110 9.39 9.21

18 1750 8 110 8.90 7.47

19 2000 4 120 10.13 9.54

20 2000 4 120 8.15 8.45

21 2000 4 120 7.58 7.92

22 2000 6 110 9.89 10.45

23 2000 6 110 8.05 8.66

24 2000 6 110 7.78 7.91

25 2000 8 115 8.34 9.54

26 2000 8 115 7.32 9.54

27 2000 8 115 6.34 8.34

fuzzy rules note down in the form of if–then rules and connect the input membership
function to output membership function. The rules are as follows (Figs. 4 and 5),

Rule 1 If spindle speed is low, then thrust force is high.
Rule 2 If spindle speed is medium, then thrust force is medium.
Rule 3 If spindle speed is high, then thrust force is low.
The input membership function is partitioned regarding minimum and maximum

values that allowed controlling the system. Fuzzy relation builds the relation between
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Table 2 Output membership
function

Condition Range Membership function

Ultra small −0.375–0.375 Triangular membership
functionVery small 0–0.75

Small 0.375–1.125

Low medium 0.75 – 1.5

Medium 1.125–1.185

High medium 1.5–2.25

Low 1.185–2.625

Very low 2.25–3

Ultra-low 2.63–3.38

Fig. 2 Fuzzy inference

Fig. 3 Input membership
function
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Fig. 4 output membership
function

inputmembership function to outputmembership function. Then the fuzzy algorithm
as follows,

If spindle speed = high THEN thrust force = low OR.
If spindle speed = medium THEN thrust force = medium OR.
If spindle speed = low THEN thrust force = high.
This can be represented in the relation with thrust force (TF) which has a

membership function as shown in below,

N , TF = min N1 TF, N2 TF, N3 TF

where.
N =Mean drilling speed.
TF =Mean Thrust force.
N1, N2 and N3 = Drilling speed at desired levels.
TF1, TF2 and TF3—Thrust force based on desired levels of drilling speed.

Therefore totally 27 fuzzy.
rules were formed based on IF: Then rules in FIS system as shown in Fig. 5.

3 Results and Discussion

Minitab v16 is used to perform the Taguchi statistical analysis and to experimental
data is validated using ANOVA. The residual plot obtained from Taguchi analysis
is presented in Fig. 6. From the normal probability plot, it can be observed that all
the experimental data are nearer to 45° linear line which indicate adequate model is
obtained from the statistical analysis [15]. Further, the residuals are scattered in the
residual plot which the residual line throughout the experiment. And the main effects
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Fig. 5 Rule editor
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plot from SN ratio is plotted in Fig. 7. The steep slope of SN ratios graph indicates
the more influence of drilling parameters in the performance characteristics. In the
present investigation, the effect of feed rate has greater influence as can be seen from
their steep slope. Moreover, the experiment is validated using ANOVA. The obtained
ANOVA values are presented in Table 3. It is observed that the model is significant
and all the selected process parameters are significant and playing an important role
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Table 3 ANOVA results

Source Sum of squares df Mean square F value p-value Prob >
F

Model 99.012 3 33.004 23.008 < 0.0001 Significant

A-Spindle
speed

28.506 1 28.506 19.872 0.0002

B-Feed
rate

51.731 1 51.731 36.063 < 0.0001

C-Cone
angle

18.774 1 18.774 13.088 0.0014

Residual 32.993 23 1.434

Lack of fit 13.697 5 2.739 2.555 0.0647 Not significant

Pure error 19.296 18 1.072

Cor total 132.005 26

in minimizing the thrust force of the drilling process. MATLAB tool is used for
estimating the Taguchi-fuzzy output. Triangular membership function is applied for
the output response (thrust force) with nine membership functions. A set of rules
were written for activating the fuzzy inference system (FIS) and the FIS is evaluated
to predict the Taguchi fuzzy reasoning grades for all 27 experiments. Based on the
predicted data from Taguchi method and fuzzy is presented in Table 1. It is observed
from the results the uncertainty of data is reduced. Figure 8 shows the comparison of
predicted results of Taguchi methods and the respective fuzzy for all the experiments.
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Fig. 9 Effect of feed rate,
speed on thrust force

It is obvious that there is an improvement in the fuzzy predicted data as compared to
that of Taguchi results.

The effect of feed rate and point angle on thrust force is presented in Figs. 9 and 10.
It seems that the thrust force is increases with increasing feed rate. Increase in feed
rate increases the heat generation during drilling therefore which increases thrust
force during drilling process. This increase in thrust force creates shear bands on the
drilling surfaces to a larger extent resulting in larger burr formation. In addition to
that the feed rate is directly proportional with thrust force and inversely proportional
with drilling speed. Hence, maximum thrust force was observed with increasing
feed rate during drilling. On the other hand, varying point angle from 110 to 12 °C
induced more strain deformation so thus produced a primary adiabatic shear zone on
the drilling area results increase in thrust force during drilling.
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Fig. 10 Effect of point
angle, speed on thrust force

4 Conclusion

In the present investigation, a hybrid optimization technique, Taguchi-based fuzzy
logic approach,was used to analyze the drilling parameters of titaniumalloys. Totally,
27 experiments were conducted using Taguchi L27 orthogonal array. The important
drilling parameters such as drilling speed, feed rate and point angle were used to
organize the experiment and thrust force was considered as a response. ANOVA is
used to validate the experiment. Based on the investigation conducted, the following
conclusions can be drawn,

(a) Feed rate is the drilling parameters which is playing a vital role in the experi-
ment. Thrust force is observed maximum when feed rate is high in the drilling
process. There is no much variation in thrust force when drilling speed is even
at maximum or minimum.

(b) Increasing point angle increase thrust force during drilling which develops
cracks and adiabatic shear zone on the drilling areas.

(c) Taguchi-based fuzzy is an effective approach on improving effectiveness of the
drilling performance and it can be further improved by using a greater number
of variables and experiments. Moreover, the application of this model to the
optimization of slightly different industrial problems is envisaged.
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Determination of Optimum Tensile
Strength of Friction Stir Welded AA2219
Aluminum Alloys Using Taguchi’s
Method

D. Vijayan, V. Seshagiri Rao, and V. S. Anirudh

Abstract The heat-treated aluminum alloys of AA2219 have superior strength-to-
weight ratio; therefore, the industries such as aerospace, automobile, and marine
industries are widely fabricating their structures using conventional welding tech-
niques. Joining AA2219 aluminum alloys by conventional welding techniques is
extremely difficult due to formation of hot cracks and residual stresses on the weld
zone. To overcome these difficulties, AA2219 can be welded friction stir welding
(FSW). Therefore, in the present investigation, FS welding technique is optimized to
join AA2219 aluminum alloys. Significant FS process parameters such as tool rota-
tional speed, welding speed, axial force, and tool pin profile were used to conduct
the experiment. Four factors and three levels of Taguchi L9 orthogonal array are used
to design the experiment. Totally, nine experiments were conducted to validate the
weld experiments. The fabricated weld samples yield the maximum tensile strength
of 316 MPa. The optimal conditions were identified such as tool rotational speed
of 1700 rpm, welding speed of 90 mm/min, axial force of 3 kN, and square tool
pin profile is best suited for obtaining a maximum tensile strength. ANOVA results
indicate that the tool rotational speed and square tool pin profile is playing a vital
role in the conducted experiment. Scanning electron microscope is used to reveal the
effect on stirred zone of the fabricated weld joint. It was observed that few defects,
such as pinholes, and voids have mainly reduced the tensile strength of the fabricated
AA2219 weld joints.
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1 Introduction

Friction stir welding (FSW) is a novel solid-state welding technique invented by
Thomas [1]. At TheWelding Institute (TWI), UK, FSW is mainly used for aluminum
and its alloys and is gradually replacing traditional aluminum arc welding process
nowadays. FSW has not deliver any radiation and harmful gases as similar in tradi-
tional welding techniques. A rotating tool having a unique design parts called “shoul-
der” and “pin” directly plunged into an abutting surface to be welded. Due to the
frictional contact between the shoulder and surface, the heat is generated and allows
metal flow usually from retreating side to advancing side by tool travel along theweld
line thus producing a weld joint. The heat-treated aluminum AA2219 has superior
strength-to-weight ratio and best suited to aerospace structural and cryogenic fuel
tank applications. The tensile property of the fabricated weld joints is depending
upon the following process parameters such as tool rotational speed, welding speed,
axial load, tool tilt angle, shoulder-to-diameter ratio, shoulder design, or pin design.
However, these parameters are to be optimized for maximizing the tensile strength
of weld joint. Moreover, positioning of weld plate is playing significant role in deter-
mining the strength of the weld joint. Numerous researches have been carried out to
investigate and improve the process performance.

Manurung [2] developed a model for improving the mechanical properties of fric-
tion stir welded AA6061—T651 aluminum alloys using the Taguchi method against
the response weld quality, hardness, and tensile strength. They found that tool pin
profile and shoulder diameter are the factors that influence more on maximizing the
tensile strength. Salem [3] developed a mathematical model for surface roughness of
friction stir welded AA2017 aluminum alloys. It was reported that increase in rota-
tional speed improves surface roughness whereas decreases while increasing traverse
speed. Hussein [4]. used Taguchi’s technique to optimize the friction stir welding of
AA2024 and AA5754 aluminum alloys and found that tool pin profile influencing
more on improving the tensile strength than the tool rotational speed and plunging
time. Parida [5] studied the influence of input parameters of FS welded commercial
aluminum alloys using Taguchi-based full fractional experiment. It was reported that
the rotational speed is a significant factor contributed much on improving ultimate
tensile strength of the fabricated FS welded specimens.

The dissimilar FSW was performed by Sundareswaran [6] using AA6061-to-
AA7050 aluminum alloys and found that the tool shoulder diameter and pin diam-
eter are the dominant factors of the process. From the above investigations, it can be
found that the FSWprocess parameters are quite complexwelding process, and there-
fore, it is difficult to find the optimal parameters by conducting the numerous trials.
Sometimes conducting numerous trails delays the production and consumes more
production cost. Alternatively, optimal parameters can be evaluated using statistical
techniques like Taguchi, grey relational analysis, response surface methodology, etc.
Usually, statistical techniques require less resources and time to estimate the optimal
parameters even though if the process is too complex. Hence, in the present investi-
gation, a statistical technique called Taguchi’s method is used. In Taguchi’s method,
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L9 orthogonal array was used to obtain the optimal parameters of FSW. Taguchi’s
technique developed by Genichi Taguchi has been used widely in engineering prob-
lems to optimize the performance characteristics and material properties within the
combination of design parameters. Taguchi’s technique is a potent tool in finding the
optimal parameters especially if the problem is complex.

2 Materials and Methods

Aluminum alloys of AA2219 plate having 150 mm × 75 × 6.25 mm each used to
fabricate the FS welded samples. AA2219 material is basically the combination Al-
Cu-Mnbased alloywhich is very difficult to join by conventionalwelding techniques.
The chemical composition and mechanical properties of AA2219 aluminum alloys
are presented in Tables 1 and 2. A computerized friction stir welding is used to
fabricate the FS welded joints. Later, the finishing operation was done on the cut
pieces with emery paper up to 2000 grit. Each sample of AA2219 aluminum alloys
was fixed simultaneously, and then the welding operation was initiated ensuring that
the pin depth in the weld joint was about 4 mm. The FSW machine setup is as
presented in Fig. 1. Friction during rotation created heat flow in the workpieces and
turned the proposed area for welding into plastic state. There was no melting during
this process; therefore, no protection gaswas required duringwelding. The significant
FSW parameters are involved in the present investigation, and their corresponding
levels are presented in Table 3. There are three pin profiles that are considered in
the present investigation, namely cylinder (1), square, (2) and taper (3). For the
statistical analysis, each pin is indicated by the numeral numbers as stated in Table
3. As per the Taguchi L9 orthogonal array, totally nine samples were fabricated.
Each sample is visually inspected and machined as per ASTM E-8M standard using
WEDM process. Later, all the fabricated welded samples were allowed for tensile
test to evaluate ultimate tensile strength (UTS).

A 100-tonnage automatic universal testing machine (UTM) is used for finding
UTS value in each sample. Each sample was manually clamped in mechanical
clamps which are provided in the UTM machine. Since to confirm good quality

Table 1 Chemical composition of AA2219-T81 aluminum alloy

Component Cu Mn Ti V Zr Al

wt% 5.8–6.8 0.2–0.4 0.02–0.1 0.05–0.15 0.1–0.25 Remaining

Table 2 Mechanical
properties of AA2219–T81
aluminum alloy

Material Ultimate
tensile
strength

Tensile yield
strength

Modular of
elasticity

AA2219–T81 476 MPa 393 MPa 73.1 GPa
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Fig. 1 FSW machine setup

Table 3 FSW parameters
range and their levels

FSW parameter Units Range

Tool rotational speed rpm 1300–1700

Welding speed mm/min 30–70

Axial load kN 3–9

Tool pin profile Cat 1–3

weld, each sample was thoroughly observed during the tensile operation till the
fracture occurred. Finally, all the samples were visually inspected to analyze the
macrodefects in the fractured weld zones. The fabricated weld samples of AA2219
are presented in Fig. 2, and the obtained UTS values from each weld sample are
presented in Table 4.

The scanning electron microscopy (SEM) is used to perform the microanalysis
of each weld sample. It was observed that each fabricated weld sample has few
voids, fine dimples, and pinholes along the weld zone. The identified defects through
SEM are presented in Fig. 3. The fine dimples along the weld region indicate all
the fabricated samples fractured under ductile mode of fracture that confirms high
tensile strength on the weld joints.

Fig. 2 Fabricated FSW
samples of AA2219
aluminum alloys
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Table 4 Taguchi L9 orthogonal array and experimental results

Std Tool rotational
speed, N (rpm)

Welding speed, f
(mm/min)

Axial force, F
(kN)

Tool pin profile,
PP

Ultimate tensile
strength
(N/mm2)

1 1500 30 3 1 178

2 1500 50 6 2 316

3 1500 70 9 3 268

4 1700 30 6 3 295

5 1700 50 9 1 165

6 1700 70 3 2 132

7 1900 30 9 2 224

8 1900 50 3 3 189

9 1900 70 6 1 134

Fig. 3 SEM indicates
fractured zone of AA2219
aluminum alloy

3 Results and Discussion

When the speed of rotation of the tool was below 1500 rpm, the tunnel defect was
observed in the middle of the retreating side of the welding area, which may be due
to insufficient heat generation and insufficient metal transport as shown in Fig. 4a.
If the speed of the tool rotation was higher than 1900 rpm, the pinhole defect at the
center of the retreating side may be due to excess turbulence caused by a higher
speed of the tool rotation. When the welding speed was lower than 30 mm/min, the
tunnel defect on the retreating side was observed due to the excess heat input per unit
length of the weld. When the welding speed was higher than 70 mm/min, the tunnel
at the retreating side and center of the welding area was observed due to inadequate
material flow. And, when the axial force was lower than 3 kN, the pinhole defect was
observed as shown in Fig. 4b. On the other hand, when axial force increased beyond 3
kN, tunnel defects on both sides of the retreat and progression and excessive thinning
were caused by higher heat input on the fabricated AA2219 aluminum weld joints.
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Fig. 4 a Tunnel defect. b Pinholes

In order to analyze the influence of each factors involved in the process, mean of
means and signal-to-noise ratios (S/N) for each process factor was calculated.

Signals are usually indicating the effect on mean responses, and noises are
measures of deviations from experiment output. Suitable S/N ratio must be selected
based on prerequisite knowledge and experience in the process. For the present inves-
tigation, S/N ratio was selected according to criterion, larger-the-better, in order to
maximize the tensile strength. S/N ratio (ηj) in jth experiment can be expressed as,

η j = −10log

(
1

n

∑(
1

Y 2
i jk

))

where n is number of tests and Yijk is experimental value of ith quality charac-
teristics in jth experiment at kth test. In the present investigation, UTS values are
to be maximized, and therefore, the UTS values are transformed into SN ratio and
means. The obtained means and SN ratios are presented in Table 5. Usually, a larger
SN ratio indicates better quality attributes. Consequently, optimum parameter is the
highest level in the SN ratio. Means and SN ratios are calculated using MINITAB

Table 5 SN ratio and means of each factor

Level Tool rotational
speed

Welding speed Axial force Tool pin profile

SN ratio Means SN ratio Means SN ratio Means SN ratio Means

1 47.85 254.0 47.14 232.3 44.32 166.3 43.97 159.0

2 45.39 197.3 46.62 223.3 47.31 248.3 46.47 224.0

3 45.03 182.3 44.51 178.0 46.64 219.0 47.83 250.7

Delta 2.83 71.7 2.63 54.3 2.99 82.0 3.86 91.7

Rank 3 4 2 1
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Fig. 5 Graphical results of a means and b SN ratios

Fig. 6 Percentage
contribution of each process
factor

81.87

0.25

16.71
0.93

Tool rotational
speed

Welding speed

Axial force

Tool pin
profile

V16—statistical software. The obtained optimum values of means and SN ratios are
as follows: tool rotational speed = 1900 rpm welding speed = 90 mm/min, axial
force = 9 kN, and tool pin profile = 3 (Square). The graphical results of obtained
means and SN ratios are presented in Fig. 5a, b. Analysis of variance (ANOVA) is
performed to estimate the contribution of individual factor involved in the investi-
gation. ANOVA results indicate that the selected FSW factors are highly significant
factors affectingUTS of FSWeld joints and the effects of interaction between process
factors are not significant. The graphical representation of percentage of contribu-
tion of each process factor is presented in Fig. 6. It is found that, the rotational speed
plays a vital role in the conducted FS welding process. The tool rotational speed
contributed 81.87% in the whole process which significantly decides ultimate tensile
strength of the fabricated AA2219 aluminum alloys followed by 16.71% of axial
force on the weld joint performance (Table 6).

4 Conclusion

The following conclusions can be made based on the present investigation on FSW
of AA2219 aluminum alloys.

1. AA2219 aluminum alloyswere successfully FSweldedwith different parameters
using Taguchi’s optimization techniques.
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Table 6 ANOVA results

Source Sum of
squares

df Mean square F value pvalue
Prob. > F

% of Cont.

Model 31,396.8 4 7849.21 734.91 <0.0001 Significant

A-tool
rotational
speed

25,741.50 1 25,741.50 2410.13 <0.0001 81.87

B-welding
speed

80.67 1 80.67 7.55 0.0515 0.25

C-axial
force

5280.67 1 5280.67 494.42 <0.0001 16.71

D-pin
profile

294.00 1 294.00 27.53 0.0063 0.93

Residual 42.72 4 10.68

Cor total 31,439.56 8

2. Aluminum having advancing side of the FSW resulted in better welds with fewer
defects in the stir zone.

3. The optimal process parameters such as tool rotational speed = 1900 RPM,
welding speed = 90 mm/min, axial force = 9 kN, and tool pin profile = 3
(Square) have been found.

4. Ductile fracture was observed on the fabricated weld specimens under tensile
loading during tensile test. The maximum tensile strength of joints welded was
316 MPa, which was higher than the other fabricated in the present investigation
using AA2219 aluminum alloys.

References

1. Thomas W, Nicholas E, Needham JC, Murch M, Templesmith P, Dawes C (1991) Friction stir
welding. In: International patent application no. PCT/GB92102203 and Great Britain patent
application

2. Mohamed MA, Manurung YHP, Berhan MN (2015) Model development for mechanical prop-
erties and weld quality class of friction stir welding using multi-objective Taguchi method and
response surface methodology. J Mech Sci Technol 29:2323–2331

3. Boulahem K, Ben Salem S, Bessrour J (2015) Surface roughness model and parametric welding
optimization in friction stir welded AA2017 Using Taguchi method and response surface
methodology. In: Design and modeling of mechanical systems-II, lecture notes in mechanical
engineering

4. AbbassMK,Hussein SK,KhudhairAA (2016)Optimization ofmechanical properties of friction
stir spot welded joints for dissimilar Aluminum Alloys (AA2024-T3 and AA 5754–H114).
Arabian J Sci Eng 41:4563–4572

5. Alkayem NF, Parida B, Pal S (2016) Optimization of friction stir welding process parameters
using soft computing techniques. Soft Comput 21:7083–7098



Determination of Optimum Tensile Strength … 497

6. Koilraj M, Sundareswaran V, Vijayan S, Koteswara Rao SR (2012) Friction stir welding of
dissimilar aluminum alloys AA2219 to AA5083—optimization of process parameters using
Taguchi technique. Mater Des 42: 1–7



Analysis of Thrust Force in Drilling
of Titanium Alloy Using Taguchi’s
Method

D. Vijayan, T. Rajmohan , and V. Nithin

Abstract Achieving good quality of hole by drilling is extremely difficult in hard-
to-difficult cut material such as titanium alloys and nickel alloys. Hence, numerous
investigations have been organized using these alloys by the researchers in the past
decades. Thrust force is the main factor associated in drilling that affects the final
quality of the hole. Minimizing thrust force in drilling is still questionable and
extremely difficult. Therefore, considering as an objective function of the present
investigation, thrust force is significant factor to be minimized. Based on the thor-
ough literature survey, it is identified that spindle speed, feed rate, and point angle
are the significant factors inducing thrust force during drilling. Identifying appro-
priate levels of each input factors can minimize the thrust force. Therefore, Taguchi’s
method is applied to identify the optimal input process factors to minimize the thrust
force during drilling of titanium alloys. The results show increasing feed rate subse-
quently increases the thrust force of the drilling. However, from the analysis results,
it is observed that, the point angle of the drill tool is factor advances thrust force
during drilling when comparing feed rate.

Keywords Titanium · Taguchi · Fuzzy · Drilling · Optimization · ANOVA

1 Introduction

Drilling is the dominant machining technique in metals and alloys assemblies due
to its clean operation, excessive efficiency, and low price. Titanium and its alloys
have high melting points and high heat resistance, making them suitable for applica-
tions involving high operating temperatures. Titanium and its compounds are highly
resistant to chemical corrosion using conventional inorganic acids and chlorides. In
addition, pure titanium and its alloys have the advantage of being biocompatible
with human tissues and bones [1, 2]. Due to these advantages, titanium and its alloys
are widely used in aviation, construction, shipbuilding, petrochemical, energy, and
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biomedicine [3, 4]. Especially in aviation sector, titanium alloys are used for the
manufacturing of fan, compressor, landing gears, and fuselage applications due to
its high strength-to-weight ratio. Besides that, due to non-corrosive properties in
nature, titanium alloys are mainly used for on-board kitchen and toilets in construc-
tion fields. And the galvanic capability of titanium makes it to combine with carbon
fibers during the composite fabrication. Titanium alloys have low coefficient thermal
expansion; therefore, it can be combined with polymer matrix composites [5, 6].
And, titanium is also used in the manufacturing of sea-cooled heat exchangers and
offshore oil rig frames due to their corrosion resistance and fire resistance proper-
ties [7]. In addition, geothermal power plants for the handling of harsh equipment
and highly corrosive contaminated fluids. Thus, titanium alloys are gaining much
popularity in energy sectors to handle high temperatures and hot chloride applica-
tions [8–10]. Though many applications reveal the application of titanium alloys in
various industrial sectors such as automobile, aviation, energy, marine, and space
research, the cost of titanium alloys is quite expensive still [11, 12]. Therefore, this
limits the extension of titanium alloys application in other industrial sectors. In addi-
tion to that, specifically hole making within very closer tolerances is critical step
while fabricating titanium machined parts during post-processing is very difficult
and sometimes takes more time to complete the fabrication. Drilling is usually a
difficult undertaking for the manufacturing industries particularly while the use of
titanium alloys because of its low thermal conductivity, which leads to high heat
accumulation at the machining area [9, 10, 13]. Thus, extensive investigations were
centered at the traditional drillingmethods. Since, theremay be an increasing demand
for fabrication of miniaturized gadgets and additives of titanium alloys by way of
drilling, wherein plated smaller than 10 mm are fabricated via drilling technique.
Titanium alloy is receiving increasingly more interest in chemical, aerospace, and
biomedical fields due to its low density, good mechanical properties, and excellent
corrosion resistance. However, drilling of titanium alloy has to be taken carefully.
Chiang [14] revealed that titanium alloy reacted actively with nitrogen and oxygen
at excessive temperature. As a traditional drilling approach, drilling should isolate
atmospheric gases successfully during high feed rate implementation. Mechanical
properties of the titanium after drilling need to be considered for a comprehen-
sive estimation. Optimization method is a consequence vital for a better composite
hole quality. Taguchi’s method becomes advanced applying signal-to-noise ratio and
orthogonal array for optimization of single response. Analysis of variance (ANOVA)
and response table are used to optimize the technique.

2 Experimental Setup

Commercially pure titanium grade II materials having dimensions of 120× 120 x 10
mm are used for the experiment. Titanium alloy grade II possesses good weldability,
strength, ductility, and formability for which it is quite difficult to machine. They
were sheared into the dimensions of 120 × 120 mm for the drilling experiments, as
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shown in Fig. 1. Detailed chemical composition of titanium alloy is listed in Table 1.
Mechanical and chemical methods had been both beneficial in cleaning impurities
earlier than drilling.Mechanical cleansing is initially followed byway of a hard brush
for a rough elimination of coarse oxides and contaminants. Chemical cleansing was
then used to obtain a stable and good quality of surface plate. Titanium alloys were
etched with a blended solution of nitric acid (45%), hydrofluoric acid (20%), and
water (35%) for 2–3 min. After wiped clean by way of running water, specimens
were positioned in a ventilated environment. Taguchi L27 orthogonal array is the
most popular experimental design was adopted in this study [15, 16]. The process
factors and their levels are depicted in Table 2. Experimental design matrix and their
corresponding results as per the Taguchi L27 orthogonal array are given in Table
3. The experimental design follows three levels of spindle speed (1500, 1750, and
2000 rpm) and feed rate (4, 6, 8 mm/rev) and cone angle (110, 115 and 120°). These
cutting conditions have been selected primarily based on tool manufacturer advice
and machine device capability.

In total, 27 experiments were conducted. The workpiece became clamped within
the unique fixture to measure the force generated in the course of drilling. The
thrust force specially relies upon on spindle speed, feed rate, drill bit, and the work-
piece thickness. The thrust force generated was measured by the use of a digital
dynamometer recorder for all 27 holes. The digital drill device dynamometer is used
to measure the thrust force. After the data for every experiment are summarized, the
subsequent step in data analysis has been (1) to develop the mathematical model, (2)
to estimate the effect of every control component at various levels on thrust force
under study, and (3) to perform ANOVA.

Fig. 1 Experimental setup
of titanium alloy drilling

Table 1 Chemical composition of titanium alloy

Material Iron Oxygen Carbon Nitrogen Hydrogen Titanium

CP titanium alloy <0.3 <0.25 <0.1 <0.03 <0.015 Balance
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Table 2 Process factors and their levels

Factor Factor name Units Low Medium High

A Spindle speed rpm 1500 1750 2000

B Feed rate mm/rev 4 6 8

C Cone angle deg 110 115 120

Table 3 Design matrix and their results

Std. Spindle speed (N) Feed rate (f ) Cone angle (θ) Thrust force (Tz) Error in %

Actual Predicted

1 1500 4 110 15.87 14.866 0.063

2 1500 4 110 14.28 13.776 0.035

3 1500 4 110 12.33 11.326 0.081

4 1500 6 115 11.90 11.396 0.042

5 1500 6 115 10.49 9.486 0.096

6 1500 6 115 9.67 9.166 0.052

7 1500 8 120 8.66 7.656 0.116

8 1500 8 120 7.57 7.066 0.067

9 1500 8 120 7.47 6.466 0.134

10 1750 4 115 11.90 11.396 0.042

11 1750 4 115 10.74 9.736 0.094

12 1750 4 115 9.27 8.766 0.054

13 1750 6 120 10.98 9.976 0.091

14 1750 6 120 9.27 8.766 0.054

15 1750 6 120 8.05 7.046 0.125

16 1750 8 110 10.74 10.236 0.047

17 1750 8 110 9.39 8.386 0.107

18 1750 8 110 8.90 8.396 0.057

19 2000 4 120 10.13 9.126 0.099

20 2000 4 120 8.15 7.646 0.062

21 2000 4 120 7.58 6.576 0.132

22 2000 6 110 9.89 9.386 0.051

23 2000 6 110 8.05 7.046 0.125

24 2000 6 110 7.78 7.276 0.065

25 2000 8 115 8.34 7.336 0.120

26 2000 8 115 7.32 6.816 0.069

27 2000 8 115 6.34 5.336 0.158
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3 Results and Discussion

3.1 Developing Mathematical Model

The response function represents the thrust of the titanium alloy during the drilling
process. The drilling process is a function of the drilling speed (N), feed rate (f ), and
acute angle (θ ) and can be expressed as:

Thrust force (TF) = f (N , f, θ) (1)

The coded and uncoded empirical equations are developed using Design Expert®.
The coded and uncoded equations are as follows,

TFcoded = +9.82 − 1.26 ∗ A − 1.70 ∗ B − 1.02 ∗ C (2)

TFun − coded = +47.201 − 5.03378E − 003 × Spindle speed − 0.84764

× Feedrate − 0.20426 × Cone angle (3)

Table 3 shows the thrust force predicted from the model and the corresponding
deviation. The validity of the developed model is tested by ANOVA. Table 4 shows a
summary of theANOVA, the variance ratio (F-value) of the thrust force in the drilling
process. The variance ratio, indicated by F in the ANOVA table, is the ratio of the
mean square for the factor and error mean square. A large value of F means that the
influence of the factor is large and estimates the variance of the error. In addition, the
higher the value of F, the more important factor which influencing more on the thrust
of the system. When the “R2” value is 1.0, the predicted model values correspond
exactly to the experimental results, and the lower the standard error (SE) of themodel
indicate the obtained model is more appropriate and it can be used predict the thrust
force. Further, the model is validated with scatter diagram as presented in Fig. 2. It

Table 4 ANOVA results

Source Sum of squares df Mean square F value p-value

Prob. > F

Model 99.012 3 33.004 23.008 <0.0001 Significant

A-spindle speed 28.506 1 28.506 19.872 0.0002

B-feed rate 51.731 1 51.731 36.063 <0.0001

C-cone angle 18.774 1 18.774 13.088 0.0014

Residual 32.993 23 1.434

Lack of fit 13.697 5 2.739 2.555 0.0647 Not significant

Pure error 19.296 18 1.072

Cor. Total 132.005 26
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Fig. 2 Scatter diagram for
the developed model of
thrust force

Internally Studentized Residuals

N
or

m
al

 %
 P

ro
ba

bi
lit

y

Normal Plot of Residuals

-1.63 -0.73 0.16 1.06 1.95

1

5
10
20
30

50

70
80
90
95

99

can be observed that all the experimental values are scattered uniform on both side
and close to 45° line which confirms the perfect fitness of the model.

3.2 Effect of Thrust Force on Process Parameters.

The effect of thrust force on process parameters of drilling speed, feed rate, and cone
angle are presented in Fig. 3a, b. It can be observed from Fig. 3a that thrust force
increaseswith increasing feed rate of drilling. Increasing feed rate increases heat flow
on the workpiece that decreases plastic flow of the material around the tool. Hence,
high thrust force was observed during drilling. Higher thrust force that caused cracks

Fig. 3 3D response surface plot for thrust force on a spindle speed versus feed rate, b spindle speed
versus point angle
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Fig. 4 Formation of cracks after drilling

seem to propagate along the adiabatic shear band due to extremely shear deformation
by high strain rates as seen in Fig. 4. On the other hand, varying point angle from
110 to 120° induced more strain deformation, thus producing a primary adiabatic
shear zone on the drilling area that results an increase in thrust force during drilling
as shown in Fig. 5. Higher point angle (120°) enhances poor material flow around
the drilling when at low drilling speed, therefore, more thrust force was observed.
Whereas, when at low point angle (110°) with high drilling speed, generates more
heat on the cutting zone results low thrust force on the drilling.

4 Conclusion

In the present investigation, the drilling of titanium alloy was carried out using the
Taguchi statistical optimization technique. L27 orthogonal arraywas used to complete
the experiment effectively. Based on the objective of the experiment, the thrust force
is during drilling of commercially pure titanium alloy. The mathematical model was
developed for the thrust force based on factors involved in the process such as drilling
speed, feed rate, and cone angle of drill bit. Further, the results were further analyzed
with ANOVA. The following findings were observed from the Taguchi optimization
and the characterization results of drilling made with feasible solutions.

1. At maximum drilling speed, lower thrust force values were obtained due to
increasing plastic flow of material.

2. The thrust force of drilled holes increased with increase of feed rate. Increasing
point angle increases the thrust force of drilling operation. Therefore, more thrust
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Fig. 5 Zone of adiabatic shear band

force values of holes drilled with high cone angle were measured than that drilled
with standard drill tools (120).

3. Depending on the Taguchi results, the optimal drilling parameter combination
for minimum surface roughness was determined as drill point angle of 120°, feed
of 8 mm/rev, and cutting speed of 2000 mm/rev.

4. According to the Taguchi and ANOVA results, the most effective parameter was
found as drill point angle and the minimum effective parameter was found as
feed.
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RSM-Based Optimization of Process
Parameters in Synthesis
of Pentaerythritol Ester of Rapeseed Oil

P. Vithya, G. Sriram, and S. Arumugam

Abstract This study was intended to optimize the reaction parameters of formula-
tion of the rapeseed oil-based pentaerythritol ester (PE) biolubricant using response
surface methodology (RSM) based on the central composite design (CCD).The
parameters chosen for the reaction process to synthesize pentaerythritol ester were
catalyst concentration (0.5–1.5 wt%), temperature (140–160 °C), and rate of reac-
tion time (1–5 h). The outcome results of process variables revealed that an optimum
condition for the biolubricant synthesis was at the temperature of 145.09 °C, and
1.45 wt% of catalyst capacity and 1.89 h of reaction time were acquired with the
81.6% yield of pentaerythritol ester. The catalyst capacity and reaction process time
were found to be the highly considerable interaction variables. The yield predicted
after the optimization process has produced adequate results with the experimental
value with a coefficient of determination (R2) of 0.9667.

Keywords Response surface methodology · Optimization · Rapeseed oil ·
Pentaerythritol ester · Biolubricant

1 Introduction

The rapid expansion and utilization of innovative resource of lubricants for various
industrial sectors are increasing every year [1]. The petroleum oil-based synthetic
lubricants may have a contamination hazard with respect to ecosystems, agricul-
tural land, and groundwater reserves owing to the toxicity and non-biodegradable
nature [2, 3]. Vegetable oils are the primary outrider by its uses, and because of
their sustainable energy resources, they offer energy independence [4]. Fatty acid
esters derived from vegetable oil have gained importance as an alternative lubricant
for various applications. Plant oil transesterification with polyol produce biolubri-
cants with high thermo-oxidative stability and pour point for the reason of glycerol
replacements by the polyol [5, 6].
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Extensive research works on formulation of biolubricants had been conceded
out previously on polyols especially pentaerythritol ester [7]. Hamizah Ammarah
et al. [8] analyzed the synthesis optimization of trimethylolpropane (TMP) ester and
pentaerythritol (PE) ester through the esterification of oleic acid with polyhydric
alcohols and stated that optimum condition for the TMP and PE synthesis was the
temperature at 150 and 180 °C, catalyst content of 1.5 wt%, molar ratio 3.9:1 and
4.9:1, and reaction time of 5 h and 6 h, respectively, obtained with the yield of
91.2% ester TMP and 92.7% ester PE. Musa et al. [9] investigated the optimization
process of transesterification of jatropha methyl ester with TMP using response
surface methodology. The model was satisfactorily predicting the yield of jatropha
biolubricant with a coefficient of determination (R2) of 0.9068. Venu and Goud [10]
analyzed the optimization of RSM-based castor oil synthesis and inferred that the
optimal condition was the temperature of 52.81 °C, catalyst capacity of 15.14 wt%,
1.65:1 molar ratio, and reaction time of 2.81 h. The present work aimed to synthesize
the rapeseed oil-based pentaerythritol ester by successive transesterification process.
The reaction parameters of transesterification process were optimized, and different
interaction parameters were also examined by using response surface methodology
(RSM) and further CCD was used to determine the effect of process variables using
analysis of variance (ANOVA).

2 Materials and Methods

2.1 Transesterification Reaction of Pentaerythritol Ester
of Rapeseed Oil

Methanol, sodium hydroxide (NaOH), pentaerythritol (99%), para-toluene sulfonic
acid (p-TSA), and xylene were purchased fromM/s. Sigma Aldrich, USA, was used
in the synthesis of pentaerythritol ester. Rapeseed oil extracted from rapeseed was
transesterified to prepare the rapeseed oil methyl ester. A mixture of two-liter of
rapeseed oil with 880 ml of methanol and 18.46 g of NaOH catalyst was poured
into a round bottom flask equipped with a mechanical stirrer. The reaction mixture
was heated up to 55 °C in stirring condition of 300 rpm for 1 h. The mixture was
later cooled and drained in a funnel separation of methyl ester. To remove the excess
methanol and excess catalyst, the obtained methyl ester was heated to 70 °C and
washed with distilled water. The rapeseed oil methyl ester of one liter, 85 g of
pentaerythritol, and 55 g of para-toluene sulfonic acid was mixed with xylene. This
reaction product was then heated in the nitrogen atmosphere up to 160 °C for 5 h.
Finally, the product obtained from rapeseed oil was designated as pentaerythritol
ester [11].
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Table 1 Coded and actual
levels of variables for design

Factor Level

Low Center High

Temperature (°C) 140 150 160

Catalyst (wt%) 0.5 1.0 1.5

Duration (h) 1 3 5

2.2 Experimental Design

The CCD design was used in the design expert software to find out the three factors
which were the capacity of catalyst (sodium hydroxide, weight %), temperature,
and the reaction process duration. Table 1 depicts the coded and actual levels of
variables for design determined based on earlier literature findings. The temperature
was assorted between 140 and 160 °C, catalyst concentration between 0.5 and 1.5%
w/w, and rate of reaction timebetween1 and3h.Three factors in 23 full factorialCCD
with three levels resulted in 20 runs of experiments (2k + 2k + 6), and k stands for
number of independent variables/factors chosen. Center point experiments of six runs
have analyzed the pure error augmentedwith 8 factorial and6 axial experimental runs.
The response evaluated from the experiments was the percentage of pentaerythritol
ester composition obtained in terms.

2.3 Statistical Analysis

The regression coefficients of the second-order polynomial models were utilized to
effectuate the pentaerythritol ester biolubricant yield from the CCD optimization
data.

Yyeild = b0 +
k∑

i=1

b0Xi +
k∑

i=1

bi j X
2
i +

k∑

i j>1

k∑

j

bi j Xi X j + e (1)

where Y yield was the response variable (composition of pentaerythritol ester), i and
j indicate linear and quadratic coefficients, regression coefficients were expressed
by b0, bi, bij, and bij, k was the number of factors studied and optimized in the
experiments, while e denoted the random error [12]. The Design–Expert software
was used to produce the regression analysis of the obtained data, and analysis of
variance (ANOVA) was utilized to find out the model adequacy.
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3 Results and Discussion

3.1 Optimization of Process Parameters using RSM

The CCD based on RSMwas used to optimize the reaction parameters for the formu-
lation of rapeseed oil-based pentaerythritol ester. The temperature, time, and catalyst
concentration were selected as independent variables. Their interaction between the
parameters was examined for finding out the optimum yield of biolubricant. The
design layout and experimental results are shown in Table 2. The composition of
pentaerythritol ester was determined using an estimated response model, and final
equation with respect to actual factors was given in Eq. (2).

Y = −330.013+ 4.844X1 + 74.017X2 + 5.699X3

− 0.01493X2
1 − 0.7441X2

2 − 0.625X2
3 − 0.403X1X2

+ 0.0004X1X3 − 2.313X2X3 (2)

Table 2 Design layout and experimental results for response surface analysis

Run Temperature
(°C)

Catalyst
concentration
(wt%)

Reaction time
(hour)

% yield Actual Predicted Residual

1 140 0.5 1 68.19 68.19 68.002 0.187

15 160 0.5 1 71.24 71.24 71.249 −0.009

5 140 1.5 1 81.51 81.51 81.702 −0.192

13 160 1.5 1 76.9 76.9 76.884 0.015

7 140 0.5 5 71.32 71.32 71.419 −0.099

2 160 0.5 5 74.81 74.81 74.701 0.108

16 140 1.5 5 75.79 75.79 75.864 −0.074

3 160 1.5 5 70.81 70.81 71.081 −0.271

19 140 1 3 77.12 77.12 76.940 0.179

12 160 1 3 76.33 76.33 76.172 0.157

10 150 0.5 3 75.15 75.15 75.336 −0.186

9 150 1.5 3 80.9 80.9 80.376 0.523

20 150 1 3 76.89 76.89 78.050 −1.160

14 150 1 5 75.29 75.29 74.953 0.336

6 150 1 3 78.38 78.38 78.050 0.329

8 150 1 3 78.38 78.38 78.050 0.329

18 150 1 3 78.38 78.38 78.050 0.329

11 150 1 3 78.38 78.38 78.050 0.329

4 150 1 3 78.38 78.38 78.050 0.329

17 150 1 3 76.89 76.89 78.050 −1.160
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where Y was pentaerythritol ester yield composition, X1, X2 and X3 were the temper-
ature, catalyst capacity, and reaction duration, respectively. The highest percentage
of pentaerythritol ester (PE) yield of 81.51%was obtained at 150 °C, catalyst content
of 1.89%, and reaction time of 1.89 h [13].

Figure 1 shows the actual versus predicted values plot. The uniformly scattered
points in the plot showed that the points were very closer to the straight lines which
represent the better agreement of the experimental values with the predicted values of
the response. Figure 2 depicts the normal probability of residual plot. The residuals
distribution was established by the normal probability of residual plot. The data
normality is confirmed by the straight lines [14].

Fig. 1 Actual verses
predicted values plot

Fig. 2 Normal probability
plot of residuals
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Table 3 ANOVA for pentaerythritol ester synthesis

Source Sum of
squares

Degrees
of
freedom

Mean
square

F value p-value
Prob. > F

R2 Adj-R2 Adequate
precision
(AP)

Model 217.686 9 24.1870 62.208 <0.0001 0.9824 0.9666 31.07

A-temp 1.474 1 1.4740 3.792 0.0801

B-catalyst 63.504 1 63.504 163.329 <0.0001

C-duration 2.980 1 2.9800 7.665 0.0198

AB 32.522 1 32.522 83.645 <0.0001

AC 0.00061 1 0.00061 0.0015 0.9691

BC 42.827 1 42.8270 110.150 <0.0001

A2 5.260 1 5.2600 13.529 0.0043

B2 0.088 1 0.0883 0.227 0.6439

C2 11.111 1 11.1110 28.577 0.0003

Residual 3.888 10 0.3880

Lack of fit 0.716 4 0.1790 0.338 0.842 Not
significant

Pure error 3.171 6 0.5280

Cor. total 221.57 19

3.2 Fitting of Model and Variance Analysis (ANOVA)

The Model F-value of 62.21 has validated the importance of the model. In ANOVA
analysis-catalyst, duration, AB, BC, A2,C2 have considerable model variables shown
in Table 3. The P-values higher than 0.1000 disclose the model terms are not note-
worthy. The lack of fit F-value of 0.34 complimented to the pure error. It may be
84.28% possibility with this large lack of fit F-value could arise as a result of noise.
The fitted model is guaranteed by the good non-significant lack of fit. There is a
reasonable agreement with the predicted R2 of 0.9480 and adjusted R2 of 0.9667 [13,
15]. The desirability is assured by the adequate precision (signal-to-noise) ratio more
than 4. The acquired signal-to-noise ratio of 31.072 point outs an adequate signal.

3.3 Effect of Process Parameter on Transesterification
Reaction

The 3D surface plot of the second-order model was used for the reaction parameters
to find out the variables’ interaction response on the biolubricant yield.

Figure 3a depicts the catalyst capacity and temperature interactive effect on the
biolubricant yield. The catalyst quantity considerably increases the pentaerythritol
ester biolubricant yield. This is due to the reason for the inclusion ofmore catalyst that
accelerated the higher reaction process in the lesser duration of time. The increasing
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Fig. 3 3D contour plot on PE yield between a catalyst and temperature, b duration and temperature,
c catalyst and duration
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catalysts’ effect was observed at the reaction condition; the temperature of 140 °C,
catalyst intensity of 1.45% w/w, and reaction time of 3 h produce the 81.51% yield,
and the pentaerythritol ester yield of 75.19%was recorded at a temperature of 150 °C,
catalyst capacity of 0.5% w/w, and reaction time of 3 h. The biolubricant yield
decreases with temperatures increase owing to the speeding up of saponification
reaction rate which leads to the decrease of transesterification reaction yield [9, 12].

Figure 3b depicts the interactive effect on biolubricant yield of temperature and
reaction time. The pentaerythritol ester yield decreases as temperature increases and
is attributable to reduced rate of reaction speed resulting in lower pentaerythritol
ester conversion [12]. The reduced effect of temperature demonstrates that 77.95%
yield was perceived at a temperature of 160 °C, the reaction time of 5 h, and 1.0%
catalyst quantity, whereas 72.67% yield was recorded at a temperature of 140 °C,
the reaction time of 3 h, and catalyst intensity of 1.0% w/w. The results showed
that the pentaerythritol ester yield increases with the increase in duration of the
reaction process. This raising effect of reaction time produces the yield of 74.12%
for the reaction condition of temperature at 160 °C, catalyst quantity of 1.0%, and
5 h reaction time. However, 77.95% yield was recorded at a temperature of 140 °C,
catalyst quantity of 1.0%, and reaction time.

Figure 3c shows the interaction response of catalyst concentration and reaction
process duration on biolubricant yield. The results show that the higher significant
effect of the increase in catalyst concentration on the biolubricant yield. This is due
to the more catalyst capacity that promotes the higher conversion of pentaerythritol
ester [16]. The yield of 81.51%was substantiated at a temperature of 145 °C, catalyst
intensity of 1.45%, and reaction process period of 1.89 h, whereas 61.19% yield was
observed at a temperature of 135 °C, the reaction time of 1 h, and catalyst strength of
0.5% [17]. The effect of the catalyst with respect to time had a higher considerable
impact contributing to the fitted model.

4 Conclusion

The outcome of this investigation is detailed below.
The formulation of the rapeseed oil-based pentaerythritol ester (PE) biolubri-

cant was successfully optimized. The obtained optimum reaction’s conditions are
temperature at 145.09 °C, the catalyst capacity of 1.45 wt% and process reaction
time of1.89 h with the pentaerythritol ester yield of 81.6%. The catalyst effect with
time had a higher considerable impact contributing to the fittedmodel. The yield fore-
seen after the optimization process produces good agreement with the experimental
values with a coefficient of determination (R2) of 0.9667.
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Physical Characteristics of Keyhole
in 316L Stainless Steel Joint During
an Autogenous Pulsed Laser Beam
Welding

A. Jayanthi, K. Venkataramanan, and K. Suresh Kumar

Abstract An attempt made to investigate the physical characteristics of a keyhole
during pulsed laser welding in AISI 316L stainless steel joints for better under-
standing of keyhole and integrity of the joints. The experimentally prepared joints
are examined using a metallurgical microscope across the heat-affected zone (HAZ)
and melt regions. Then, the observations are compared with results predicted by a
volumetric heat sourcemodel proposed byKuang et al., and numericalmodel for heat
transfer is during pulsed laser welding of 316L stainless steel joints. Hence, it was
found that predictions and experimental observations are close with the solid-melt
and melt-vapor boundaries of keyhole in weld joints. However, in case of complete
penetration, that cone-shaped bottom of the keyhole has an expansion known as
downward-expanding vapor region, which differs from the proposed volumetric heat
source model. The effects of pulse irradiation by laser beam on the centerline weld
(melt region) and at the melt-solid boundaries are discussed; hence, heat flow in the
melt region and keyhole is examined.
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1 Introduction

Laserwelding has receivedmuch attention as a promising joining technology because
of its less heat input and low distortion. 316L stainless steel is used extensively
for weldment where its immunity to carbide precipitation during welding assures
optimum corrosion resistance [1] that can promote their wide range of applications
in many industries. Laser welding on 316L stainless steel provides deep penetration
welding with very small heat-affected zones at high travel speeds. Hence, it is neces-
sary to have a clear understanding of the physical processes involved in laser–material
interaction and keyhole formation during pulsed laser welding.

The theoretical solution for a moving heat source was developed for laser welding
and material processing technologies based on the heat conduction equations [2].
Then, the first 3D double ellipsoidal moving heat source was developed using finite
element model [3], a three-dimensional volumetric heat source model consisting of
a rotary Gaussian volumetric heat source and a double ellipsoid heat source model
using control volume method [4],the finite volume method used to solve the hydro-
dynamic equations governing the compressible vapor flow model [5], weld pool
transport phenomena during the transition from conduction mode to keyhole mode
laser spot welding [6], a three-dimensional transient model for simulating continuous
laser keyhole welding process [7], the continuum formulation model solid [8], the
volume-of-fluid (VOF) method [9] etc.… were investigated and reported about the
heat and mass flow in heat affected, melt and vapor zones of keyhole mode welding
with laser as a heat source. The effects of different beam intensity distributions for
deep penetration welding are investigated based on a pressure and energy equilib-
rium of the initial keyhole radii and different depths of keyhole [10]. It has found
that the ratio between weld and keyhole stays almost the same independent of the
beam diameter with both bead on plate and butt joint, and however, it is possible to
control the penetration and weld shape with the focal point position [11]. Further,
many more authors have used numerical techniques to evaluate different problems
in heat transfer and their reviews on laser welding and related process studies up to
the year 2002 [12]. It was briefed about the keyhole mode laser welding that how
useful to follow the previous work to appreciate the complexity of the simultaneous
physical processes in recent decades [13].

The article is to investigate the keyhole characteristics during pulsed laser welding
process using an analytical model proposed by Jao-Hwa Kuang and a numerical
model developed using COMSOLMultiphysics code by validating with the keyhole
of 316L stainless steel butt joint welding using pulsed Nd:YAG laser. The metal-
lographic examinations across the weld joints evolve the features of keyhole, weld
pool, and HAZ of AISI stainless steel. The trajectories of laser pulses appeared at the
centerline weld and at edge of the melt pool of the joints are examined and discussed.
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Fig. 1 Micrograph of a
keyhole formed in weld joint
of AISI stainless steel

2 Materials and Methods

The sample considered for all the experiment, simulation, and analytical methods is
AISI 316L stainless steel plates having dimensions of 150 mm (length) × 50 mm
(width) × 2 mm (thickness). AISI 316L stainless steel plates are taken for welding,
which was processed on fully automated workbench using pulsed Nd: YAG laser as
a heat source. The chemical composition of the materials, operational parameters,
experimental specifications, and environmental conditions is detailed in [14]. The
micrographs taken to investigate the evolved features of the weld pool across the
butt joint interfaces of AISI 316L stainless steel joint at the magnification of 100×
using a PC-controlled metallurgical microscope are shown in Fig. 1, which is to be
considered as actual reference for discussions and for comparison with the predicted
results from analytical and numerical models.

3 Numerical Model for Laser Welding Process

The COMSOLMultiphysics code is used to estimate the temperature distributions of
keyhole mode pulsed laser welding for AISI316L stainless steel joints. The physics
of heat conduction equations, materials geometry, thermophysical properties, and
boundary conditions for laser welding process and laser spot positions on the butt
welding are detailed [15]. The simulated keyhole during laser welding is presented
as shown in Fig. 2 to compare with an analytical model and experimentally obtained
keyhole.
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Fig. 2 Simulated keyhole shape with heat flow directions in 316L stainless steel joint

4 Analytical Model for Keyhole Mode Welding Process

The volumetric heat sourcemodel introduced byKuang et al. [16] adopted for predic-
tion and validation of experimentally obtained keyhole, and hence, the region of the
keyhole assumed to have a cylindrical shape, which comprises an annular liquid zone
(melt region) and a cone-like vaporization zone (vapor/plasma region).

‘rl’ the radius of the annular liquid region of the cylindrical heat source is given
by

r2l = −
(

1
3πr

2
v ρhLvr20

1.582(�E) + (π2hρ(�TsCs + Lm + �TlCl + LV )r20

)
(1)

‘rv’ the radius of the conical vapor region of the cylindrical heat source is given by.

r2v = −
(

4.746(�E)

πhρ(�TsCs + Lm + �TlCl + LV )

)
r20 (2)

where�Ts=Tm−To and�T l=Tv−Tm, inwhichTo—ambient temperature,Tm—
melting point and Tv—vaporization temperature, ρ—density, h—thickness (height
of the volumetric heat source), Lm and Lv are the latent heats of fusion melting and
vaporization, Cs and Cl are the specific heat at the solid and liquid phase of AISI
316L stainless steel respectively. ‘ro’—radius of the beam waist and ‘�E’—input
power (in Peak Power) of laser source used in practice.

The volumetric heat source model introduced by Jao-Hwa Kuang was adopted
for prediction of keyhole that comprises a melt region and a vaporization zone.
Thermophysical properties of the materials were considered and predicted as per
IAEA, 2008 materials database with the local coordinates x, y, and z as input using
Microsoft Excel code and subsequently plotted using Orgin® code. The predicted
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Fig. 3 Predicted vapor and melt region for a 316L stainless steel at average peak power 2100 W
based on volumetric heat source model [16]

vapor and melt regions of keyhole of a 316L stainless steel based on volumetric heat
source are as shown in Fig. 3.

5 Result and Discussion

5.1 The Process of Formation of Keyhole

The physics of converting laser into heat energy is the basic principle of laserwelding.
Repetition of laser beam is irradiated with very high amount of localized heat input
as average peak power (APP) = 2100 watts, i.e., about 1.31 MW/cm2 in terms of
power density on the butt joint that leads to increase in temperature far above the
melting point 1703Kquickly. Therefore, the stretchedmolecular bonding linkages no
longer capable of exhibiting mechanical strength, and thus, melting occurs. The heat
energy is quickly absorbed in the region in and around the beam waist, resulting in
the liquidation of a small area of the material called melt pool. On further heating, the
melt pool receives more energy, which enables deep penetration in the joint, known
as keyhole as shown in Fig. 1. The predicted melt region of a keyhole compared
with an actual keyhole of 316L stainless steel found very close association with
experimental observations as shown in Fig. 4.
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Fig. 4 Comparison of
estimated vapor and melt
region with keyhole of 316L
stainless steel joint

5.2 The Process of Formation of Vapor/Plasma

The keyhole behaves like an optical black body when the high-power laser pulse
is subject to multiple reflections, hence absorptivity reaches 100%. Due to the Kerr
effect and Pockel’s effect, suddenly the temperature of region around the keyhole
increases. This raise in temperature suddenly reaches to the melting point of 316L
stainless steel by the principle of Clapeyron–Clausius on latent heat, which leads
to the strong convectional movements of melt in the weldpool called ‘Marangoni
effect.’ This thermocapillary convection in the keyhole ejects the melt to the upper
portion of the keyhole and hence the depth increases accordingly. An increase in
keyhole depth of the metal joint leads to even higher absorptivity due to multiple
reflections, evaporation, and re-radiations that take place and further increase heat
energy above 7450 kJ/kg that crosses vaporization temperature 5000K and breaks the
metallic bonds of molten 316L stainless steel; vaporization takes place. The set of the
evaporated atoms with a mixture of ablated electrons and ions (electron–ion-atom) is
formed over the surface through the process of inverse bremsstrahlung phenomenon,
known as plasma. In such intensity of evaporation, a local negative pressure cavity is
generated, and hence, the wall thickness of the keyhole become thinner. Then, recoil
pressure is formed that drags molten liquid toward low-pressure cavity and ejects
the melt centripetally around the keyhole. When laser pulse irradiation stopped, the
hot plasma starts to radiate its heat energy to the keyhole wall. Since the plasma is
unstable, the temperature drops very quickly. At the same time, the heat conduction
from the keyhole wall to the metal region is very strong due to the high aspect ratio
and high temperature gradient. Hence, the magnitude of temperature of the keyhole
wall drops very quickly; then, its size became very small at the bottom end as shown
in Fig. 4. Thus, a cycle of keyhole formation took place during pulsed laser welding.

Arrival of new pulses at the impacted surface can easily get into melt pool that
leads to the local ablation and generates a recoil pressure. When the local recoil
pressure increases beyond the surface tension, the keyhole wall propagates inside



Physical Characteristics of Keyhole in 316L Stainless Steel Joint … 525

Fig. 5 Comparison of
numerically simulated
keyhole with 316L stainless
steel joint

the melt pool because of Marangoni effect. A similar process occurs when this
pressure exerted on the rear side. In that case, the melt pool collapses, which would
become like a keyhole. By this way, each translating pulse irradiated onto the melt
pool and makes propagation inside the preserved keyhole front repetitively [17].
Figure 4 shows the comparison of the predicted vapor region with an actual keyhole
profile of 316L stainless steel, and Fig. 5 compares the numerical simulation of the
keyhole structure with an actual keyhole. It has found that theoretical prediction of
the heat source model proposed by Jao-Hwa Kuang et al. has very close association
with computed keyhole and as well as with an actual keyhole.

5.3 Identification of Downward Expansion of Vapor Region

In the actual keyhole, the sequences of irradiated pulses almost appeared in parallel
to the depth direction and shows strong oscillations, especially at the keyhole front.
These waves lead to a periodical change of keyhole diameter and moved to the lower
part of the keyhole as shown inFig. 6b, c. Since there is no direct laser irradiation at the
bottomof the keyhole that leads to the lowpressure, the top of the keyhole resulted in a
downward-flowing vapor. This downward flowing vapor region reversing upwards to
the top andmet the downward-flowing vapor oscillations due to the pulse irradiations
from the top creates a whirlpool that drove the suspended droplets randomly again
to bottom that forms a downward-expanding vapor region [18] as shown in Fig. 6b,
c.

It may be due to the temperature distribution at the lower part that become
two-dimensional, i.e., no further temperature distribution in depth direction while
it reaches full penetration, but strongly in radial directions. However, it is interesting
to point out that no signs of either vapor region or downward-expanding vapor region
identified in Fig. 6a even it has reached close to full penetration. Therefore, input
power of laser has an important role to play in formation of such downward expanded
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Fig. 6 Keyhole of 316L stainless steel at various average peak power a 2000 W, b 2100 W and
c 2150 W

vapor region. This result is deviated from the cone-like vapor zone as proposed in
the volumetric heat source model [19].

5.4 Meltflow in Molten Region

From the novelty of literatures, the schematic of complex dynamics of the melt
during the translational motion of laser beam along the weld has been presented
and imposed with the micrograph of melt flow in the fusion zone around keyhole of
316L stainless steel joint as shown in Fig. 7. According to the law of conservation of
mass and energy, the shape of the weld pool must remain unchanged, with or without
convection. Consequently, the weld pool becomes wider and deeper. The convection
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Fig. 7 Schematic of melt
flow directions around
keyhole compared with 316L
stainless steel joint

in weld pool fluid is interrelated to cause phase delay between the net heat input and
the temperature gradient.

Figure 8 compares the numerically simulated pulse trajectorieswith the pulse trials
of 316L stainless steel joint. During the pulsation, the top of the weld pool drove
and extended in the direction that is opposite to welding direction due to Marangoni
effect. Hence, the keyhole appeared widest at the top; a necking is observed in the
middle and become narrow in the end. This is revealed by the deviations in the path
of every pulse trails in the simulation result and in an actual weld.

The small volume of melt region behind the lower part of the keyhole squeezing
out melt to the upward due to the recoil pressure and sideway flow occurs in the
broad region behind the keyhole at the top as shown in Fig. 8. The simulated melt
flow directions of molten pool are discussed in [20], and this actual melt flow around
the keyhole in 316L stainless steel joint reveals the similar melt flow directions at
various regions around the keyhole.

In the absence of pulse, the large recoil pressure increased due to fast cooling
of vapor cavity by evaporation and hence the surface tension increased that drives

Fig. 8 Comparison of pulse trajectories in 316L stainless steel joint by numerical simulation and
experiment
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the vapor flow in downward direction. The recoil pressure and the surface tension
became closer, and the center flow pattern changed to upward direction. This flow
pattern shifted the maximum temperature region from the center of the pool to a ring
surrounding the center and a ring-shaped vortex observed as shown in Fig. 1, and
it has remained visible and the up/downward flow pattern transition confined to its
interior as discussed in [6].

5.5 Effect of Laser Pulsation Across the Weld Joint

As Figs. 7 and 8 give better insight about the melt flow directions of the weld pool
around the keyhole during pulsed laser welding, Fig. 9 shows the chances of solidifi-
cation and the weld pool that appears in dark and white region along with many lines
and arcs. These solidification lines and arcs having periodical gap and larger devia-
tion at the upper part of theweld pool are due to the time delay between the pulses and
the different dimensions of solidification that occur in molten 316L stainless steel.
The periodical gap between the solidification pulses trails appeared on 316L stainless
steel was adequate to initiate the phase delay in the solidification processes. During
the initial phase of solidification of pulse, trails are formed around the keyhole due to
the formation of primary dendritic. This phenomenon is similar to the standard thin
film growth technique, called as Vollmar-Weber nucleation mechanism [21]. Hence,
very thin layers of solidifications lines are noticed in the weld pool for each pulse.
These lines appeared almost as parallel to the depth direction in the conduction zone
and it has become roughly a semi-circular in the transition zone. Finally, it becomes
parabolic when the keyhole reaches full penetration at the end [22].

The trajectories of pulse irradiation appeared at edge of weld pool—heat-affected
zone boundary are shown in Fig. 10a. As discussed above, these trails are found as
evidence for different modes of energy transfer during pulsed laser irradiations at the

Fig. 9 Trajectories of pulses
and solidification lines in
weld pool of 316L stainless
steel joint
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Fig. 10 Comparison of longitudinal cross section of pulse trails atmelt pool—solid interface (a) and
at centerline weld (b)

weld pool—heat-affected zone boundary region. But, no such variations noticed on
the centerline weld as shown in Fig. 10b. These different stages of the solidification
lines occurred due to the translational motion of the laser pulses during welding
process. Thus, pulsation/pulse repetition rate plays a vital role in the characteristics
of keyhole and good quality of weld bead that is adequate for producing efficient
welding joint [2].

In the cases of laser beam welding, the formation of porosity highly depends on
the depth-to-width aspect ratio of the keyhole [12]. In higher aspect ratio, porosity
can be formed easily. In the present work, the aspect ratios of the keyhole were
measured as 0.8396, 0.7838, and 0.7791 for the given laser pulse energy 24.6, 25.2,
and 25.8 J, respectively, as shown in Table 3. These smaller aspect ratios increase
the back filling rate of the melt around the keyhole faster that prevents the formation
of cracks; hence, no cracks were absorbed anywhere across the weld region.

Table 3 Depth-to-width ratio of the keyholes for different input power

Welding trials Average peak
power (Watt)

Bead width
(mm)

Penetration
depth (mm)

Aspect ratio Comment

I 2050 2.3819 ~2.000 0.8396 Incomplete
penetration

II 2100 2.5516 =2.000 0.7838 Full
penetration

III 2150 2.5668 >2.000 0.7791 Full
penetration
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6 Conclusion

The pulsed Nd:YAG laser beam with its optimized parameters such as peak power
density, pulse duration, and pulse repetition rate was used to weld 2 mm thick AISI
316L stainless steel plate joints successfully. Hence, investigations were made as
follows,

1. Themelt andvapor regionswere predicted for 316L stainless steel joint to validate
a heat source model proposed by Jao-Hwa Kuang et al. These predicted melt and
vapor region compared with an actual keyhole structure of 316L stainless steel
were found very close matching with each other.

2. The formation of melt pool and keyhole in the 316L stainless steel joints is
discussed. The computed keyhole profile was compared with an actual keyhole
structure and found that the computed keyhole structure has good agreement with
an actual.

3. However, in case of full penetration, the cone-shaped vapor and melt regions
near the bottom are slightly deviated from validated model due to a downward-
expanding vapor region. Also, it was found that vapor region undergone different
shapes for different heat inputs.

4. Themelt flowdirections in and around the keyholewere investigatedwith compu-
tational results and observations from fusion zone of 316L stainless steel joint.
The results confirm larger flow at the wider top and lesser at the narrower bottom
in the fusion zone.

5. These different stages of the solidification lines occurred at the centerline weld
and at the weldpool—HAZ interface due to the translational motion of the laser
pulses during welding process were investigated.

6. No signs of defect was found anywhere across the weld joints due to the lower
aspect ratio of the keyhole in 316L stainless steel joints.

Acknowledgements The authors wish to thank the authorities of ‘Indira Gandhi Centre for
Atomic Research,’ Kalpakkam, Tamil Nadu, India, for permitting to use its laser welding and
characterization facilities.
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Influence of Chemical Treatment
on Natural Fibers: A Review

G. Venkatakoteswara Rao, R. Vinayagamoorthy, K. Abinesh, M. Sudharsan,
S. Ponmeganathan, and L. S. Deepak Kumar

Abstract Natural fiber composites are proven to be biodegradable nowadays and
are applicable to several sectors. Many natural fibers are used as reinforcements in
polymeric composites with and without pretreatments. Many studies have reported
that the chemical pretreatment to natural fibers enhance the surface properties of the
fibers and which in turn improves the strength of the composite. Though there are
several treatment techniques, sodium hydroxide is majorly used as the chemical for
treating the fiber. Apart from this, there are several other treatments namely benzoy-
lation, peroxidation, silane treatment, etc. The present study gives a clear picture
of various chemical pretreatments given to the natural fibers and their processing
methodologies. These treatments are bond between reinforcement surface and also
increases its strengthening mechanism.

Keywords Natural reinforcements · Compound treatments

1 Introduction

Natural fibres like hemp, sisal, flax, kenaf, and jute are extremely hydrophilic because
of the presence of hydroxyl group teams (OH) of anhydroglucose repetition unit
in polysaccharide structure. However, these fibres are coated with cellulose and
waxy materials, thus hindering the hydroxyl group teams from reacting with chem-
ical compound matrices. This will result in the formation of ineffective interfaces
between the fibres and matrices, with resultant problems like debonding and voids
in ensuing composites [1–5]. Chemical treatments provide a vital and effective
means that to get rid of non-cellulosic elements in cellulose fibres and add practical
teams to change higher bonding in chemical compound composites. Additionally,
treatment will alter the crystalline structure of the polysaccharide as well as fibre
tensile properties [6–12]. The main disadvantage of victimization fibres in chemical
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compound composites is that the incompatibility between natural fibre and chemical
compound matrix because of the nearness of compound components (e.g., cellu-
lose, lignin, hemicellulose, and wax substances). The natural fibers having various
properties like biodegradable are comfortable to wear and not harmful for environ-
ment. Advantages of common fibers over counterfeit fibers embody tenuity, minimal
effort, recyclability, and biodegradability [6, 13–17]. These benefits build character-
istic fibers potential swap for glass fibers in composite materials. Mechanical prop-
erties of normal fibers, especially flax, hemp, jute, and sisal, are super band which
should contend with glass fiber in specific quality and modulus. Table 1 records the
mechanical properties of some common and fake fibers. Fiber reinforced composites
are utilized as a replacement for plastics and hence they are used for several applica-
tions. They are made by reinforcing fibers inside the matrix element and are known
to be fibre-strengthened composites. The pieces of normal fibers embody polyose,
hemicelluloses, lignin, gelatin, waxes, and water solvent substances [6, 18–23].

2 Chemical Treatments

2.1 Alkaline Treatment

The treatment on regular filaments by sodium hydroxide (NaOH) is as a rule broadly
used to alter fiber structure. Characteristic fiber assimilates dampness because of the
nearness of hydroxyl bunches in the nebulous district of cellulose, hemicellulose,
and lignin constituents. Amid soluble base treatment, alkalized gatherings (NaO–
H) respond with these hydroxyl bunches (−OH) of the fiber and produce water
particles (H–OH) which are therefore expelled from the fiber structure. At that point,
the remaining alkalized gatherings (Na–O−) respond with the fiber cell divider and
produce fiber-cell-O–Na gatherings. Therefore, cellulose microfibrils are presented
to the fiber surface. Thusly, treatment changes the introduction of the exceptionally
stuffed crystalline cellulose request, shaping a formless region. Alkaline treatment
additionally isolates the basic strands from their fiber packages by evacuating the
coveringmaterials, hence expanding the powerful surface zone of fiber for framework
bond and improving the fiber scattering inside the composite. Treated fiber surfaces
become rougher, which can additionally improve fiber-grid attachment by giving
extra fiber locales to mechanical interlocking [1–6].

Fiber − OH + NaOH → fiber−O − Na + H2O (1)
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2.2 Acetylation Treatment

Strands are acetylatedwith andwithout a corrosive impetus to join the acetyl bunches
onto the cellulose surface. By and large, acidic corrosive does not respond adequately
with the filaments. Subsequently, it is important to go through an impetus to speed the
acetylation procedure. Acidic anhydrides, pyridine, sulphuric corrosive, potassium
and sodium acetic acid derivation, and so forth are generally utilized impetuses for
acetylation process. Be that as it may, solid corrosive impetuses cause hydrolysis of
cellulosewhich results in the harmingof thefiber structure. For this, choice of impetus
is an imperative factor for the acetyl treatment. The acetylation process is additionally
affected by the response time. Longer response time permits acidic anhydride to get
to fiber constituents. The reagent at that point responds with hemicellulose and lignin
constituents and expels them from the fiber, bringing about the opening of cellulose
surface to permit response with the lattice atoms [1–6].

Fiber − OH + CH3−C(= O)−O−C(= O)

− CH3x → Fiber − OCOCH3 + CH3COOH (2)

2.3 Benzoylation Treatment

Benzoyl treatment utilizes benzoyl chloride to diminish the hydrophilic idea of the
fiber and improves interfacial grip, in this manner expanding the quality of the
composite. Treatment likewise improves the warm security of the fiber. Amid this
treatment, extractable materials, for example, lignin, waxes, and oil covering mate-
rials, are expelled from the fiber and more hydroxyl bunches (−OH) connected with
cellulose are uncovered on the fiber surface. At that point, the filaments are treated
with benzoyl chloride. Gracious gatherings of the fiber are additionally supplanted
by the benzoyl gathering, and it connects to the cellulose spine. These outcomes in a
progressively hydrophobic nature of the fiber and improves bond with the framework
[1–6].

(3)

2.4 Peroxide Treatment

Interface properties of fiber and lattice can be improved by peroxide treatment. The
peroxide-incited uniting of polyethylene holds fast to the fiber surface. Moreover,
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peroxide starts free radicals that respond with the cellulose surface of the fiber too
similarly as with the framework. Therefore, great fiber network attachment along the
interface happens. This treatment additionally lessens the dampness ingestion limit
of the fiber and improves warm soundness [1–6].

RO−OR → 2RO (4)

RO + PE − H → ROH + PE (5)

RO + Cellulose−H → ROH + Cellulose (6)

PE + Cellulose → PE−Cellulose. (7)

2.5 Silane Treatment

Silane is a multifunctional particle which is utilized as a coupling specialist to alter
fiber surfaces. Silane particles structure a substance interface between the fiber
surface and the framework through a siloxane connect. Silane experiences a few
phases of hydrolysis, buildup, and bond development amid the treatment procedure
of the fiber. Silane frames silanols within the sight of fiber dampness. This coreac-
tivity gives subatomic progression over the interface of the composite. It likewise
gives the hydrocarbon chain that limits the fiber swelling into the network. Amid
the silane treatment, hydroxyl bunches on the fiber surface are secured by silane
atoms. Because of this, hydroxyl bunches that presents in hemicellulose and lignin
constituents cannot assimilate the air dampness. Accordingly, dampness retention
limit of the treated strands is decreased [1–6].

CH2CHSi (OC2H5)3
H2O−−→ CH2CHSi(OH)3 + 3C2H5OH (8)

CH2CHSi(OH)3 + Fiber−OH → CH2CHSi(OH)2O − Fiber + H2O. (9)

2.6 Permanganate Treatment

Permanganate treatment on regular filaments is led by potassium permanganate
(KMnO4) in CH3)2CO arrangement. This treatment shapes profoundly responsive
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permanganate particles (Mn3+) which respond with the cellulose (hydroxyl gath-
erings) and structure cellulose manganate and starts to join copolymerization. This
treatment upgrades compound interlocking at the interface and furnishes better fiber
attachment with the grid. Treatment likewise responds with the OH bunches in
lignin and expels them from the fiber, and therefore, the hydrophilic idea of the
fiber is diminished. Higher convergences of KMnO4 (over 1%) cause overabundance
delignification from the fiber structure and corrupt its qualities.[1–6].

(10)

(11)

3 Conclusion

Regular fibers are considered as potential trade for man-made fibers in composite
materials. Albeit common fibers have points of interest of being ease and low thick-
ness, they are not absolutely free of issues. Amajor issue of regular fibers is their solid
polar character whichmakes inconsistencywithmost polymer lattices. Surfacemedi-
cations, in spite of the fact that negatively affecting financial aspects, are possibly
ready to conquered the issue of contrariness. Synthetic medications can expand the
interface attachment between the fiber and lattice and decline the water ingestion
of fibers. Consequently, concoction medications can be considered in altering the
properties of characteristic fibers. A few mixes are known to advance grip by artifi-
cially coupling the cement to the material, for example, sodium hydroxide, silane,
acidic acid, and permanganate, peroxide, and so on. Fiber modification techniques
examined in this paper have distinctive efficacy in causing grip between the lattice
and the fiber. However, most compound medications have made different dimen-
sions of progress in improving fiber quality, fiber fitness, and fiber–lattice bond in
characteristic fiber-fortified composites.
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Optimization on Tribological
Characteristics of Waste Ayurvedic Oil
Blends as an Engine Lubricant Additive

R. Balakumar, G. Sriram, S. Arumugam, S. Jagannath, R. Vamsi Krishnaa,
and P. Venkatesh

Abstract The fast exhaustion of fossil fuels and problems with environment are
activating the researches on alternative fuels. The exploitation of wastes will lead
the saving in the original feed stocks used. The waste oil will be the source for extra
damages to the environment when it discarded in the ground or in water sources. Out
ofmanywaste oils (waste cooking oils, waste transformer oils, waste engine oils), the
waste ayurvedic oil (WAO) observes a minimal attention as alternate fuels utilized.
In a year, more than one lakh liters of ayurvedic oil after treatment is getting wasted
in India, and disposing the oil becomes very crucial process. TheWAO has converted
as methyl ester using transesterification process as waste ayurvedic oil methyl ester
(WAOME). Furthermore, the lubricating engine oil, i.e., SAE20W40, was contami-
nated with WAO as an identified percentage of 15 and 30%. Further, the utilization
of real-time cylinder liner/piston ring tribo pair material is investigated using pin-
on-disc tribometer under standard test condition. The tribological experimentations
were done as per the standard ASTMG99with an applied load of 50, 100, and 150N;
sliding speed 500 rpm; sliding distance 1000, 2000, and 3000 m; and for the period
of totally five hours. For this present investigation, response surface methodology-
based D-optimal design was used to get the optimized results. The test results clear
that the WAOME contaminated lubricant gives the reduction in friction and wear
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rate when compared with synthetic oil. After the investigation, the wear surfaces of
pin were examined by scanning electron microscopy (SEM). The complete results
of this investigation expose that the addition of 30% waste ayurvedic oil with the
synthetic-based lubricant results a healthier performance and good anti-wear char-
acteristics. The waste ayurvedic oil blend can be utilized as an alternate fuel which
is ecofriendly in the nature and partial replacement of petroleum-based fossil fuels.

Keywords Waste ayurvedic oil · RSM · D-optimal · Pin on disc · Friction
coefficient · Specific wear rate

1 Introduction

In ever growing industrialization and the present world condition, it largely depends
on petroleum-based fossil fuels in a wide areas of power generation, fuels for vehi-
cles, and ever burning area of agriculture sectors. The hike in the fuel price, partial
standby of petroleum oils, and constantly fluctuating emission regulations enforced
the investigators which made keen to travel on alternative fuels [1]. The cumula-
tive attention in the research on alternate fuels given that it not meant only for the
escape from the petroleum-based fossil fuel crisis and similarly reduce the gases
being discharged in the process of combustion of these fuels [2]. The conventional
oil from petroleum oil producing fields presently establishes roughly 85% of the
global liquid fuel mix and is predictable to weakening at a rate of 4.07% per year
after 2010 [3]. Obviously, researchers have found different biomass-based liquid
fuels such as alcohol, biodiesel, and other liquid fuels synthesized and characterized
from the various crops, plants, and different waste oil sources as alternate fuel [4].
On the other hand, the use of edible and non-edible vegetable oil makes the method
of production of biofuels that are more expensive. An investigation on production of
biodiesel from several resources reveals that the input source itself costs nearly 75%
of the entire cost of production of biodiesel [5]. The utilization of low-cost feedstock
such as waste frying oils, waste vegetable oils, waste transformer oils, waste engine
oils, and non-edible oils in biodiesel process should help as inexpensive in price with
petroleum-based diesel [6–8]. Among many researches based on the many oil and
waste oil studies, the waste ayurvedic oil (WAO) has gained a miniature attention to
the researchers. Balakumar et al. [9] investigated the most common way to produce
biodiesel via transesterification process, which refers to a catalyzed chemical reac-
tion connecting toWAO and an alcohol to fatty acid methyl esters and glycerol. In IC
engines, the various engine components produce friction between the metal–metal
contact, which in-turn reduces the engine life, and hence, lubricity behavior of fuel
is one of the most predominant factors in extending engine reliability [10].

Masarof et al. [11] investigated the wear and frictional characteristics of palm
and calophyllum inophyllum biodiesel blends in addition to performance and emis-
sion behavior. They confirmed that 20% of palm oil biodiesel blend displayed the
favourable engine performance, lower emissions together with better lubricating
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performance. Dae et al. [12] investigated the utmost typical factor of friction and
wear loss in engine cylinder liner and piston ring combination pair with the synthetic
oil lubricant SAE5W40. Holmberg et al. [13] approximately 70% of the mechanical
power loss in the engines is especially due to friction. The more frictional losses of
about 30% of engine is engine bearings and cylinder liner-piston ring pair. There are
many parameters that are influencing the friction and wear characteristics in pin on
disc to optimize the process parameters, and the design expert software was used
to optimize the optimum values. Arumugam and Sriram [14] investigated the rape-
seed oil-based biolubricant, which decreases the coefficient of friction and wear as
compared to biodiesel and diesel-contaminated lubricating oil and synthetic lubricant
(SAE20W40). By viewing the surface, the rapeseed oil-based biolubricant produces
evener surface than biodiesel-contaminated lubricating oil. Myers et al. [15] and
Rajmohan et al. [16] investigated about the response surface methodology (RSM) is
an important division of experimental design. An optimal experimental plan can be
calculated by the use of the methodology of optimal experimental design for param-
eter approximation. From the above studies, it is clear that the RSM-based mathe-
matical model is used for modelling and analyzing the tribological characteristics of
cylinder liner and piston ring tribo pair lubricated by synthetic oil contaminated by
WAOME.

2 Materials and methods

The input waste source, i.e., WAO, was received from Sri Jayendra Saraswathi
Ayurveda College and Hospital, Chennai, India. The WAO was filtered to elimi-
nate unwanted impurities. Initially, to convert the WAO, the methoxide of 400 ml
and WAO 1400 ml was mixed entirely and heated in a triple neck flask at 55 °C
for one hour using transesterification test setup, and the heated mixture was trans-
ferred to a separating funnel to settle for half a day to separate the glycerol.
Then, the detached methyl ester was collected and heated for 60 °C and above
to eliminate the additional alcohol. The bubble wash was done with distilled
water to remove the excess alcohol, catalyst. Finally, the WAOME was contami-
nated with SAE20W40 blends that were prepared. In this investigation, WAO was
added with a synthetic lubricant (SAE20W40) in the ratios of SAE20W40; WAO15
(SAE20W40+WAOME15%); WAO30 (SAE20W40+WAOME30%). Table 1 shows
the properties of WAO biodiesel blends and diesel fuel.

Table 1 Properties of WAO
biodiesel blends and diesel
fuel

Properties SAE20W40 WAO15 WAO30

Specific gravity at 20 °C 0.843 0.856 0.897

Viscosity @40 °C, cSt 164 171 118

Flash point, °C 218 232 258

Total acid number 0.5672 0.5604 0.6812
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Table 2 Numerical factors,
categorical factor, and levels
considered during the design
of experiments

Factors Level 1 Level 2 Level 3

Load (N) 50 100 150

Sliding distance (m) 1000 2000 3000

Lubricating oil SAE20W40 WAO15 WAO30

The typical pair of cylinder liner/piston ring pair material is studied using pin-on-
disc tribometer. The disc was made of AISI-316 material and the pin was made of
AISI-304weremachined as specifiedby the tribometermachine supplier, and the heat
treatment was carried out for the pins to achieve the essential hardness. Specifications
of the pin-on-disc tribometer are: maximum load = 50–150 N; maximum sliding
distance = 1000–3000 m; maximum disc rotating speed = 500 rpm;

The purposes of using RSM is to improve the quality, including decrease in vari-
ability and improvement in the process and product performances. Further, the D-
optimal design is used as another method to formulate the optimal design when some
categorical factors are considered in the testing. An RSM-based D-optimal design
was used for designing the tribological experiments to be investigated using pin-on-
disc tribometer to optimize the output responses of coefficient of friction (COF) and
specific wear rate (SWR). An experimental plan of three factors like two numerical
and one categorical factor in D-optimal design based on RSM was used to do the
experiments using pin-on-disc tribometer. The load and sliding distance were nomi-
nated as the numerical factors, and the lubricating oil was categorical factor. Both the
factors were considered at three levels as given in Table 2, and as per the D-optimal
design, 22 experimentations were carried out and listed in Table 3.

3 Results and discussion

In order to discuss about the tested materials, it needs to analyze the coefficient of
friction, specific wear rate, and analyze its surface roughness and SEMmorphology.
The values of statistical correlation coefficients, ‘R2’, value 0.831264972 and specific
wear rate, ‘R2’ value 0.785877281 for the optimized model clearly gives the clue
about the correctness of the recommendedmodel. In this investigation, the concluding
quadraticmodels given in the real terms about coefficient of friction and specificwear
rate are represented in Eqs. 1–2. Each categorical factor has a separate equation that
estimates the output responses based on the lubricant samples and the numerical
factors. The positive and negative values indicate that the increase in the COF and
SWR in association with the variable input parameters.

(WAO)COF = 0.28573917+ 2.5075E−05

× Load− 5.93472E−05 × Slidingdistance

+ 1.98487E−07 × Load× Slidingdistance (1)
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Table 3 D-optimal design matrix

Run Load (N) Sliding distance (m) Lubrication oil COF SWR (mm3/Nm)

1 150 1000 SAE20W40 0.209 0.00029

2 150 1000 WAO15 0.197 0.00031

3 91 3000 WAO30 0.154 0.00013

4 50 3000 SAE20W40 0.251 0.00023

5 150 3000 WAO15 0.236 0.00035

6 50 1838 WAO30 0.174 0.0002

7 150 3000 SAE20W40 0.298 0.00026

8 50 1000 WAO15 0.211 0.00011

9 150 2164 WAO30 0.239 0.00014

10 50 1000 SAE20W40 0.173 0.00033

11 100 2000 WAO15 0.192 0.00012

12 108 1000 WAO30 0.265 0.00028

13 100 1535 SAE20W40 0.223 0.00025

14 71 2938 WAO15 0.211 0.00018

15 100 2043 WAO30 0.202 0.00021

16 100 2516 SAE20W40 0.238 0.00027

17 111 2813 WAO15 0.216 0.00036

18 108 1000 WAO30 0.225 0.00032

19 91 3000 WAO30 0.164 0.00031

20 50 1000 WAO15 0.202 0.00019

21 150 1000 SAE20W40 0.178 0.0003

22 50 1838 WAO30 0.232 0.00024

(WAO)SWR = 0.28573917+ 2.5075E−05

× Load− 5.93472E−05 × Slidingdistance

+ 1.98487E−07 × Load× Slidingdistance (2)

The discrepancy in COF and SWR with applied load and sliding distance for the
different contaminated lubricant with WAOME and synthetic lubricant mixtures is
represented as a 3D graph in Fig. 1a, b. From Fig. 1a, it can be seen that the COF
rises with increase in sliding distance and increasing load and reaches the extreme
level. For maximum sliding distance with maximum load, the COF is high due to
more pressure acting between the disc and pin materials. The COF value fluctuates
between 0.154 and 0.298. The synthetic lubricant gives more COF than theWAOME
due to more ester content present in the mixture. The results were consistent with
Singh et al. [17].
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Fig. 1 3D response surface plot for a COF, b SWR

3.1 Specific Wear Rate

Figure 1b represents the 3D response surface plot of specific wear rate regarding
sliding distance and load configuration. From the graph when the applied load and
sliding distance increases, the SWR reaches the maximum level. However, for higher
load, the SWR is high, and it is minimally reduced with increase in the sliding
distance. The SWR value fluctuates between 0.00011 and 0.00036 mm3/Nm. The
reduction in the SWR is due toWAOME acting as a better anti-wear additive between
the mating parts [17].

Figure 2 shows the ramp function that signifies each input and output parameter
responses. The dot on each ramp specifies the desired input parameters corresponding
to the minimal COF and specific wear rate. From the ramp function plots, it is clear
that a load of 750 N, sliding distance of 3000 m, lubricating oil of SAE20W40+30%
WAOME were essential to reduce the COF as 0.153995 and specific wear rate of
7.4283 × 10–5 mm3/Nm and the corresponding desirability value is 0.917.

Fig. 2 Ramp function
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Table 4 Surface roughness
values

WAO30 WAO15 SAE20W40

Ra (µm) 3.164 3.491 3.536

Sa (nm) 107.41 196.7 427.1

Sq (nm) 163.88 260.17 569.2

Sp (nm) 1081.7 1262.4 1779.2

b)()a( (c) 

Fig. 3 Surface profile a WAO30, bWAO15, c SAE20W40

In accumulation to the SEM analysis, the surface profile for the investigated
pin was studied to estimate the surface roughness such as synthetic lubricating oil
and contaminated oil. The surface profilometer evaluates the texture of the surface
profiles and produces many parameter such as average roughness (Ra), root mean
square height (Sq), arithmetic mean height (Sa), and maximum peak height (Sp) as
given in Table 4.

The surface profiles of tested pins are shown in Fig. 3a–c. From the surface
profilometry, it is understood that average roughness values are minimal for WAO30
lubricant about 3.164 µm compared to WAO15 and SAE20W40. Similarly, for
other lubricants, viz WAO15 and SAE20W40, the Ra value is about 3.491 µm and
3.536 µm, respectively.

3.2 SEM analysis

After the optimization process, the experiments with various parameters were inves-
tigated, and the optimal pin samples were examined using scanning electron micro-
scope (SEM) which is shown in Fig. 4a–c. There were more pits, and deep grooves
and crackswere observed in the synthetic lubricant. However, theWAOcontaminated
lubricant gives better scuffing between the mating parts which leads less cavities and
shallow grooves [11]. From the SEM images, it is clear that when the ester concen-
tration increases which means the higher viscosity that results to maintain a good
fence between the mating parts like disc and pin materials.
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Fig. 4 SEM images of pin a SAE20W40, bWAO15, c WAO30

4 Conclusions

The response surfacemethodology-based D-optimal methodwas applied to optimize
the coefficient of friction and specific wear rate using pin-on-disc tribometer. The
results were concluded as follows:

• The RSM-based D-optimal model was used to analyze the WAO contaminated
lubricant which gives the desirability value of 0.917.

• The optimized values of load, sliding distance, and lubricants were 75 N, 3000 m,
and WAO30, and the values of COF and SWR were noted as 0.153995 and
7.42832E-005.

• As per the surface profile, the WAO30 produces the minimal average roughness
value as 3.164 µm than the other blends.

• The morphology of the wear surface of tested pins were investigated using SEM.
Theworn surface of the pinmaterial lubricated withWAO30 is shows as smoother
surface as compared to other blended lubricant and synthetic lubricant.
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Effect of MWCNT on Mechanical
Properties of Glass-Jute Fiber Reinforced
Nano Composites

K. Mohan, T. Rajmohan , and R. Prasath

Abstract In the present scenario, the need for ecofriendly and biodegradable mate-
rials are growing significantly. Natural fiber composite materials are having the
priority choice of various applications. Polymer matrix composite’s containing with
nano additives are being developed and projected for diverse applications in various
fields of engineering like automotive and aeronautical sectors. The present investiga-
tion deals with the effect of multi-wall carbon nanotube (MWCNT) on the mechan-
ical properties of glass–jute fiber reinforced epoxy composites. Composites were
prepared using compression molding technique with dispersing different wt% of
MWCNT in to the epoxy resin. In this work, the modified resin was prepared by
dispersing the MWCNT into the epoxy resin using ultrasonic probe sonicator. As
per ASTM standards, mechanical properties like tensile, compression, and flexural
test as has been carried out. The composites which are prepared by using modi-
fied resin exhibiting good mechanical properties. Morphological characteristics of
fractured mechanical testing specimens were performed using scanning electron
microscope (SEM) with energy dispersive X-rays (EDS) to understand the bonding
between fiber/matrix. XRD analysis were performed to ensure the presence of natural
fiber, glass fiber, and MWCNT in the nano composites through the confirmation of
cellulose, silicon, and carbon contents.

Keywords Natural fiber reinforced composites: multi-wall carbon nanotubes
(MWCNT) · Scanning electron microscopy (SEM) · XRD ·Mechanical properties
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1 Introduction

The natural fibers like jute, sisal, banana, pineapple, bamboo, etc., are focused for an
development of natural fiber reinforced composites which is replacing the conven-
tional materials like metals, woods, etc. Recently, the polymer-based composites
materials applications are increased due to their lightweight and good mechanical
properties [1]. Depa ray et al. investigated the flexural strength of jute fiber vinyl
estar composites. The jute fibers are treated with NAOH (5%) solution at 30 °C for
0, 2, 4, 6, 8 h, respectively. Flexural strength and modulus were improved by 20
and 23% for jute fiber reinforced composite at 35 wt% for 4 h treating with NAOH
solution [2]. Cicala et al. investigated the performance of hybrid glass/natural fiber
composite which is used in applications of curved pipes. Natural fibers are gener-
ally light in weight and cheaper compared to synthetic fibers. But, they have lower
mechanical strength than glass fibers. This issue is sorted by doing hybridization.
More number of studies have been conducted using natural fibers concerned with
single reinforcement. For making hybrid composite, the natural fibers are combined
with glass fibers which is comparatively cheaper and easy for use [3]. M. Ramesh
et al. evaluated the mechanical properties of sisal/glass fiber and jute/glass fiber rein-
forced composites. They have concluded that better tensile strength is exhibited by
sisal/GFRP than the jute/GFRP, and the flexural property of jute/GFRP is higher
than the sisal/GFRP composites. It is holding the maximum flexural load of 1.03 kN
compared to sisal/GFRP composites [4]. Dash B. N. et al. evaluated the mechanical
properties of bleached jute fiber composite and control jute fiber composites. The
control jute fiber composite shows highest tensile strength, and bleached jute fiber
composites indicate highest flexural strength [5].

Ajith Gopinath et al. investigated jute—epoxy and jute—polyester composite
tread with 5% and 10% NAOH, respectively. From the results, they concluded that
over all mechanical property is improved in jute epoxy composites treated with
5% NAOH, and the impact energy for jute polyester composite is better than jute
epoxy composites [6]. He Tian et al. studied mechanical behavior bagasse fiber
reinforced composites containing high volume of fly ash and in conjunction with
steel wires.While increasing fly ash, the compressive strength decreases and ductility
of the composite increases. Due to the high porosity in the matrix, the mechanical
performance of the composite declined continuously while increasing the bagasse
fiber content [7]. Boopalan et al. investigated and concluded that the hybrid jute and
banana epoxy composite has 44%more tensile strength in 50/50weight ratio, and also
this combination of fiber weight ratio possesses the better thermal properties and less
water absorption capacity compared to 25/75, 75/25 fiber weight ratio. By addition
of banana, fibers shows that there is an improvement in tensile, flexural, and impact
strength [8]. M. Ramesh et al. fabricated the samples glass/jute, glass/sisal, and
glass/jute/sisal, respectively. They have concluded that maximum tensile strength is
obtained up to 229.54MPa for glass/jute composites. Glass/sisal composite can have
the maximum impact strength up to 18.67 J. Jute sisal and glass fiber composites
are having the maximum flexural strength with 14.5 mm displacement and 3 kN
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load [9]. R. Vinayagamoorthy et al. reported an equal proportions of jute, loofah,
and glass fibers that are exhibiting the good tensile, flexural, and impact strength.
Compressive strength is not compromised when 10% of glass fibers substituted by
loofah fibers [10]. Sabeel et al. reported the mechanical properties of woven jute-
coir fiber reinforced composite by changing their stacking sequence. They have
concluded that keeping the glass fibers at the extreme ends improves the mechanical
properties [11]. Mohan et al. investigated the mechanical properties of natural fiber
reinforced composites filled with an MWCNT. They have noticed that 1%MWCNT
composites with jute at the extreme ends enhance the mechanical strength rather than
the flax at the extreme ends reinforced composites [12]. Islam et al. have prepared
nano composites using coir and wood fiber with MMT nano clay. They observed
that the tensile strength is reduced due to the similar cellulose content present in
the fibers. By adding the MMT, the composites show the better tensile strength and
highest rate of water absorption [13]. The duration of sonication time on dispersion
ofMWCNT into the epoxy resin affects themechanical properties [14, 15]. Boopalan
et al. fabricated the jute and sisal fiber reinforced epoxy composites with and without
treatment of sodium hydroxide. They have concluded that treated fiber with 20%
sodium hydroxide exhibits the better mechanical properties rather than a raw jute
and sisal reinforced composites [16].Mohan et al. investigatedmechanical properties
of sisal fiber reinforced nano composites. While increasing the wt% of MWCNT,
tensile strength is increased and flexural strength of the composites is decreased [17].

From the literature, the works that have been carried out using nano composites
are very limited. In this present work by addition of multi-walled carbon nanotube
(MWCNT) into the epoxy resin, a newly modified resin is prepared and used as
a matrix reinforced with jute fiber and glass fiber. The developed composite used
with modified resin is subjected to various mechanical testing and morphological
characteristics that are analyzed using SEM.

2 Experimental

2.1 Materials Used

In this work for fabricating the samples, jute and sisal are procured from Eco craft
enterprises, Osur. Glass fiber, epoxy resin araldite LY556, and hardener aradur
HY951are obtained fromM/S. SunTechfibers,Chennai.Multi-wall carbonnanotube
(MWCNT) manufactured by M/S US Research Nano materials Inc, USA, was used
in this composites as an additive in epoxy resin.
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Table. 1 Composition of various composites

S. no. Particulars Glass/Jute 1 Glass/Jute 2 Glass/Jute 3

1 Epoxy resin 60 59.5 59

2 Glass fiber 25 25 25

3 Jute fiber 15 15 15

4 MWCNT 0 wt% 0.5 wt% 1 wt%

2.2 Resin Preparation

In this present investigation, modified resin is prepared by adding the MWCNT at
0%, 0.5%, and 1% by wt%, respectively, into the epoxy resin. Ultrasonic probe
sonicator is used to uniformly mix the MWCNT into the epoxy resin. Initially, the
desired wt% of MWCNT and epoxy resin are taken into the beaker. Then, the beaker
is kept into the ultrasonic probe sonicator and allowed to vibrate 3 h. For better
dispersion, using rotary shaker, the same blend is allowed to stir well for 2 h to ensure
homogeneous mixing of MWCNT into the epoxy resin without agglomeration. The
resin and hardener were mixed at 10:1 ratio [18, 19].

2.3 Composite Preparation

For fabricating, the composite specimen’s compression molding technique is used.
In this investigation, the jute and glass fibers were taken in 30 cm length. Those
fibers are arranged sequentially, whereas the glass fibers are used to keep at the
top and bottom of the composite. Here, resin and fiber ratio 60:40 is considered
[20]. According to that the required amount of resin as taken and respective wt% of
MWCNT is incorporated with the resin. Then the modified resin is used to fabricate
the specimen using compression molding machine. For curing, the specimen is kept
in the compression machine for 24 h at the pressure range of 350 Psi. The various
compositions of samples are as given in Table 1.

3 Results and Discussion

3.1 Tensile Properties

According to the ASTMD638, tensile test specimens were prepared. The specimens
has cut from the laminate using band-saw and finished with the corners using file
and emery sheet. There are three different variation specimens that are prepared.
The specimens are having the content of MWCNT in the variation of 0 wt%, 0.5
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wt%, and 1 wt%, respectively. The test has been carried out in the universal testing
machine. The testing specimen is placed in themachine and subjected to tension until
its fracture. Then, the tensile strength is recorded. The different composite specimens
are subjected to tensile load in the universal testing machine. Figure 1 shows that
the tensile strength variation for 0, 0.5, and 1% MWCNT incorporated glass-jute
reinforced composites. The ultimate tensile strengths are plotted in the graph for
different specimen. The result indicated that glass–jute composite incorporated with
1% MWCNT shows better tensile strength than the other two specimens. It has the
tensile strength of 444.44 MPa followed by 401.36 and 373.57 MPa for glass–jute
0.5 and 0% incorporated MWCNT composites. Due to the higher tensile strength of
MWCNT and also by keeping the glass fibers at the extreme layers of the reinforced
composites enhance the tensile strengthof the composites. Similar results are reported
by Rajmohan et al. [18]. The tested tensile specimens are shown in Fig. 2, and the
specimen which is having 1% MWCNT shows the more elongation than the others.
From the SEM analysis, it is conformed that the fractured fibers of the specimen is
elongated more during the tensile test. The uniform dispersion of MWCNT in to the
epoxy resin also enhances the strength of the composites.

Fig. 1 Effect of wt% of
MWCNT on tensile
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Fig. 3 Effect of wt% of
MWCNT on compressive
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3.2 Compressive Properties

Fig. 4 shows the compressive tests specimens. The ASTM standard D695 is used
to carry out the test. From Fig. 3, it is clearly seen that the specimen which is
incorporating the MWCNT with 0%, 0.5%, and 1% has the compressive strength of
40.96, 44.16, and 34.83 kN, respectively.

The compressive strength has increased 7.24% initially for 0.5% incorporated
MWCNT.Then, the strength is decreased 22.12% for 1% incorporating theMWCNT.
This may be due to the air voids presence in the composites, and the cluster formation
of MWCNT also may reduce the strength of the composites. The cluster formation
is also identified from the SEM images. Proper dispersion of MWCNT into the resin
can increase the compressive strength of the composites.

3.3 Flexural Properties

The testedflexural specimens are shown inFig. 6.Theflexural strengthof the compos-
ites incorporatedwith 0%, 0.5%, and 1%MWCNThas 7.55KN followed by 10.05 kN
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and 6.23 kN, respectively. It as shown in Fig. 5. From that, it is concluded that the flex-
ural strength of the composite increaseswhile incorporatingwith 0.5%MWCNT, and
further by increasing thewt%ofMWCNT, the strength of the composite is decreased.
The reduction in flexural strength of composites may be due to the improper blending
of MWCNT in to the epoxy resin, this also can lead to the cluster formation of
MWCNT in the composites. The flexural strength not only depends upon addition of
nanoparticles but also an arrangement and sequence of fiber layers, bonding between
fibers and matrix. The stress transfer between fiber and matrix is increased when the
adhesionbetweenfiber andmatrix increased [19]. Since jute is highmodulusmaterial,
for the same deformation, higher fiber concentration demands the higher stress. The
flexural strength also depends upon the interfacial bonding between fiber and matrix,
other than the strength of the top and bottom layer of the reinforcement composites.
Poor flexural properties are exhibited when the interfacial bonding between fibers
and matrix is weak.

Fig. 5 Effect of wt% of
MWCNT on flexural
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4 Microstructure Analysis

The effect of MWCNT on microstructure, pulled out fibers during tensile test,
bonding between fibers/matrix, and dispersion of nanoparticles into the resin is
analyzed using scanning electron microscope (SEM). Figs. 7a and 8a show the frac-
tured pulled out tensile specimens of the composite incorporated with 0.5 and 1%
MWCNT. The composite which is having 0.5% MWCNT shows more breakage of
fibers compared to 1% MWCNT composite. Fig. 9a confirms the more elongation
of fibers during tensile test with increasing the wt% of MWCNTwhich enhances the
tensile strength of the composites. Figs. 7b and 8b show the dispersion of MWCNT
into the resin. The 0.5% incorporated MWCNT is dispersed uniformly into the
resin rather than 1% MWCNT. The formation of clusters in the composites while
increasing the wt% of MWCNT into the resin may be due to the improper blending.
The fibers are well bonded with the matrix in the reinforcement which are identi-
fied in Figs. 7c and 8c and also confirms the uniform distribution of the matrix on
the fibers during fabrication processes. Figs. 7d and 8d show the energy-dispersive
spectroscopy (EDS) analysis of the glass–jute fiber reinforced composites. The 1%
incorporated MWCNT composites show the maximum carbon peaks than the other.
It is conformed that the composites are having the presence of MWCNT. However,
the presence of silicon conforms of glass fibers in the reinforced composites.

5 XRD Analysis

Diffraction pattern was conducted in Kalsalingam University using Carl ZEISS
instruments (9KW)at approximately 2min intervals, allXRDanalyseswerematched
with the standard XRD patterns, and all the phases present in the composite were
determined. From the XRD pattern, cellulose is found in the composites as shown in
Fig. 9, and the diffraction peaks at 2θ = 13.375° (range between 12 and 15) confirms
the presence of cellulose which confirms presence of natural fibers.

6 Conclusion

On the basis of the investigation carried out in the present work, it is concluded that:

• Hybrid polymer matrix reinforced with glass–jute fibers incorporated MWCNT
was successfully synthesized using compression molding process.

• Various mechanical testings were conducted, and from that it is concluded that by
increasing the wt% ofMWCNT, the tensile strength of the composite is increased.

• The flexural and compressive strength of the composites increases initially while
increasing from 0 to 0.5 wt% of MWCNT. For further increasing with 1 wt% of
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Fig.7 SEM images of 0.5%
MWCNT composite

(a) Pulled out fiber during tensile    

(b) Dispersion of MWCNT into Matrix

(c) Bonding between fiber and matrix

(d) Image of EDAX analysis            
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Fig. 8 SEM images of 1%
MWCNT composite

(a) Pulled out fiber during tensile    

(b) Dispersion of MWCNT into Matrix

(c) Bonding between fiber and matrix

(d) Image of EDAX analysis            
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Fig. 9 XRD image of glass-jute composites with 1 wt% MWCNT

MWCNT, the composites are exhibiting the reduction in flexural and compressive
strength. This may due to nano clusters and air voids present in the composites.

• While increasing the wt% of MWCNT into the resin, it should ensure the proper
sonification and mechanical stirring to avoid the nano clusters formation. During
fabrication of the composites, it should be concentrated to avoid the air gap
formation.

• SEM images confirmed more elongation of the fibers during tensile test, and it
shows the good bonding between the matrix and fibers.

• The EDS analysis confirms the presence of MWCNT and differentiates the
composites which is having 0.5 and 1% MWCNT by their carbon peak values.
The XRD pattern confirms the presence of jute, glass fibers, and MWCNT in the
reinforced nano composites.
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Effect of Stacking Sequence
on Mechanical Properties of MWCNT
Filled Natural Fiber Reinforced
Composites

K. Mohan and T. Rajmohan

Abstract Hybrid composites are generally prepared by uniting two ormore fibers by
using a common matrix. The hybrid composites may be natural to natural or natural
to artificial. The stacking sequence and multi-wall carbon nanotubes (MWCNTs)
filled natural fibre reinforced composites have charmed significance of the polymer
composite researchers since of its mechanical properties. The investigation presents
the mechanical performance of the natural fibre reinforced hybrid composites. The
natural fibres such as banana, jute, and flax were hybridized and fabricated by
changing their stacking sequence with incorporating various wt% of MWCNT (0,
0.5, 1) using compressionmolding technique. TheMWCNT particles were dispersed
in epoxy resin using ultrasonic bath sonicator used as matrix face for natural fibre
reinforced composites. The various mechanical properties like tensile, compressive,
flexural, and impact were tested as per ASTM standard. The microstructure of the
tested composites like fiber fracture, pull out fibers, bonding between fiber, and
matrix were studied by scanning electron microscopy (SEM).

Keywords Natural fiber reinforced composites ·Multi-wall carbon nano tubes
(MWCNT) ·Mechanical properties · SEM

1 Introduction

Natural fiber polymer composites are more eco-friendly compared to polymer
composites with synthetic fibres reinforced. The main advantages of natural fibres
composites over synthetic fiber composites are low-density renewability, biodegrad-
ability, and non-toxicity. Hybrid composite materials are broadly used in the field
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of engineering applications due to their strength-to-weight ratio, ease of manufac-
turing, and low cost. Hybrid composites are preferred to achieve a blend of prop-
erties such as ductility, stiffness, and strength which cannot be achieved by single
fiber reinforced composites examined by Gururaja et al. [1] The mechanical prop-
erties of natural hybrid abaca, jute with glass fiber reinforced composite have been
investigated and reported, the combination of abaca–glass and jute–glass compos-
ites exhibits lesser tensile strength than the combination of abaca–jute–glass fiber
composite. The flexural and imapact of abaca–glass fiber composite is higher than
the abaca–jute composites [2]. Sathish et al. investigated the mechanical and thermal
properties of banana, kenaf, and glass fiber reinforced composites with different
volume fraction and fiber orientation. The hybrid composite which is arranged in 45º
orientation shows the enhanced mechanical properties [3]. Ramesh et al. fabricated
flax and glass fiber reinforced composites with two different fiber orientation as 0º
and 90º. From the result, 0º orientation fiber reinforced composites have the better
mechanical properties rather than the 90º fiber orientation reinforced composites [4].

The natural fiber properties like cellulose, hemi-cellulose, and lignin play a impor-
tant role by providing strength and stability of the whole fiber. When the fibers
having higher cellulose content, it indicates dramatic improvement in the flexural
strength andflexural toughness of the cementitious composites reported byTonoli [5].
Banana–glass reinforced composites exhibits the ultimate tensile strength followed
by flax–glass and flax–banana–glass hybrid reinforced composites. More percentage
of elongation is obtained by flax–glass composites rather than other composites.
Excellent ability to absorb impact energy is observed in banana–flax-glass hybrid
composites than the other composites [6].

Ramakrishna Malkapuram et al. reported that the chemical and physical proper-
ties of natural fibers have distinct properties. The presence of cellulose content of
these fibers varies from fiber to fiber. If the more presence of moisture content in the
fibers and adhesion between matrix and fibers are influencing the mechanical prop-
erties of composites. By treating, the fibers can change adhesion properties [7]. The
mechanical properties of multi-walled carbon nanotube (MWCNT) filled banana,
jute, and flax fiber composites were analyzed by changing their stacking sequence
and keeping the jute and flax fiber at the extreme layers of the composites. Jute fiber
at the extremities shows the improved tensile, compressive, and hardness properties
while increasing the wt% of MWCNT other than the impact properties [8]. Behzad
Kord et al. investigated that the dynamic mechanical properties of polypropylene
(PP)/reed flour (RF) composites are filled with an MWCNT. The results indicated
that the storage modulus is increased and damping properties are decreased while
incorporation of MWCNT into the composites. Addition of MWCNT also leads
to positive shift in a glass transition temperature [9]. Mohan et al. investigated the
mechanical properties ofMWCNTfilled glass—flax fiber reinforced hybrid compos-
ites. The maximum tensile and compressive properties obtained by incorporation are
1 wt% and 0.5 wt% MWCNT, respectively [10]. Various surface chemical-treated
vetiverafiber is fabricated and subjected tomechanical tests.Benzoyl chloride-treated
composites exhibiting superior mechanical properties among the various surface
treatmentwere reported byVinayagamoorthy [11]. In the reviewon effect,machining
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parameters of natural fiber laminates on its performance have been studied and recog-
nizing the different process parameters that affect the performance of the machined
NFRCs [12]. In recent years, the researchers have been focused on machining of
natural fiber reinforced composites. Vinayagamoorthy et al. reported that an equal
proportions of jute, loofah, and glass fibers are exhibiting the good tensile, flexural,
and impact strength. Compressive strength is not compromised when 10% of glass
fibers substituted by loofah fibers [13]. From the above literature, a very limited work
have been carried out in the combination of various natural fiber reinforcement by
varying their stacking sequences and varying the wt% of MWCNTs.

2 Experimental

2.1 Materials Used

Epoxy resin araldite LY556 and hardener HY951 are obtained from M/s. Suntech
fibers, Chennai, Banana fibers are obtained from Eco Craft, Hosur, and MWCNTs
are procured from M/S US Research Nano materials Inc, USA, which are used as
constituents for fabricating the composite.

2.2 Resin Preparation

Initially, the MWCNT particles taken by wt% of 0, 0.5, and 1%. By using ultrasonic
probe sonicator, theMWCNTparticles are uniformly dispersed into the resin without
agglomeration by the blends which are allowed to vibrate for the period of 3hrs in
ultrasonic probe sonicator. To ensure homogeneous mixing of MWCNT particles
into resin without agglomeration, the same blends are to be kept in a rotary shaker
for additional 2 h [14, 15].

2.3 Composite Preparation

Compression molding technique is used to fabricate the composite specimens in the
present investigation.Banana, jute, andflaxfibers of 30 cm length are used to fabricate
the specimen. By using MWCNT filled resin, the composites were fabricated. The
various mechanical properties such as tensile, compressive and flexural properties
are tested in the composite stacking sequence of JBFBFBFJ in which jute fiber as
arranged in extreme layers, banana and flax are arranged as intermediate layers.
Similarly in the stacking sequence of FBJBJBJF composites fabricated and tested in
which flax fiber as arranged as extreme layers banana and jute fibers were arranged as
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an intermediate layers. In this work, the composite specimens includes a total of eight
layers, in which the sequence of fibers are arranged as BJFJFJFB, the banana fibers
as kept in extreme layers. Jute fiber and flax fibers have arranged as intermediate
layers. The MWCNT filled epoxy resin is used for fabricating the composites.

3 Results and Discussion

3.1 Tensile Properties

Specimens for tensile test has been prudently cut from the laminate using band saw,
and it has been finished to accurate size by using emery paper. Tensile test has been
carried out using universal testing machine, according to the ASTM standard ASTM
D638. The tensile behavior of the composite specimens are shown in Fig. 1. The
tensile strength reaches the maximum value of 222.2 MPa for JBFBFBFJ spec-
imen with addition of 1 wt% of MWCNT followed by 195.1 MPa and 193 MPa,
respectively. The tensile strength is increased up to 31.09% by incorporating 1% of
MWCNT than the 0%MWCNT composite for the stacking sequence of JBFBFBFJ
specimen. For the stacking sequence of FBJBJBJF specimen with addition of 1%
MWCNT increases the tensile strength only up to 4.44%, and also it is observed that
the extreme plies of flax fiber reinforced composites at 0%MWCNT show the higher
value than the extreme plies of jute fiber reinforced composite.

The stacking sequence of BJFJFJFB composites indicates the lower tensile
strength rather than other composites. Even the strength of the composites increased
upto 17.8% by incorporating the wt% of MWCNT from 0 to 1 wt%. Due to low
hemi-cellulose presence in the banana fibers when it is arranged at extreme plies
lead to form quick crack propagation in the composites which leads to lower in

Fig. 1 Effect of stacking sequence and wt% of MWCNT on tensile strength
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tensile properties than the others. From the SEM analysis, the fiber delamination
was identified. Due to the high toughness and tensile properties of multi-wall carbon
nanotube, tensile strength of the composite is increased while increasing the wt% of
MWCNT [16] and also the tensile strength of the specimens with jute fibers at the
extremities show higher values than the other specimens because of tensile properties
of jute and banana fibers which are superior then the flax fibers. Similar results have
been obtained in a research on jute/oil palm hybrid composites, with jute layer at
extreme portions possess greater tensile strength.

3.2 Compressive Properties

The compressive behavior plot is shown in Fig. 2. It has been carried out according
to the ASTM D695 standard. It has been observed that the stacking sequence of
JBFBFBFJ specimen is having themaximumcompressive load of 20.8KN, followed
by 19.0 kN by incorporating the 1 wt% of MWCNT and 0.5 wt%, respectively,
rather than other composites. The stacking sequence of BJFJFJFB shows 18.4 kN
and followed by 17.2 kN by incorporating 1 wt% of MWCNT and 0.5 wt%, respec-
tively. An increase in the compressive strength of 18.44 and 15.13% is observed for
the stacking sequence of the specimens JBFBFBFJ and FBJBJBJF in addition of
1% MWCNT reinforced composites when compared to 0% MWCNT incorporated
composites. The jute fiber at the extremities shows that superior compressive strength
compared to the flax fiber and banana fiber at the extremities. May the intermediate
layer of 10% flax fiber content influencing to enhance the compressive properties in
the specimen sequence of JBFBFBFJ compared to the extreme plies of flax fiber
and banana fiber reinforced composite. Compressive properties not only depend on
stacking sequence and volume fraction of fibers, and apart from this, the extreme

Fig. 2 Effect of stacking sequence and wt% of MWCNT on compressive strength
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Fig. 3 Effect of stacking sequence and wt% of MWCNT on flexural strength

plies of the composites also affect the compressive properties. Similarly, the 10%
flax fiber is present in the specimen sequence of BJFJFJFB composites, but which is
having lesser compressive load-carrying capacity than the extremities of jute and flax
fibers. Strengthened fibers at the extremities improve the compressive properties.

3.3 Flexural Properties

According to the ASTM D790 the flexural specimens were prepared, and the test
has been carried out in thee point flexural test machine. The test results are plotted in
Fig. 3. The maximum flexural load of the composites is achieved 6.9 kN followed by
6.5 kN and 5.9 kN, respectively. The specimen sequence of JBFBFBFJ composites
exhibitsmaximumflexural load-carrying capacity at the extremities layer of jute fiber
than the banana and flax fiber extremities. While increasing the wt% of MWCNT
from 0, 0.5, and 1 which leads to increase the flexural load-carrying capacity of the
composites when the jute fiber at the extremities. Since jute is highmodulusmaterial,
for the same deformation, higher fiber concentration demands the higher stress. High
matrix-filler interfacial area results because of uniform and homogeneous dispersion
of nanoparticles are responsible for changing relaxation behaviour, as well in ensuing
the flexural properties. The specimen sequence of BJFJFJFB and FBJBJBJF rein-
forced composites indicates increasing the flexural propertieswhile incorporating the
MWCNT up 0.5 wt%. Further addition of MWCNT leads to decrease in their prop-
erties due to the weaker interfacial or adhesion bonds between highly hydrophilic
natural fibers and hydrophobic fibers and non-polar organophilic polymer matrix
which leads to considerable decrease in the properties.
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Fig. 4 Microstructure analysis of banana fiber reinforced natural fiber hybrid composite

4 Microstructure Analysis

The microstructure of the nano-filled banana fiber reinforced composites were
analyzed using scanning electron microscope (SEM). The banana fibers having low
hemi-cellulose when it is arranged at extreme plies lead to form a crack in the fibers
which leads to reduce the tensile properties of the composites rather than the jute
and flax reinforced composites. From the SEM analysis, Fig. 4a indicates the fiber
crack and fiber delamination of the composites. Similarly, the presence of air voids
also leads to reduce in their mechanical properties. Fig. 4b shows the fiber break-
ages during the tensile test. Also, it indicates the well bonding of matrix with the
reinforcement.

5 Conclusion

Banana fiber reinforced natural fiber hybrid composites with incorporation of
MWCNT are fabricated using compression molding method. Our emphasis has been
on effects of varying the stacking sequence and wt% of MWCNT on mechanical
properties of the composites like tensile, compressive, impact, and flexural have
been evaluated, and also the morphological characteristics are studied using SEM.
The following conclusion are drawn.

• The stacking sequence of BJFJFJFB composites shows the increased in tensile
properties while increasing the wt% of MWCNT, and the maximum tensile
strength of 179.5 MPa is obtained when compared to the other extremities’ fiber
like JBFBFBFJ andFBJBJBJF composites having the higher tensile strength than
the BJFJFJFB composites. The compressive load-carrying capacity of 18.4KN
is obtained for BJFJFJFB composites with incorporating 1 wt% of MWCNT.
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The maximum compressive load of 20.8 kN is achieved by the extremities’ of
JBFBFBFJ composites.

• While increasing the wt% of MWCNT from 0 to 0.5%, the flexural load-carrying
capacity of the BJFJFJFB composites is increased. For further increasing with the
MWCNT, there is a reduction in the properties due to the weaker interfacial or
adhesion bonds between highly hydrophilic natural fibers and hydrophobic fibers.

• The energy absorbed of the extremities fiber of BJFJFJFB and FBJBJBJF
composites is marginally increased while increasing the wt% of MWCNT. The
impact energy is reduced while increasing the wt% of MWCNT for stacking
sequence of JBFBFBFJ composites due to the reinforcing effect of MWCNT.
SEM analysis shows the fiber pull out during tensile and well adhesion of matrix
in the reinforcement.
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Optimization of Effective Process
Parameters During Pentaerythritol Ester
Production Using Taguchi Technique

P. Chengareddy, S. Arumugam, G. Sriram, and M. Bhanu Prakash

Abstract The present work is to study the optimization of effective process parame-
ters on pentaerythritol ester (PE) production by the ultrasonicated transesterification
process from raw rapeseed oil using L9 orthogonal array Taguchi method. For this
work, the parameters were selected as pulse (10, 15, 20 s), amplitude (25, 50, 75%),
and catalyst concentration (0.5, 1, 1.5 g). The maximum yield analysis is done on the
basis of “larger is better” signal-to-noise ratio (SN Ratio). Among all nine experi-
ments, the optimal conditions are found as pulse (10 s), amplitude (50%), and catalyst
(1.5 g). The effect of parameters on PE yield is determined by analysis of variance
(ANOVA).

Keywords Taguchi method · ANOVA · Pentaerythritol ester · Transesterification ·
Ultrasonication

1 Introduction

The major problem in global is polluted by the emission of harmful gases from
fossil fuels like petroleum products, natural gas, and coal. Among these, petroleum
products play a major role in automotive and other applications. Also, there is a
depletion problem which leads to hike in price. On the other side, there is a big
problem with petroleum products, i.e., biodegradability [1]. With this connection,
researchers are focused on to produce alternative sources for the petroleum products
from the vegetable oils. Vegetable oils are non-toxic, biodegradable, lower sulfur,
and a smaller amount of emissions [2]. On the other side, vegetable oils have some
drawbacks like poor oxidative stability, lower volatility, and low pour point [3]. To
overcome these problems, researchers aremodifying the vegetable oils by chemically
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via esterification and transesterification process [4, 5] using conventional methods.
Also, the modified oils are shown good pour point, improved oxidative stability,
better physico-chemical properties like viscosity, viscosity index, etc.

Somedownsideswith the conventionalmethods are to produce biodiesels at higher
temperatures, stirring, reaction time, etc. To overcome these problems, an ultrasonic
power was used as an alternative method. Ultrasonicator consists an acoustic wave
which leads the molecules vibrate, and the molecules are getting collided each other
which increase the temperature of the reaction medium, thus reducing the time of
reaction for the transesterification process from hours to mins [6]. Many researchers
are producing biodiesel from various vegetable oils (Rapeseed, sunflower, Jatropha,
palm, etc.) using ultrasonication energy [7].

Many works are reported that the process parameters on ultrasonic-assisted trans-
esterificationwere playing a vital role,which affects the final yield of oil. The selected
parameters are methanol ratio, time of reaction, temperature, catalysts, frequency,
amplitude, pulse, etc. [8–10]. The studies were also on amplitude, pulse, and inten-
sity of ultrasound-assisted transesterification process. Under the high molar ratio and
increasing the amplitude, this shows a positive effect on the reaction yield percentage
of biodiesel [11].

Taguchi is a simple technique, systematic, and efficient one to optimize the design
of experiments, and also it minimizes the experimental runs [12]. Similarly, another
experimental work was conducted by using Taguchi L9 orthogonal array technique
with various parameters, namely methanol, a catalyst of KOH, and stirrer speed [13].
Hence, the Taguchi method is found to be the best optimization method to employ
the optimal conditions for biodiesel production using the L9 orthogonal array [14].

On the basis of the above literature survey, the present investigation was to opti-
mize the process parameters (catalyst, amplitude, and pulse) on ultrasonic-based
transesterification process for the production of pentaerythritol ester of vegetable
oil. The optimization process was carried out using L9 orthogonal array Taguchi
technique. The formation of PE was confirmed by FTIR and gas chromatography
(GC) analysis is used to know the components present in the obtained product.

2 Experimental Work

2.1 Production of Pentaerythritol Ester
via Transesterification Process Using Ultrasonication

First, the methyl ester was prepared by the conventional method. For this, raw rape-
seed oil (2000 ml) and methanol (356.8 ml) were taken in a three-necked round
bottomed flask of capacity 3000 ml. The total mixture was stirred well with a speed
of 300 rpm under the maintained temperature of 50–60˚C to get the complete mixing
of oil and methanol. Before adding the catalyst of NaOH (17.84 g), dissolve the
catalyst into the methanol for faster reaction. The reaction process was continuing
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for the time of 60 min. The final quantity of obtaining methyl ester was 1240 ml
(after separation and bubble wash) by measuring.

Second, the transesterification process was carried out (for 1 h) in a three-necked
glass reactor vessel under nitrogen atmosphere. The whole setup was placed in an
ultrasonic chamber and was controlled by the unit processor controller. In an exper-
imental run, the desired quantity of methyl ester, pentaerythritol, and xylene were
poured into a reaction vessel. The bath was heated up with a heating mantle at a
temperature of 100 °C. Then, the desired amount of catalyst (p-TSA) was added into
the vessel. Later, the products were poured into a separating funnel for the purpose
of removing glycerol, and the final product was washed with warm water and heated
up with a temperature of 70 °C to remove the excess xylene from the oil [15].

2.2 Experimental Design Using Taguchi Method

To identify the optimal conditions, a large number of experimental runs are required
to investigate the process parameters of the ultrasonicated transesterification process
[16]. Taguchi method is a statistical technique, which reduces the number of experi-
mental runs, and also it is a simple and efficient method [17]. The Taguchi technique
uses L9 orthogonal array design for experimental work to find the effective process
parameters with minimum runs [18]. In this present study, three factors and three
levels were selected, which is given in Table 1.

Signal-to-noise ratio (S/N ratio) is one which measures the quality characteristics
of the process in various levels, and the quality characteristics are three different
categories, namely smaller-the-better, larger-the-better, and nominal-the-best based
on the type of the problem. In this work, the maximum yield of pentaerythritol ester
is determined by means of larger-the-better S/N ratio. The S/N ratio is determined
by using the given Eq. 1 [12].

S

N
Ratio = −10 log

(
1

n

n∑
i=1

1/y2i

)
(1)

where y is the PE conversion to the corresponding run, i is the number of
replicating, and n is the number of trial runs performed.

Table 1 Selected factors and levels are used in experimental design

Real factors Level

1 2 3

A Pulse (s) 10 15 20

B Amplitude (%) 25 50 75

C Catalyst concentration (g) 0.5 1 1.5
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Table 2 L9 orthogonal array Taguchi design with yield (%) as response

Run
no.

Real variables Yield (%) Mean
yield
(%)

S/N
ratioPulse (s) Amplitude

(%)
Catalyst
(g)

Test 1 Test 2 Test 3

1 10 25 0.5 84.3 86.1 86.4 85.6 38.64

2 10 50 1 93.12 93.89 96.52 94.51 39.50

3 10 75 1.5 83.78 83.2 84.45 83.81 38.46

4 15 25 1 75.4 74.21 68.02 72.54 37.21

5 15 50 1.5 88.72 74.23 72.58 78.51 37.89

6 15 75 0.5 50.23 51.41 52.41 51.35 34.21

7 20 25 1.5 92.37 86.54 87.82 88.91 38.97

8 20 50 0.5 77.82 79.21 78.11 78.38 37.88

9 20 75 1 50.92 50.78 51.21 50.97 34.14

PE Yield(%) = Weight of PE Produced

Weight of Methyl Ester Used in Reaction
(2)

The nine sets of experiments are conducted by using 100 ml of methyl ester in a
three-necked round bottomed vessel, and the corresponding yield percentage is given
in Table 2. The yield percentage of pentaerythritol ester is evaluated by the given
Eq. 2 [19]. The effect and improvement of each optimal conditions are performed
by the study of analysis of variance (ANOVA).

3 Results and Discussions

3.1 Analysis of Taguchi Method to Determine the Optimal
Conditions

The effect of variables such as amplitude, pulse, and catalyst concentration on yield
was evaluated, and their results are given in Table 2. Among all nine sets of exper-
iments, it is very clear that the highest yield (94.51%) of PE was obtained by the
experimental run number 2 with 10 s pulse, 50% amplitude, and 1 gm of catalyst.
The lowest yield (50.97%) of PE was obtained by the run number 9, i.e., 20 s pulse,
75% amplitude, and 1 gm of catalyst concentration as given in the table. However,
this is not the right method to select the optimal condition parameters with the help
of Taguchi technique.

S/N ratio is the one used to measure the quality characteristics from the results
of Taguchi design. In this work, the S/N ratio measures characteristics based on the
larger-the-better rather than that the other two types of characteristics, i.e., smaller-
the-better and nominal-the-best. The results of the S/N ratio for all nine experiments
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were shown the highest (39.50956) and lowest (34.14629) yield percentage of PE
from the same experimental runs, i.e., run number 2 and run number 9 as given in
Table 2. By analyzing the results of the above experiments and with the influence of
S/N ratio, the optimal conditions for the highest yield percentage are shown in Fig. 1.
FromFig. 1 the optimal conditions are identified as amplitude (50%), catalyst concen-
tration (1.5 g), and as the pulse (10 s). Figure 2 shows the residual plots for yield
percentage according to the analyzed data from experimental results. Hence, The
S/N ratio results of experimental works were meeting the earlier research works, i.e.,
a moderate percentage of amplitude shows the positive impact on the ultrasonicated
transesterification process [20]. Due to the increment of high ultrasonic amplitudes
to the mixture, there is a decrement in the final yield of oil because of the formation
of cavitation bubbles in high numbers in the mixture [20]. Later, these bubbles are
grown together to form large numbers, and they are more stable, which prevents the
transfer of acoustic energy through the reaction mixture [21]. From Fig. 1 the ultra-
sonic amplitude plots show that the highest yield was obtained in 50% of amplitude,
25% amplitude shows lesser than that of 50% amplitude, but 75% amplitude shows
very less yield than other two amplitudes. So, the increment of high amplitudes shows
the lesser yields.

By increasing the catalyst concentration in the reactants, the yield percentage of
the product was increased simultaneously, but further increase of catalyst concen-
tration decreases the conversion of oil [22]. The pentaerythritol ester composition
was increased significantly by increasing the molar ratio and catalyst concentration
[23]. Reported that the amount of catalyst added to the mixture, then the mixture was

Fig. 1 S/N ratio plots for each variable at different levels
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Fig. 2 Residual plots for yield (%)

accelerated, which produced more pentaerythritol ester. From the results high cata-
lyst concentration, i.e., 1.5 g shows higher yields than that of 0.5 and 1.0 g catalyst
concentration.

Another work reported that the ultrasonic pulse exceeded about 5 s, and then, the
effect on yield was found as more significant [24]. From the pulse plots in Fig. 1,
10 s pulse has been shown higher yields than that of other two pulses (i.e., 15 and
20 s). With this, concluded that the selected variables are proven as real variables
and show their contribution in the part of high yield production of PE.

For producing the PE yield by employing the transesterification process, the
regression equation was developed by the given Eq. 3. This regression equation
gives the relation between the effective process parameters and the response (i.e.,
yield %). From Eq. 2, the R2 value is found to be at 95.52%, which is used to measure
the effect of transesterification process.

Yield(%) = 107.234− 1.522pulse

− 0.406133 amplitude+ 11.9667 catalyst
. (3)

3.2 ANOVA (Analysis of Variance)

ANOVA is used to examine the effects of the real variables on PE yield percentage.
Based on the analysis, the most contribution parameters are discussed in detail, i.e.,
amplitude, catalyst, and pulse. Table 3 shows the effect of process parameters on the
response, the contribution of each parameter, and its rankings. According to ANOVA
results, amplitude shows a significant effect on the reaction mixture to produce high
yields of PE. By calculating [14], the contribution percentage of amplitudewasmore,
i.e., 46.2293% as compared to the other two variables, and it is the most effective
process parameter to produce PE yield. The order of contribution to produce high
yields of PE is amplitude (46.2293%), pulse (35.4143%), and catalyst concentration
(13.8794%), by the rank as given in Table 3.
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Table 3 ANOVA with contribution % and rank

Source DF Seq SS Adj MS F P Contribution % Rank

Pulse 2 680.12 340.06 7.91 0.112 35.4143 2

Amplitude 2 887.82 443.91 10.33 0.088 46.2293 1

Catalyst 2 266.55 133.28 3.1 0.244 13.8794 3

Error 2 85.98 42.99 4.477

Total 8 1920.47 100

4 Conclusions

Ultrasonic-based transesterification process is a suitable method to reduce the reac-
tion time for the production of PE. Taguchi method is the statistical technique which
is the most efficient one to optimize the process parameters for obtaining high yields
of PE with minimal experimental runs for the reduction of time and cost. The highest
yield percentage of PE was obtained from experimental run number 2 (i.e., 94.51%).
Based on the quality characteristics of larger-the-better from theS/N ratio, the optimal
conditions are found as 10 s pulse, 50% amplitude, and 1.5 g of catalyst concentra-
tion. Analysis of variance (ANOVA) is used to measure the significance of indi-
vidual effective process parameters. It is found that the most affecting factor in the
conversion of PE is ultrasonic amplitude, and its contribution is more (46.2293%) as
compared to the pulse (35.4143%) and catalyst (13.8794%).
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A Review on Ultrasonicated
Transesterification Process

P. Chengareddy, S. Arumugam, P. H. Pavan Kumar Reddy,
and P. Madhan Mohan Reddy

Abstract The downsides of the mineral-based oils/fuels suggest the best choice to
synthesize the environmentally friendly lubricants/fuels from plant oils. The present
review is to focus on some recent trends to produce the methyl ester for the purpose
of reduction in reaction rate and attain high yields. This reduces the power loss and
also economic losses. The most effective method is ultrasonic irradiation method
to produce high yield percentage of methyl ester at low frequency and minimum
reaction time at low cost. The produced products were shown good physico-chemical
properties and also improved its performance.

Keywords Mineral-based oils · Biodiesel · Biolubricants · Conventional method ·
And ultrasonicated transesterification process

1 Introduction

The environmental pressures modeled by the mineral-based fuels are at present a
main global concern. These mineral-based fuels are increased environmental pollu-
tion by emitting harmful gases and also lead to human diseases. On the other side,
consumption of these products leads to depletion problems with the mineral-based
oils which rises crude oil prices. By using these, non-renewable fuels show signif-
icant effect on environment [1, 2]. By considering this, researchers are focused on
to search for alternative bio-based oils/fuels for the substitution of mineral-based
products. Vegetable oil is the best alternative one for the mineral oils [3]. Plant oils
are eco-friendly, biodegradable, sustainable, and readily available one. But for lubri-
cants, these vegetable oils have some negative sides, i.e., low pour point and poor
thermo-oxidative stability [4]. Chemical modification is required to overcome these
drawbacks.

The main aim of this paper is to concentration on producing the biolubri-
cants/biodiesel using modern method (i.e., ultrasonic irradiation) for the production
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of high yield percentage at low reaction rate. Also, physico-chemical properties of
the produced products are discussed.

2 Petroleum-Based Oils/fuels

Petroleum-based oils & fuels are largely produced by the industries from nineteenth
century. As the use of the vehicles are increased globally and the industrial revolution,
also consumes the more byproducts during its manufacture process. The raw product
taken from the earth is undergoing the distillation fraction and can be formed into the
different fuels as the extracted raw petroleum was heterogeneous chemically. Some
of the fuel products are liquified petroleum gas, butane, gasoline, jet fuel, kerosene,
fuel oil, and diesel fuel [5]. Some of the byproducts are lubricants, wax, paraffin wax,
asphalt, and aeromatic petrochemicals.

Petroleum products are obtained naturally, cannot think that it is renewable and
environmentally friendly. Usage of the petroleum products have been increased dras-
tically, and during the recent years, there would be a shortage of petroleum-based
fuels. Another big reason for encouraging vegetable oils is pollution caused due to
them. Some of the environmental effects are ocean acidification which means the
decrease of the pH of the ocean water results in the effect of the marine life, global
warming causes the increasing of surface temperature by the emission of the green-
house gases [6]. To avoid these ill effects from the petroleum products, vegetable
oils should be replaced.

3 Vegetable Oil

Vegetable oils are generally extracted from the plant seeds or the other form of fruit
seeds like watermelon. These oils contain carboxylic acids with long hydrocarbon
chains and triglycerides. These are also known as edible oils. They are divided into
three types based on saturation. The classifications are saturated, mono-saturated,
and poly-saturated [7]. There are so many oils made from different sources like
soya bean, cottonseed, peanut, palm oil, sunflower oil, coconut oil, rapeseed oil, rice
bran oil, and others. Vegetable oils are mainly used in the food industry as the main
ingredient of many food items like pickles, fried dishes, etc., and they are also used in
the manufacture of the paint, varnishes, soaps, detergents, etc. But their physical and
chemical properties made them useful for the replacement of the petroleum products
by the modification of the fatty acids into the fuels and to the lubricants [8, 9]. So,
researchers are focused to produce biodiesel from non-edible oils by modifying it.
Vegetable oils have some good properties by nature such as high viscosity, viscosity
index, high flash point, and fire point, low toxicity, etc. But these have some negatives
for the production of biolubricants, i.e., poor thermo-oxidative stability low pour
point. High viscosity is a problem for the production of biodiesel [10]. It a biggest
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challenge to develop biolubricant/biodiesel for the substitute of petroleum products.
For the better performance of the petroleum-depended applications, should replace
the environmentally lubricants/fuels instead of petroleum products.

4 Modification of the Vegetable Oils

As the straight or the virgin vegetable oil cannot be used for the directly as biodiesel
or biolubricant to give satisfactory results. Although straight vegetable oil has the
similar properties of diesel, some of the chemical modifications must be made for the
best usage of the oils. Generally, the vegetable oils have high viscosity and density,
and these are present in the form of the free fatty acids (FFA). For the usage of
straight vegetable oil as the biodiesel, it should be converted into the low density
and viscosity oil or fatty acid methyl ester (FAME). After many researches carried
on the biodiesel production, the conversion of the straight vegetable oils into the
biodiesel can be achieved by the four methods pyrolysis/heating, dilution/blending,
micro-emulsification, and transesterification [11–13].

Pyrolysis or thermal cracking is themethod of chemical changewhich can be done
by the thermal energy for the biodiesel conversion to decrease the viscosity, flash
point, pour point & cetane number. The setup of the pyrolysis was the expensive one,
and the obtained oils are the process of the distillation were with the sulfur content
result in the less eco-friendly [14]. Pyrolyzed process was the first-made process in
the biodiesel production, and it is the most complicated because of the different path
involve during reaction [15]. Dilution or blending means the mixing of the straight
vegetable oil with the ethanol or other synthetic oils. Generally, 4% of diesel is mixed
with for increasing the brake power, torque, and thermal efficiency. This also results
in the decrease in the viscosity and density of the oil for the better combustion of
the oil. Micro-emulsification is the process of decreasing droplet size from 100 to
1000 Am strong. It can be formed by the addition of alcohol, surfactant, and cetane
improver for the lowering the viscosity of the biodiesel for better spraying during
the burning of the fuel [14, 16]

Out of all the process, transesterification is the most used conventional and the
promising process for the good biodiesel yield.

5 Conventional Methods for Biodiesel Production

Transesterification is the process which converts the triglycerides into the biodiesel
or fatty acid methyl ester (FAME), it can be done by using the addition of the
straight vegetable oil to alcohol, and thus, the biodiesel and the glycerin were formed.
Transesterification can be done with or without the catalyst [17, 18]. Earlier, many
workswere reported about the biodiesel/biolubricant production bymodifying chem-
ically via epoxidation, hydroxylation followed by esterification, transesterification
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processes, etc., using conventional methods. The produced biodiesel/biolubricant
shows better results in terms of physico-chemical properties, thermal properties, fuel
performance, emissions, tribological properties, biodegradability, etc. But, by using
mechanical stirring/conventional methods, the time of reaction rate increase leads
to energy consumption and supercritical conditions, consumes more catalyst and
alcohol, obtains low yield percentage of final products, and overall it is economically
high [19–22].

In catalytic transesterification, three types of the catalyst are used, they are acidic,
basic, and enzymic. Acid-catalyzed transesterification reaction is slowest of all the
process, and in this type, the mixing of reactants is also very low, and hence, the yield
will be low. However, the enzyme catalytic reaction gives the high yield but that was
costly due to enzyme preparation. So, the base-catalyzed reaction is more economic
and preferred for the low-temperature reactions. The general bases used are KOH,
NaOH, etc., but all the conventional reactions are time taking and low reaction rate
for the biodiesel production [23, 24].

The conventional transesterification reaction can be speed up by assisting the two
ways, one is microwave assisted, another is ultrasound. Microwave-assisted process
involves the irradiating the reactants with the microwaves which range from 300
MHz to 30 GHz with the frequency of 2.45 GHz for the laboratory conditions [25,
26]. Though the production of the biodiesel was in short time by this, it cannot
be employed for large amount production because of penetration of these waves
which is limited to centimeters depending upon the properties of the reactants. It
also has the safety drawback for industrial usage [27]. Ultrasound assisted is the
suitable alternative for the best transesterification reaction for biodiesel yield at the
low temperature and in a short time.

6 Ultrasonicated Transesterification

The term ultrasonicated means the use of the ultrasonic waves or the ultrasound for
the extraction of the biodiesel from the straight vegetable oil. The frequency of the
ultrasound would be in the range of 20–100 KHz. These sounds are not audible to
the human ears, but some animals can identify these frequencies. At the early stages,
the waves are used for the medical purposes, and after its wide applications it is used
in many industries. The main effect cause due to the use of the ultrasonic waves
or ultrasound is the formation of the node and antinode cycles which causes the
sonic pressure in the reaction [28], the formation of the bubbles in the reaction or
cavitation [29]. The occurrence of this type of cavitation causes the effective blending
of reactants in the liquid–liquid reaction, and the mass transfer will also be higher
during this cavitation which result in the best yield. The formation and the collapse
of the bubbles result in the building up of the pressure and temperature at the small
space in the reacting medium. The final effect caused by the ultrasound is acoustic
stream blending [30, 31]. Bio-based lubricants also produced by using ultrasonic
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irradiation with a minimum reaction rate and obtained high yields, and results show
better properties of lubricants [32, 33].

7 Optimization on Ultrasonic-Assisted Transesterification

Optimization is one of the best techniques to find the optimal conditions from the
set of experimental runs according to the design. There are different design methods
which are there to conduct the experiments such as design of expert (DOE),Mini Tab,
etc. A central composite design (CCD) was applied to find the optimal conditions
for the production of biodiesel with the influence of ultrasonic energy. Reported that
91% of yield is attained in a span of 40 min with the effect of ultrasonic energy at
low reaction temperature [34]. Another work was conducted with the influence of
ultrasonic irradiation to find the optimal conditions for the production of biodiesel.
More than 90% of yield was obtained with the effect of high-frequency ultrasound in
30 min of time [35]. The works were carried out by the effect of various parameters
on biodiesel production by optimization using ultrasonic-assisted transesterification
process, i.e., catalyst concentration, alcohol, time, temperature, and frequency. They
reported that the high yields were obtainedwith the influence of ultrasonic irradiation
at low a reaction rate [36–38].

8 Conclusion

Thebiggest challenge in theworld is to produce biodegradable oils to replacemineral-
based oils. Many works are there to produce biodegradable oils/fuels from vegetable
oils by modifying chemically. The modified fuels/oils are shown better results in
terms of properties and performance. From this paper, the following conclusions
were made.

• Ultrasound sound transesterification process is playing a significant role to
produce biodiesel with a low reaction rate and high yields.

• No work is carried out for the formulating of biolubricant using ultrasound-
assisted transesterification.

• Few works have just started to produce pentaerythritol ester as biolubricant using
ultrasound-assisted transesterification.

• Polyol esters (trimethylolpropane ester, pentaerythritol ester, and neopentyl
glycol) are used for various industrial and automotive applications in order tomini-
mize the wear and friction. But no work is carried out to produce pentaerythritol
ester as biolubricant for air compressor application.
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Tribological Investigation of Waste
Plastic Oil-Based Methyl Ester Blended
Synthetic Lubricant Using Four-Ball
Tribometer

S. Baskar, S. Arumugam, G. Sriram,
and Venkata Sai Satyanarayana Sastry Sistla

Abstract The present study describes the tribological behavior of waste plastic
oil-based methyl ester blended with synthetic lubricant of various concentrations
15 and 30%. The tribological test was conducted by using four-ball tribometer.
From the results, synthetic lubricant containing 30% of waste plastic oil methyl
ester showed minimum frictional coefficient, lesser mean wear scar diameter, better
wear morphology, and high viscosity as compared with the other lubricating oils.

Keywords Four-ball tribometer ·Mean wear scar diameter · Bio-lubricant ·Waste
plastic oil

1 Introduction

Usage ofmaterial and energy is becoming a vital global issue. The system ofmechan-
ical engineering, friction plays a major role to reduce the energy utilized for mechan-
ical components. Lubricating oil is used to control the friction ofmechanical systems.
The improving an effective lubrication, base oil selection is very important for a lubri-
cating oil. There has been increasing concern for the use of mineral oil as lubricating
oil because of the worldwide interest in environmental issues [1]. The synthetic,
mineral, andvegetable oils are used as a lubricatingoil. In general, lubricatingoil from
crude oil is not conceivable with the environment, non-biodegradable, and toxic [2].
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The disposal of crude oil-based lubricating oil in the environment creates the issue,
and lubricating oil from crude oil exhibits the metal traces and nanoparticles [3, 4].
The lubricant derived from vegetable oil is probable alternate for mineral oil, because
they are renewable, biodegradable, and non-toxic [5, 6]. The thin film was formed
between metal-to-metal interface with help of the triacylglycerol structure and polar
fatty acid composition [7, 8]. The disadvantage of lubricant derived from vegetable
oil has lesser thermo-oxidative stability and high flash point [9]. Many researchers
were concentrated to modify the drawbacks of lubricant from vegetable oil [10–12].
Furthermore, chemical modification is used to solve the thermo-oxidation stability at
lower temperature [13]. The sustainability of lubricant derived fromvegetable oil was
improved by narrowing their viscosities [14]. Viscosity plays a vital role to control
friction and wear between the metal-to-metal interfaces. The eco-friendly viscosity
modifiers are used to improve the viscosity of the lubricant. The ethylene-vinyl
acetate (EVA) has been established, used as an efficient thickener to the vegetable
oil, and converted as a bio-based lubricant [15]. The viscosity of the lubricating
oil from vegetable oil was improved by dispersing copolymers and improves the
kinematic viscosities at 40 and 100 °C [16]. In present work, tribological behavior
of waste plastic oil bio-lubricant was examined by using four-ball tribometer and
examined their ability to replace the lubricant from crude oil.

2 Experimental Procedure

2.1 Lubricant Preparations

Themethyl esterwas derived from thewaste plastic oil and blendedwith the synthetic
lubricant as an additive. The various concentrations of (15 and 30%, respectively)
methyl ester blended with the synthetic lubricant. The detailed esterification proce-
dure was obtained from Yasvirsingh et al. [17–19]. The properties of lubricating oils
are listed in Table 1.

2.2 Experimental Work

Afour-ball tribometerwas supplied byM/SDucom Instruments Pvt. Ltd., Bengaluru,
used in the present work as shown in Fig. 1. The four-ball tribometer has four balls,
one on the top and other three on the bottom side. The bottom side three balls were
fixed in ball pot and filled with the test lubricant. The top ball was fixed on the collet
and pressed against the ball pot. The dimethyl ketone was used to clean the ball
surface. The AISI E-52100 chrome alloy steel was used as a ball of hardness and
diameter 64 HRC and 12.7 mm, respectively. The thrust bearing was used to support
the ball pot, and normal load was applied by the load cell with plunger arrangement.
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Table 1 Properties of various lubricating oils

Properties Standard SAE20W40 SAE20W40 with
15% WPOME

SAE20W40 with
30% WPOME

Viscosity @100 °C
(cSt)

ASTM D445 15.2 15.4 15.7

Pour point (°C) ASTM D97 −21 −15 −14

Flash point (°C) ASTM D92 250 247 246

Viscosity index ASTM D2270 133 169 173

Specific gravity @
15 °C

ASTM D287 0.87 0.88 0.89

Wear scar diameter
(mm)

ASTM D4172 0.5841 0.3782 0.3571

Fig. 1 Four-ball tribometer

The frictional load cell was used to measure the frictional torque of the bottom balls.
The temperature sensor was used to measure the temperature of the ball pot. ASTM
D 4172 is the standard used to conduct the experiments. The test was conducted at
lubricant temperature of 75 °C, speed was 1200 rpm, and normal load was 148 N.
The wear scar images of bottom balls were captured by specific CCD microscope.
The wear scar diameter of ball was measured by WINDUCOM software. For each
test, the average of the wear scar diameter (WSD) of the bottom balls was measured
by using WINDUCOM software. Additionally, the viscosity of various lubricating
oils was measured using a redwood viscometer and listed in Table 1.
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Fig. 2 Friction behavior of
various lubricating oils

3 Results

3.1 Friction Behavior

The coefficient of friction of various concentrations of waste plastic oil methyl ester
blended synthetic lubricant was examined by using four-ball wear test, and it was
comparedwith synthetic lubricant (SAE20W40). Figure 2 shows the frictionbehavior
of various lubricating oils. From Fig. 2, it is portrayed that an inclusion of various
concentrations ofmethyl ester in synthetic lubricant reduced the frictional coefficient.
The frictional coefficient was reduced by about 20.7 and 28.3% for SAE20W40
containing 15 and 30% of waste plastic oil methyl ester, respectively, as compared
with SAE20W40. The viscosity of SAE20W40 containing 30% of waste plastic oil
methyl ester was higher than the SAE20W40 and SAE20W40 containing 15% of
waste plastic oil methyl ester [18, 19] and reduces contact between metal-to-metal
interfaces.

3.2 Wear Behavior

The mean wear scar diameter of various lubricants is shown in Fig. 3. From Fig. 3, it
is indicated that the mean wear scar diameter of SAE20W40 with 30% of WPOME
showedminimum as compared with other lubricating oils. Themeanwear scar diam-
eter was reduced by about 35.2 and 38.8% for SAE20W40 containing 15 and 30%
of waste plastic oil methyl ester, respectively, as compared with synthetic lubricant.
This better wear reduction ability was related to higher viscosity of SAE20W40
containing 30% of WPOME as shown in Table 2. The high viscosity of SAE20W40
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Fig. 3 Mean wear scar
diameter of various
lubricants

containing 30% of WPOME forms the tribo layer between the metal-to-metal inter-
face, and this tribo layer will serve as a barrier to reduce the frictional coefficient and
wear scar value [17].

3.3 Surface Morphology

Figure 4a–c shows the worn surface of balls by using scanning electron microscopy.
SAE20W40with 30% ofWPOME displays the minimumwear, and SAE20W40 and
SAE20W40 containing 15% ofWPOME show themaximumwear, respectively. The
chemical reaction of an additive plays a significant role to protect the surface from
wear. The anti-wear additive is used to protect metal-to-metal interface, resulting to
reduce the adhesive wear [18].

4 Conclusions

The tribological characteristics of waste plastic oil methyl ester blended lubricant
were analyzed by using four-ball tribometer. The results as follows:

1. From the results, SAE20W40 containing 30% of waste plastic oil methyl ester
displayed the minimum frictional coefficient and mean wear scar diameter,
respectively.

2. SAE20W40 blended with 30% of waste plastic oil methyl ester displayed the
better results among all the other lubricants and also showed an excellent
capability to preserve the tribological characteristics.

3. The worn morphology of ball lubricated with SAE20W40 containing 30% of
waste plastic oil methyl ester showed the minimum wear scar, lesser voids, and
cracks as compared with other lubricating oils.
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Fig. 4 a Worn surface of ball lubricated with SAE20W40, b worn surface of ball lubricated
with SAE20W40 containing 15% of WPOME, c worn surface of ball lubricated with SAE20W40
containing 30% of WPOME
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Mechanical Properties of Biodegradable
Calotropis Gigantea–Jute Fibre Hybrid
Composite

A. Arun Premnath, Ankur Sharma, A. Arun Kumar, S. Dinesh Kumar,
and K. Raghul

Abstract In the current scenario, non-decomposable fibres are the major problem
in every field. The present work deals in studying the mechanical properties of
Calotropis gigantea and jute fibre reinforced with epoxy resin hybrid natural fibre
composites. The composites are fabricated by compression moulding method by
varying theCalotropis gigantea fibre by 0, 5, 10%byweight (wt) fraction and keeping
the jute with constant 10% by weight fraction. The fabricated composites are tested
for its mechanical properties such as hardness, impact strength and compression
strength as per ASTM standards. From the results, it is observed that the increase in
Calotropis gigantea fibre increases all the mechanical properties of the composites.

Keywords Natural fibre · Jute · Calotropis gigantea · Compression moulding
mechanical properties

1 Introduction

The idea of sustainable materials has now become of paramount importance because
of the need to guarantee our condition. Natural fibres such as coconut fibre, bamboo,
jute, hemp and Calotropis gigantea are currently discovering applications in a large
number of companies. Many research studies have been spread over different basic
biological characteristic filaments and their compounds, and the present study has
aimed to present another regular bio-based basic fibre as one of the natural product
and fortification channels in the assembly of a new compositematerial for lightweight
structures. Calotropis gigantea is a medium-sized shrub or small tree, up to 4 m tall,
with a large sticky appearance and smooth sap. The stem is shaded, smooth and
slag-shaped, extending almost from the base. The leaves are dark green, inverse,
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substitute, waxy, thick and tight. They measure 5–15 cm × 4–10 cm with a short
point and a moulded heart-shaped base that holds the stem a little.

Calotropis gigantea is one of the most important accessible plants of our country
founded in sandy soils where the rain is on average of: 300–400 mm. It easily
grows because the seed of the plant easily accumulates near to road, tides, ponds
and local fields. Calotropis gigantea provides a high malleable and rough quality,
and these strands have more weight per square metre than cotton fibre. Because
Calotropis gigantea is an extremely developed shrub in important parts of India,
coconut spatula fibres have an unparalleled elasticity compared to other conventional
filaments, such as cotton, coconut and banana filaments. Cellulosic filaments such
as coconut, Calotropis gigantea and banana fibre are used as reinforcing specialists
for various thermoset and thermoplastic compounds.

Some of the literatures are discussed here. Gopinath et al. [1] concluded that
epoxy is the best matrix to use with jute fibre than using polyester as the matrix.
They observed that jute–epoxy will be the suitable combination for as to attain
superior mechanical properties for the composite material. Singha and Thakur [2]
studied the mechanical properties of Hibiscus sabdariffa fibre reinforced with urea-
formaldehyde resin green composites. They studied the wear and mechanical prop-
erties as a function of fibre loading and found that wear resistance and mechanical
properties increase with the increase in the fibre. Rahman et al. [3] observed that
synthetic fibres have better mechanical properties than natural fibre composites. But
however mechanical properties of natural fibre can be improved by altering some
parameters during fabrication such as fibre treatment, length of the fibre and fibre
orientation.

From the literature, it is found that limited work is done on Calotropis gigantea
fibre. In our study, we have used Calotropis gigantea fibre along with jute in various
weight fractions and fabricated three different types of composites.

2 Experimental Details

2.1 Materials

The epoxy resin of 1.15–1.4 g/cc, mixed with a hardener thickness of 0.97–0.99 g/cc,
is used to configure the composite plate. The weight ratio of the epoxy and hardener
mixture is 10:1. The resin was obtained from a dealer in Chennai. Jute and Calotropis
gigantea fibres are used as reinforcement.
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2.2 Extraction of Fibre

The stems of Calotropis gigantea were given from unsuccessful lands. The distance
through the stems of Calotropis gigantea increased from 8 to 32 mm and decreased
to better protect the plant. The thickness of the layer was between 0.8 and 1.4 mm.
In crispy stems, there is latex in the middle of the stem and when the stem is cut or
leaves are discharged, the latex flows out. The petioles and leaves were expelled, and
the stems were left in the field for two days in hot, dry weather. After two days, the
latex did not spread from the petiole spot and allowed the rigidity of the filaments to
exceed the quality of the bark. The fibre was collected.

2.3 Compression Moulding Technique

The fabrication part was done on compression moulding; the size of the die is 400
× 200 × 10. The compression moulding machine is shown in Fig. 1. First die was
cleaned properly. The surface of the die was made free of moisture and cleaned
properly. Then, release gel was applied on the surface of the die so as to create a non-
sticky surface. Then, the epoxy was applied layer by layer with jute and Calotropis
gigantea by considering safety and precautions. Ratio was calculated according to
weight fraction where jute fibre kept as constant for all the three specimens. The die
was covered with OHP sheet to avoid sticking on top die. Fibres were compressed
at a set pressure and temperature of 50 bar and 40 ◦C, respectively, for 3 h. The
fabrication was completed, and specimen has been taken out. The composition of
the specimens is shown in Table 1.

Fig. 1 Compression moulding machine
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Table 1 Detailed
composition of the specimen

Matrix epoxy Jute fibre Calotropis gigantea
fibre

Specimen 1 80 20 0

Specimen 2 75 20 05

Specimen 3 70 20 10

2.4 Mechanical Testing

2.4.1 Hardness Test

Samples of 10-mm thickness were cut with a smooth surface for the hardness test.
The test was conducted using Rockwell’s hardener as per ASTM testing standard
using a C-type diamond intender with 150 load.

2.4.2 Impact Test

The impact test specimen was chopped according to the required ASTM standard
55 × 10. The specimen was fixed on the test machine and allowed the pendulum to
crack or break the specimen. Using the impact test, the vitality expected to break the
material can be effectively estimated and can be used to measure the hardness of the
material and the quality of the performance. The effect test dissects the impact of the
strain rate on the fracture and the malleability of the material.

2.4.3 Compression Test

There are many applications in which fibre with good compression properties is
needed. It is one of themost importantmechanical propertieswhich play an important
role in the applications. Specimen was chopped in 50× 50 mm for compression test;
the test was done on UTM machine in SCSVMV University.

3 Results and Discussion

3.1 Hardness Strength

From the Fig. 2, it is noticed that the Calotropis gigantea content composites have
better hardness strength than without Calotropis gigantea composites, by increasing
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the Calotropis gigantea fibre in composite resulted in an increase in the hard-
ness strength. We observed that after increasing 10% Calotropis gigantea fibre, the
hardness strength was increased by 56.56%.

3.2 Impact Strength

From the Fig. 3, it is noticed that the Calotropis gigantea content composites have
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better impact strength thanwithout Calotropis gigantea composites, by increasing the
Calotropis gigantea fibre in composite resulted in an increase in the impact strength.
We observed that after increasing 10% Calotropis gigantea fibre, the impact strength
was increased by 52.60%.

3.3 Compression Strength

From the Fig. 4, it is noticed that the Calotropis gigantea content composites
have better compression strength than without Calotropis gigantea composites, by
increasing the Calotropis gigantea fibre in composite resulted in an increase in the
compression strength. We observed that increasing the Calotropis gigantea fibre by
10%, the compression strength was increased by 14.62%.

4 Conclusions

From the result obtained, the following conclusions arrived.

1. By comparing 0% Calotropis gigantea with 10% Calotropis gigantea, hardness
strength was increased by 56.56%.

2. By comparing 0% Calotropis gigantea with 10% Calotropis gigantea, impact
strength was increased by 52.60%.

3. By comparing 0% Calotropis gigantea with 10% Calotropis gigantea, compres-
sion strength was increased by 14.62%.
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4. Calotropis gigantea composites havebettermechanical properties thanCalotropis
gigantea composites.

5. In future, there is a tremendous investment on natural fibres, to bring a great
impact on manufacturing sectors.
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The Concept of Metamaterial Used
for the Fabrication of Antenna

K. Sugapriya and S. Omkumar

Abstract This article presents the study ofmetamaterial characteristics like negative
refractive index, process and applications in fabricating themicrostrip patch antenna.
Metamaterial is a composite material structure that exhibits a special property like
negative refractive index or left-handed materials. It gives a polarization in negative
direction because of negative μ and negative ε. The proposed metamaterial antenna
operates at 2.1 GHZ frequency, can enhance the directivity, gain of the patch antenna
and reduce the return loss. The variation in gap size of split ring resonator (SRR)
improves the bandwidth of patch antenna. These metamaterial structures miniaturize
the antenna, inducing the resonator.

Keywords Metamaterial · SRR ·Microstrip patch antenna

1 Introduction

The metamaterial is a material in which the negative characteristics are high, i.e.,
negative values of permittivity and permeability. The term “Meta” is a Greek word
which means something new, advance, altered and new changes in the material, used
to design an antenna to get the better directivity, gain enhancement and return loss.
This material gives the minimum reflection coefficient and maximum transmission
coefficient in antenna design.

Metamaterial design is based on the split ring resonator (SRR) structure, which
gives the better radiation aswell as itwill guide the electromagneticwave propagation
in a proper direction and to produce desired magnetic susceptibility, i.e., magnetic
response. The different types of metamaterials are used to design a microstrip patch
antenna for different applications.
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The SRR structure has a magnetic response without magnetic materials which
give the good resonance frequency and gain. The various investigations made using
the metamaterial having a negative property which exhibits different parameter
characteristics, and analysis was given in Table 1 [Literature survey].

Datta et al. [1] found the enhanced directivity using Yagi-array for wireless
applications. Gingrich and Werner et al. [2] determined the low-loss zero index
of refraction materials (ZIM) from “Synthesis of Zero Index of Refraction Metama-
terials via Frequency-Selective Surfaces Using Genetic Algorithms”. This chapter
has presented a technique for the synthesis of thin, planar, which are easily optimized
for a variety of different design constraints, such as center frequency, desired index
of refraction and amount of loss.

Rajab and Mittra et al. [3] analyzed the multilayered left-handed transmission
line which increases the wavelength of microstrip patch antenna, and it is suitable
for microwave applications. Kim and Varadan et al. [4] determined the effect of
capacitive coupling between split ring resonators for X-band applications. The SRR
structure makes the inductance and capacitance.

Iñigo et al. [5] found that the highly directive aperture-coupled microstrip
patch antenna based on planar metasurface improves the directivity and resonance
frequency. Mi et al. [6] determined the reduction of mutual coupling between the
patch using waveguide metamaterial used for decoupling in wireless communica-
tions. Duong and Venkataraman et al. [7] analyzed ambient energy harvesting using
metamaterial, and it is used to focus the harvested energy on a fractal antenna. Lee
et al. [8] investigated the CSRR structure which could be useful in design of multi-
band antennas. Zhou et al. [9] determined the inhomogeneous and an isotropic (IA)
zero-index metamaterials (ZIM), meander-line structure which gives the good gain
directivity of the antenna. Meng et al. [10] investigated the GRIN metamaterial lens
structures for smart user tracking in future mobile WLAN/WPAN communication
and localization systems.

2 Antenna Design

The microstrip patch antenna was designed using the metamaterial concept. In
modern communication world, very fast and high data rate process is needed because
all type of information was conveyed or transmitted through the mobile phone, and
for the efficient communication, the antenna was designed and it is fabricated using
the different design techniques and materials. Also that gives a good variation of
antenna parameters with respect to the materials. In the proposed antenna, the meta-
material structure has been designed with the relative permittivity of εr = 2.2. The
proposed antenna operates at a resonance frequency of 2.1 GHZ. The 2D and 3D
views of the metamaterial antenna are shown in Figs. 1 and 2.

The feed line of metamaterial structure is 50 � impedance, which is suitable
for the better radiation of antenna. An antenna structure gives a good surface wave
suppression for good gain and efficiency. The rectangular patch length L and width



The Concept of Metamaterial Used for the Fabrication of Antenna 605

Ta
bl
e
1

C
om

pa
ra
tiv

e
an
al
ys
is
of

va
ri
ou

s
m
et
am

at
er
ia
ld

es
ig
ns

in
an
te
nn

a

S.
N
o.

D
es
ig
n
st
ru
ct
ur
e

Pa
ra
m
et
er

va
ri
at
io
n

A
pp
lic
at
io
ns

1
T
he

m
et
am

at
er
ia
ld

es
ig
n
ba
se
d
on

sp
lit

ri
ng

re
so
na
to
r
(S
R
R
)
st
ru
ct
ur
es

T
he

en
ha
nc
ed

di
re
ct
iv
ity

w
as

ac
hi
ev
ed

in
th
e

Y
ag
i-
ar
ra
y
de
si
gn

T
hi
s
ty
pe

of
an
te
nn

a
is
us
ed

in
w
ir
el
es
s
m
od

e
of

ap
pl
ic
at
io
ns

2
Z
er
o-
in
de
x
m
at
er
ia
ls
an
d
ne
ga
tiv

e
in
de
x
m
at
er
ia
l

st
ru
ct
ur
es

th
ro
ug
h
fr
eq
ue
nc
y
se
le
ct
iv
e
su
rf
ac
es

T
he
y
go
tt
he

de
si
re
d
in
de
x
of

re
fr
ac
tio

n,
ce
nt
er

fr
eq
ue
nc
y
an
d
go
od

re
tu
rn

lo
ss

Po
te
nt
ia
la
pp

lic
at
io
ns

in
cl
ud

in
g
as

a
su
pe
rs
tr
at
e
an
d
su
bs
tr
at
e
fo
r
m
ic
ro
st
ri
p
pa
tc
h

an
te
nn
as
,f
oc
us
in
g
ra
do
m
es
,p

ha
se

m
an
ip
ul
at
io
n
an
d
im

ag
in
g
of

pa
ra
xi
al
be
am

s

3
M
ul
til
ay
er
ed

le
ft
-h
an
de
d
tr
an
sm

is
si
on

lin
e

in
cr
ea
se
s
th
e
w
av
el
en
gt
h
of

m
ic
ro
st
ri
p
pa
tc
h

an
te
nn
a

M
PA

si
ze

ca
n
be

re
du
ce
d
by

ut
ili
zi
ng

th
e

lo
ad
in
g
ca
pa
ci
ta
nc
es

an
d
in
du

ct
an
ce
s

M
ic
ro
st
ri
p
pa
tc
h
ca
n
be

us
ed

fo
r
m
ic
ro
w
av
e

ap
pl
ic
at
io
ns

4
SR

R
st
ru
ct
ur
e
m
ak
es

th
e
in
du
ct
an
ce

an
d

ca
pa
ci
ta
nc
e

T
hi
s
pa
pe
r
pr
es
en
ts
th
e
st
ud
y
ab
ou
tt
he

SR
R

or
ie
nt
at
io
ns

an
d
in
te
r-
pa
rt
ic
le
sp
ac
in
gs
.T

he
y

go
th

ig
h
re
so
na
nc
e
fr
eq
ue
nc
y
fo
r
th
e
SR

R
ga
p

2
m
m

T
hi
s
an
te
nn
a
w
as

de
si
gn
ed

fo
r
X
-b
an
d

ap
pl
ic
at
io
ns

5
M
et
as
ur
fa
ce

an
te
nn
a

Im
pr
ov
ed

di
re
ct
iv
ity

an
d
re
so
na
nc
e
fr
eq
ue
nc
y

w
ith

th
e
he
lp

of
m
et
as
ur
fa
ce

It
is
us
ed

fo
r
m
ic
ro
w
av
e
an
d
op

tic
al

ap
pl
ic
at
io
ns

an
d
sm

ar
ta
nt
en
na

sy
st
em

s

6
W
av
e-
gu
id
ed

m
et
am

at
er
ia
l(
W
G
-M

T
M
)s
tr
uc
tu
re

Tw
o-
el
em

en
tm

ic
ro
st
ri
p
pa
tc
h
an
te
nn

a
ar
ra
y

sc
he
m
e
is
pr
op
os
ed

fo
r
de
co
up
lin

g,
an
d
it

pr
ov
id
es

go
od

co
up
lin

g
su
pp
re
ss
io
n
le
ve
lf
or

cl
os
el
y
sp
ac
ed

m
ic
ro
st
ri
p
pa
tc
he
s

T
hi
s
de
si
gn

w
as

us
ed

fo
r
de
co
up
lin

g
in

w
ir
el
es
s
co
m
m
un

ic
at
io
ns

7
M
et
am

at
er
ia
ll
en
s
th
at
ha
s
be
en

de
si
gn

ed
by

th
e

na
no
pl
as
m
on
ic
s

T
he

pr
es
en
tw

or
k
in
ve
st
ig
at
es

fe
as
ib
ili
ty

of
en
ha
nc
in
g
R
F
en
er
gy

ha
rv
es
tin

g
us
in
g
a

hy
pe
rb
ol
ic
m
et
am

at
er
ia
ll
en
s

To
fo
cu
s
th
e
ha
rv
es
te
d
en
er
gy

on
a
fr
ac
ta
l

an
te
nn
a

(c
on
tin

ue
d)



606 K. Sugapriya and S. Omkumar

Ta
bl
e
1

(c
on
tin

ue
d)

S.
N
o.

D
es
ig
n
st
ru
ct
ur
e

Pa
ra
m
et
er

va
ri
at
io
n

A
pp
lic
at
io
ns

8
T
he

co
m
pl
im

en
ta
ry

SR
R
-l
oa
de
d
m
ic
ro
st
ri
p

an
te
nn
a

T
he

ex
pe
ri
m
en
ta
lr
es
ul
ts
co
nfi

rm
th
at
th
e

C
SR

R
-l
oa
de
d
pa
tc
h
an
te
nn

a
ac
hi
ev
es

si
ze

re
du

ct
io
n
as

w
el
la
s
ba
nd

w
id
th

im
pr
ov
em

en
t

T
he

pr
op
os
ed

an
te
nn
a
co
ul
d
be

us
ef
ul

in
de
si
gn
in
g
m
ul
tib

an
d
an
te
nn
as

an
d
co
m
pa
ct

an
te
nn

as
ac
hi
ev
in
g
a
si
ze

re
du

ct
io
n
w
ith

ou
t

ha
vi
ng

to
sa
cr
ifi
ce

th
e
an
te
nn
a
ba
nd
w
id
th

9
In
ho
m
og
en
eo
us

an
d
an

is
ot
ro
pi
c
(I
A
)
ze
ro
-i
nd
ex

m
et
am

at
er
ia
ls
(Z
IM

),
m
ea
nd

er
-l
in
e
st
ru
ct
ur
e

T
he

de
si
gn

co
ul
d
im

pr
ov
e
th
e
ga
in

an
d

di
re
ct
iv
ity

in
a
br
oa
d
ba
nd

w
id
th

T
he

ne
w
V
iv
al
di

IA
-Z
IM

an
te
nn
a
ca
n
be

ap
pl
ie
d
in

pr
ac
tic

al
ap
pl
ic
at
io
ns

10
G
R
IN

m
et
am

at
er
ia
ll
en
s

T
he

re
su
lt
gi
ve
s
th
e
en
ha
nc
ed

ga
in

an
d
be
tte

r
di
re
ct
iv
ity

Sm
ar
tu

se
r
tr
ac
ki
ng

in
fu
tu
re

m
ob

ile
W
L
A
N
/W

PA
N
co
m
m
un
ic
at
io
n
an
d

lo
ca
liz

at
io
n
sy
st
em

s



The Concept of Metamaterial Used for the Fabrication of Antenna 607

W

L

F
E
E
D

Fig. 1 2D view of microstrip patch

Fig. 2 3D view of patch antenna
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W can be chosen according to the excitation of antenna. The gap can be created in
the structure based on ground plane.

The designed antenna can be simulated using the advanced design system soft-
ware, and then, the 3D view of the antenna is shown in Fig. 2, which shows the side
view of metamaterial structure. In this design, the simulation gives the S-parameter
results.

The proposed antenna gives a good return loss and increased the directivity with
the metamaterial structure as compared to the above Table 1. The 50 � impedance
microstrip feed line is used for the design, and the SRR structure should be created
in the rectangular patch, which is like a metamaterial structure, also it provides the
good radiation pattern and gain.

3 Result and Discussion

The metamaterial antenna has good performance and smaller size compared to
conventional size.Defected ground structure (DGS) is one of themethod to reduce the
antenna size such as metamaterial and is having the negative permittivity and perme-
ability characteristics which result in good interaction with electromagnetic radia-
tion, and the proposed substrate materials are synthesized by combining magnetic
and electric dipole elements. The similar results have been obtained by Li et al. who
investigated that the design of a novel rectangular patch antenna with planar meta-
material patterned substrate gives the concept of DGS which arises from the studies
of photonic band gap (PBG) structure which deals with light waves. PBG is known
as electron band gap (EBG) in electromagnetic application, and the artificial periodic
structure gives metamaterial behavior.

The proposed antenna is designed to have the gap of 0.4 mm at the bottom, the
result of SRR structure shows that an antenna can operate at the resonance of 2.1
GHZ, its S-parameter value should be calculated at resonance, then the simulated
value is −27 dB return loss in the S-parameter plot, and the phase plot can be
obtained for the corresponding resonance. Hence, the proposed antenna was suitable
for industrial application and wireless applications.

The similar metamaterial antenna can be designed by Devapriya et al. which
determined that while dual-band metamaterial antenna using the planar structure
for S band and C band applications, they analyzed various thickness return losses
and VSWR for resonance 2.7GHZ, −17 dB return loss can be obtained. Hence, the
proposed antenna gives a good return loss−27 dB for the 2.1 GHZ in the simulation,
and the simulated results are given in Table 2.

Various analyses have beenmade for the design of antenna using the metamaterial
substrate concepts. The proposed antenna gives the linear polarization for the 1.6mm
thickness and microstrip line feed. Hence, it is suitable for wireless applications.
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Table 2 Simulated result Frequency of operation 2.1 GHZ

Return loss (dB) <−10 dB

Feeding method Microstrip line

Polarization Linear

Fig. 3 S-parameter plot-magnitude

4 Conclusions

The microstrip patch antenna should be designed and simulated with the relative
permittivity εr = 2.2, with the SRR structure. The simulated result gives the return
loss of below 10 dB in negative shown in Fig. 3, and it operates in the frequency range
of 2.1 GHZ. The array design can be created using metamaterial SRR structure for
future development. The simulated result gives the good antenna gain and radiation
pattern. Hence, the proposed antenna is suitable for industrial applications like smart
antennas and multiband antennas (Fig. 4).



610 K. Sugapriya and S. Omkumar

Fig. 4 S-parameter plot-phase
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Modeling of Potentially Implementable
Configurable Logic Block in Quantum
Dot Cellular Automata
for Nanoelectronic Device Architecture

R. Jayalakshmi and M. Senthil Kumaran

Abstract As the device density of the existing complementary metal oxide semi-
conductor keeps on increasing to reach its limitations, there is a need for alterna-
tive technologies to the existing technology. One such is the quantum dot cellular
automata which performs all the operations performed by the CMOS technology.
Moreover, it utilizes very low power, less area and high switching speeds. This
paper proposes the design and analysis of potentially implementable configurable
logic block in quantum dot cellular automata for nanoelectronic device architecture.
The proposed design utilizes coplanar wire crossing with five-input majority voter
for decoder along with the memory loop for storing the information. The proposed
design is validated using the QCA designer tool.

Keywords Quantum dot cellular automata · Five-input majority gate · Co-planar
wire crossing · Look-up table · Configurable logic block

1 Introduction

Quantum dot cellular automata (QCA) is an epitome of the emerging field-coupled
nanocomputing techniques [1, 2]. QCA utilizes charge configuration protocol in
contrary to the conventional complementary metal oxide semiconductor (CMOS)
which utilizes charge dissipation protocol. The position of the electrons in the
quantum wells represents the binary values ‘0’ and ‘1’. Each cell encodes a data
state, and when connected together forms different configurations such as wire,
inverter and majority voter. The QCA structures are highly pipelined architectures
with the homogenous structure which has the potential of nanoscale fabrication.
The parameters of QCA technology are the circuit size which is determined by the
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number of cells used in the design and the clock frequency which contributes to
the overall delay between the fan-in and fan-out between the input and the output
cells. The power dissipation is comparatively very less than the conventional CMOS
technology which has reached its limits of saturation.

Field-programmable gate array is a main application of QCA technology for
implementing universal logic. A programmable switch matrix is presented using
programmable interconnects in [3]. Amiri et al. presented a fixed logic using multi-
plexer tree cells [4]. Using QCA technology, programmable logic arrays are demon-
strated by Crocker et al. [5]. Niemier et al. [6] have proposed fixed logic FPGA
with programmable interconnects. Pandiammal et al. proposed a 64-bit SRAM with
multiplexer-based memory loop [7]. In [8], multiple layers CLB has been imple-
mented. In [9], D-flip-flop with set and reset has been presented with function gener-
ator matrix for memory addressing. This chapter proposes a 64-bit look-up table of
parallel memory architecture utilizing high input majority voter-based decoders for
row and column address decoding. The memory cell is constructed by utilizing LUT-
based memory loop implemented using D-flip-flop. The proposed work has reduced
latency but with a reduced density because of the increase in hardware count such
as cell count and clocking zone.

2 QCA Background

QCA devices are constructed using QCA cells [1]. The four quantum wells are
occupied by two electrons in antipodal sites which are positioned in an array of 2 ×
2. The electrons occupy their respective positions by columbic law of attraction and
repulsion and give two stable states for the quantum cells as binary ‘0’ and binary ‘1’
[10].When theQCAcells are placednext in a chain of cells, it representswirewhich is
used as interconnect in larger architectures. Similar to a typical conventional CMOS
field-effect transistor, the QCA cells are used for computing by using the majority
voter. The majority voter function F is defined as

F = AB+ AC+ BC (1)

The other QCA structures are inverters, cross-overs, odd tap and even tap which
are used for implementing digital functions. The majority gate can be utilized as a
AND gate and OR gate by fixing the polarity of any one of the inputs to −1 or +
1. The gates and wires and the signal flow in QCA circuits are controlled by the
clock pulses [11]. The signal amplification is provided by the clock signals which
are standard CMOS wires which lie beneath the layer where QCA wires are placed.
The clocking is applied in four phases which are switch, hold, release and relax [11].
In hold phase, the QCA cell will retain the current position of the electrons and the
clock is in low state. The electrons will tunnel in the rising edge of the clock which is
the release state. The next state is the relax state in which the clock reaches its high,
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and on the falling edge of the clock, the QCA reaches its switch state in which the
clock repels the electrons to enter in to new switching state.

3 Decoder and Memory Cell Design

The universal logic is implemented in QCA by utilizing look-up table (LUT), in
which either a multiplexer-based or memory-based architecture is used. The LUT
gives the inherent potential of flexibility in operation and programmability. The
LUT is multi-programmable if the memory contents changed are desirable by the
read and write signals [12, 13]. The parallel memory architecture discussed in this
paper utilizes a unit memory cell constructed using D-flip-flop. The unit memory
cell using D-flip-flop shown in Fig. 1 represents the memory loop which is given
as feedback from the present state which is erased every time read/write signal is
activated. In Fig. 2, the layout represents the majority gates M1, M2, M3 and M4
which are fixed polarized either as −1 or +1 to function as AND gate and OR gate.

Figure 3 represents the QCA layout of the memory cell which uses coplanar wire
crossing with zone-based clocking with enable, read/write signal and the input signal

Fig. 1 Memory cell using D
latch

Fig. 2 Memory cell using
three-input MV
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Fig. 3 QCA layout of memory cell and simulated waveform

Table 1 D-latch function En R/W D Q

1 1 0 0

1 0 1 1

0 X X X

to implement the function of D-flip-flop with a cell count of 88 and area of 0.16 µm2

with a delay of 1.5 clock phases as shown inTable 1. TheHIGH logic representswrite,
and LOW represents read logic operation. The memory addressing is performed by
a pre-proposed 3–8 decoder with a enable input implemented by using 8 five-input
majority voter along with 8 three-input majority voter. The decoder is constructed
using coplanar wire crossing with zone-based clocking with optimized cell count
and delay [14]. The design is validated using QCA designer tool [15].

4 Proposed Architecture of 64 Bit LUT for CLB

In Fig. 4, the block diagram of a 64-bit LUT has been given which utilizes a two 3×
8 decoders for decoding the row and column address. The unit memory cell (UMC)
holds a single-bit data constructed using aD latch. The 64-bit RAMused in designing
a memory-based LUT represents a parallel pipelined architecture. The data input and
read/write inputs are given to UMC through programmable interconnects.

The UMC is selected by the decoders by using a AND gate operation to select
the UMC. The output from the UMC is multiplexed through the OR gate, and the
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Fig. 4 Block diagram of 64-bit LUT for RAM

output function is obtained. Figure 4 represents a single LUT for CLB configuration.
Multiple CLB connected together can be used for implementing FPGA based on the
alignment. Figure 5 represents QCA layout implanted using QCA designer tool in
which the row and column decoders are fixed, and the flexibility is given for the
programmable interconnects. The zone-based clocking is provided for decoder and
UMC, whereas the clocking for the programmable interconnects is provided as the
information flows from the decoder outputs. Outputs are ORed between the cells,
and the final output is obtained as shown in Figure 4. The design has utilized a cell
count of 25,721, with an area of 56.19 µm2 with a total clock phases 158 which
includes clock phases of decoder, UMC and programmable interconnects.
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Fig. 5 QCA layout of 64-bit LUT for RAM

The proposed work utilizes effective design compared to the multiplexer-based
LUT proposed in [7] and loop-based memory in [9], in terms of cell count, area and
delay for the memory cell.

Comparisons Architecture Cell count Area (µm2) Clock cycles

Kianpour [9] Loop-based parallel memory 140 0.25 2

Pandiammal [7] Multiplexer-based parallel memory 104 0.17 1.5

Proposed work Loop-based parallel memory 88 0.16 1.5

5 Conclusion

In this work, a 64-bit parallel memory architecture using high-input decoder along
with UMC utilizing the memory loop configuration has been proposed. The latency
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has been reduced by effective utilization of programmable interconnects and using
fixed memory addressing decoders. The speed has comparatively increased by effec-
tively using the decoder-basedmemory loop. The pipelined architecture is effective in
controlling and maintaining the transmission of signals. The coplanar wire crossing
gives the feasibility of implementations and fabrication. The future scope of the work
proposed is extended for defect analysis and temperature stability.
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Application of CuO Nanoparticles
as Biodegradable Lubricant Additive
for Domestic Refrigerator
Compressors—An Experimental
Investigation

P. Vithya, G. Sriram, S. Arumugam, R. Sundararajan, and A. Manikanta

Abstract The application of nano-sized particles is increasing in refrigeration
lubricants due to their considerable rise in thermal and heat transfer character-
istics for improvement in coefficient of performance (COP) of the refrigeration
system. The present study investigates the tribological behaviour of nano-CuO-based
biodegradable refrigeration oil using four-ball tribometer. First, the pentaerythritol
ester biodegradable refrigeration oil (PE) is blended with synthetic refrigeration oil
(ISO 68 grade-POE oil) in the fraction of 50% by volume. Then the pentaerythritol
ester-based biodegradable refrigeration oil blend (PE50) ismixedwith CuO nanopar-
ticles in the concentration of 0.1% to 0.3% (w:w) to prepare CuOnano-biodegradable
refrigeration oil. The friction and wear experiments were conducted using the ASTM
D 4172. The wear scar of the ball surfaces was analysed using a scanning electron
microscope (SEM). The results show that CuO nano-based biodegradable refrigera-
tion oil has good lubricity property. The tribological behaviour of nano-CuO 0.3%
biodegradable refrigeration oil shows superior friction and wear reduction behaviour
when compared other than nano-blends with PE50 and (ISO 68 grade-POE oil)
synthetic refrigeration oil.

Keywords Refrigeration compressors · Biodegradable lubricant · Nanoparticle ·
Tribology

1 Introduction

In recent years, nanotechnology plays a major role in refrigeration systems endow
with enhanced thermo-physical properties, heat transfer and tribological character-
istics which in turn improving the performance of the system. Energy demand and
environmental impact of the refrigerants are the main issues of the refrigeration
industry. Several techniques have been carried out for increasing the coefficient of
performance of the vapour compression refrigeration system [1, 2]. Alican et al. [3]
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investigated the CuO nanoparticle incorporation in refrigeration lubricant and found
the enhancement of COP by 11% due to excellent tribological properties in terms
of friction coefficient reduction in the piston-liner mechanism of the compressor.
Many researchers experimentally investigated the effect of nano-CuO concentra-
tions ranged from 0.05 to 1% (w/w) on the evaporating heat transfer coefficient. The
results showed that the increase in nano-concentration increases the evaporating heat
transfer coefficient [4, 5]. Bi et al. [6] replaced the polyol ester (POE) oil withmineral
oil with TiO2 nanoparticles and investigated the energy consumption and freezing
capacity of the refrigerator. The refrigerator performance was improved with 26.1%
less energy consumption using 0.1% mass fraction TiO2 nanoparticles compared to
the HFC134a and POE oil. Sabareesh et al. [7] investigated the dispersing effect of
low concentration of nano-TiO2 in the mineral oil lubricant and concluded that coef-
ficient of friction reaches a minimum value of 0.032 from the original value 0.047
lead to increase of 17% in the coefficient of performance owing to the addition of
0.01% (v/v) of TiO2 in the lubricating oil. Xing et al. [8] reported the inclusion of
fullerene C60 nanoparticles with concentration of 1, 2 and 3 g/L in the mineral oil
reduces the friction coefficient by 12.9, 16.1 and 19.6% evaluated with pure mineral
oil.

Earlier studies on bio-lubricant derived from various vegetable oils showed that
bio-lubricant acquires promising lubrication characteristics [9]. Zulkifli et al. [10]
studied the tribological behaviour of from palm oil-based TMP (trimethylolpropane)
ester added with TiO2 nanoparticles, concluded that the TiO2 nanoparticles inclusion
in the TMP ester at 160 kg exhibits good friction reduction by 15%. The application
of TiO2, WS2 and CuO nanoparticles as anti-wear additives in synthetic lubricant
(SAE20W40) and chemically modified rapeseed oil (CMRO) bio-lubricant showed
that addition of CuO nanoparticles in the bio-lubricant decreases the friction coeffi-
cient by 27% and wear by about 47% as evaluated with a synthetic lubricant [11].
More attention in the last decades has been given to lubricant and additive chemistries
to enhance heat transfer and compressor efficiency in the refrigeration system. The
nanotechnology provides a better perspective for improving the performance of the
refrigeration system and numerous research works are carried using bio-lubricant as
an alternative to synthetic lubricant for engine oil applications.On the other hand, less
work has been reported on using bio-lubricant as refrigeration oil. The work reported
here presents an experimental investigation to understand the tribological behaviour
of the addition of CuO nanoparticles (0.1% to 0.3% (w:w)) in the pentaerythritol
ester-based biodegradable refrigeration oil blend (PE50) using four-ball tribometer
usingASTMD4172. Thewear scar of the ball surfaceswas analysed using a scanning
electron microscope (SEM).
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2 Experimental

2.1 Synthesis of Pentaerythritol Ester-Based Biodegradable
Refrigeration Oil

The synthesis of pentaerythritol ester-based biodegradable refrigeration oil by
successive transesterification is clearly reported by the earlier studies of the authors
[12]. The transesterification process of pentaerythritol ester was carried in two stages.
The first stage is the process of rapeseed oil methyl ester using methanol in the pres-
ence of sodium hydroxide to produce formulation of rapeseed oil methyl ester. With
the 1 L of rapeseed oil, 440 ml of methanol and 9.23 g of sodium hydroxide were
added and mixed well using the mechanical stirrer. The reaction mixture was heated
up to 55 °C in stirring condition of 300 rpm for 1 h. The reaction process is examined
by thin layer chromatography until the complete disappearance of triglyceride. The
second stage is the reaction of the methyl ester with pentaerythritol. The rapeseed
oil methyl ester 500 ml was then mixed with xylene, 47.54 g of pentaerythritol and
27.37 g of para-toluene sulphonic acid. The mixed contents were heated in the atmo-
sphere containing nitrogen up to 160 °C for 6 h. The yield of 85% pentaerythritol
ester was obtained as the final product.

2.2 Preparation of Biodegradable Refrigeration Oil Blend

The pentaerythritol ester biodegradable refrigeration oil (PE) is blended with
synthetic refrigeration oil (ISO 68 grade-POE oil) in the fraction of 50% by volume.
The blending process of 750 ml of synthetic refrigeration oil and biodegradable
refrigeration oil of 750 ml was carried out in three necked round bottom flask with
mechanical stirrer of 2 L capacity. The contentswerewellmixed, and themixturewas
heated to 55–60 °C at a stirring speed of 300 rpm for one hour. Finally, pentaerythritol
ester biodegradable refrigeration oil (PE) blend was obtained after 60 min.

2.3 Preparation of Nano-CuO-based Biodegradable
Refrigeration Oil

The CuO nanoparticle was used as the lubricant additive. The CuO nanoparticles
average size of 30 nm was supplied by Nano Research, USA. Electronic analytical
balance was employed for weighing the quantity of nanoparticles. The nano-CuO
biodegradable refrigeration oil with the concentration of 0.1, 0.2 and 0.3 (w/w) was
prepared using ultrasonic agitation for achieving good dispersion of the particles in
the bio-lubricant. The uniform dispersion of nanoparticles in the PE50 was achieved
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by means of a standard ultrasonic agitator [Anna University, India], by sonicating
for a period of 300 min The prepared nano-CuO biodegradable refrigeration oil is
stable without any sedimentation for a substantially long time period of several days
after its preparation, as a result of that agglomeration does not occur [9].

2.4 Tribological Investigation

The four-ball tribometer [supplied by M/s DUCOM Instruments Pvt. Ltd, (TR 500),
India] were used to evaluate the friction coefficient and wear rate of the lubricant
oils. The conducting tests are intended to study the anti-wear behaviour of lubricant
under sliding contact by four-ball test. For testing the tribological properties of the
lubricant oils, a constant load of 40 kg was applied with the rotational speed rate of
1200 rpm at 75 °C temperature for 1 h was employed for each lubricant oil samples.
The wear occurred on the balls is subjected to the microscope to measure the wear
scare diameter (WSD). For each sample, triplicate tests were done to get accurate
results.

3 Results and Discussion

3.1 Properties of Nano-CuO-based Biodegradable
Refrigeration Oil

The kinematic viscosity of synthetic refrigeration oil, PE, PE50 and nano-CuO-based
PE50 was measured. Table 1 depicts the properties of CuO nano-based biodegrad-
able refrigeration oil. It is evident from Table 1 that the viscosity @ 100 °C of the
PE50 CuO 0.3% is more than that of other refrigeration oil blend samples. The
results also indicate that the increase in viscosity index due to the addition of CuO
nanoparticles is up to 0.3% (w/w) in PBRO50. The value of the viscosity index for
PBRO50 CuO 0.3% is higher compared to the viscosity index of POE68 oil. The
flash point is approximately the same for all oils. The results also indicate that the
increase in viscosity due to the addition of nanoparticles is more prominent in the
lower-temperature range. Earlier researchers stated and agreed the trend of viscosity
variation obtained is in accordance with the results concluded by Kedzierski [13].
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Table 1 Properties of CuO nano-based biodegradable refrigeration oil

Test
parameters

Standard POE 68 PE PE50 PE50 +
0.1CuO

PE50 +
0.2CuO

PE50 +
0.3CuO

Kinematic
viscosity
@100 ◦C
(cSt)

ASTM
D445

9.3 11 10.54 11.4 11.9 12.5

Viscosity
index

ASTM
D2270

114 248 244 249 252 257

Flash point
(◦C)

ASTM
D92

270 242 220 224 226 229

Pour point
(◦C)

ASTM
D97

−39 −25 −28 −29 −29 −29

Total acid
number mg
KOH/g

ASTM
D974

0.3 1.2 0.79 0.76 0.83 0.70

3.2 Tribological Investigation of Biodegradable Refrigeration
Oil

3.2.1 Friction Behaviour

Figure 1 shows the variation in friction torque for various concentrations (POE68,
PE, PE50, PE50 0.1CuO, PE50 0.2CuO and PE50 0.3CuO) of refrigeration oil.
Figure 1 exhibits all the blends come under boundary lubrication (0.08–0.2 Nm).
The addition of 0.3% CuO nanoparticles with PE50 refrigeration oil blend reduces

Fig. 1 Effect of CuO nano-biodegradable refrigeration oil on the friction torque
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Fig. 2 Effect of CuO nano-biodegradable refrigeration oil on the friction coefficient

the friction torque by 33% and 28% compared with PE50 and POE68, respectively.
It is also clear from Fig. 1; PE displayed the highest friction torque compared to
other refrigeration oil samples. It can be seen that the friction torque increased with
increasing friction time. The results from the tribological study can be observed
that the refrigeration oil especially PE50 with 0.3% CuO exerts produces the lowest
frictional torque of 0.09 Nm [8, 14].

Figure 2 shows the typical evolution of the coefficient of friction (COF) for
different refrigeration oil. The friction coefficient of refrigeration oil significantly
decreases with increasing the concentration of nanoparticles. The addition of 0.3%
CuO nanoparticles with PE50 refrigeration oil blend reduces the friction coefficient
by 39%and 24%comparedwith PE50 andPOE68, respectively. This is due to the fact
of CuO nanoparticles are spherical in shape which disperses in the base refrigerant
oil lead to the improvement of lubrication between the friction surfaces [3, 12]. PE50
with 0.3% CuO exerts lowest frictional coefficient value 0.39. This is attributed to
viscosity increase in the lubricant oil forms an oil film coating on the friction surface
and acts as an antifriction agent could improve the lubricating performance [15].

3.3 Wear Behaviour

Figure 3a–f shows the mean wear scar diameter and scar images of refrigeration oil
blend samples POE68, PE, PE50, and 0.1, 0.2, 0.3 nano-CuO-based PE50. The PE50-
0.3 CuO exhibits minimum wear scar diameter compared with other refrigeration
oil blends. A large WSD normally designates severe wear [14]. The mean wear
scar diameter reaches a minimum value of 0.40 mm from the original value 0.73
for a 0.3% CuO nano with PE50. It is evident from Fig. 3f that wear scar image
of PE50-0.3 CuO smoother, clearer and circular in shape, other wear scar image is
unclear and rough.Wear debris showed in all the refrigeration oil blend samples. The
surface morphology shows the layer of wear surfaces was excluded out in the sliding
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Fig. 3 SEM micrographs (magnification 3kX) and wear scar image on the ball surface a POE68,
b PE, c PE50, d PE50 0.1CuO, e PE50 0.2CuO and f PE50 0.3CuO
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direction of the rotating steel balls. In POE68 and PE, the sharp furrows and shallow
grooves were present on the wear track, thus it indicates that it has lower friction
reducing and anti-wear properties. In pure synthetic refrigeration lubricant, it has
been severely scratched, whereas in the nano-based refrigeration blend lubricants,
the scratches are less and indicate it has less wear scar as shown in Fig. 3d–f. The
surface damage for all lubricants is reflecting adhesive wear. The tribochemical film
could be formed on the surfaces lubricated with PE50-0.3 CuO which could be a
reason of an increase in viscosity avoids direct metal contact and acts as anti-wear
additive [16–18].

4 Conclusion

This study offers detailed insight into the effect of using nano-CuO as an anti-wear
additive in biodegradable refrigeration oil on the improvement of its tribological
behaviour in the refrigeration system. The outcome of this investigation is detailed
below.

• The properties of nano-CuO-based biodegradable oil refrigeration oil satisfy
the requirement of synthetic biodegradable refrigeration oil. The viscosity of
CuO nano-based biodegradable refrigeration oil is higher than the synthetic
refrigeration oil.

• In the case of frictional behaviour, the nano-PE50-CuO 0.3% has a lower coeffi-
cient of friction than other blends and synthetic refrigeration oil. The coefficient
of friction for PBRO50 CuO 0.3% is reduced by 33% than synthetic refrigeration
oil. The wear scar diameter for PE50-CuO 0.3% was least (0.40 mm, while that
was maximum 0.73 mm for synthetic refrigeration oil).
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Study on Emission Analysis
of Tamarind-Based Ground-Level
Pyrotechnics

Manikandan Rajendran, Rajesh Shanmugavel,
and Rajajeyaganthan Ramanathan

Abstract In this chapter, an attempt is made to change the chemical composition
of the ground-level pyrotechnics (firecracker) to reduce the environmental pollution
during bursting, without affecting the performance of the firecracker. The small
percentage of tamarind seed powder (TSP) is used as a substitute for sulfur powder.
The performance of tamarind-based firecracker (TBFC) ismeasured in terms of noise
level produced as per the standards, and it is compared with a normal firecracker. The
emission rate of normal and TSP-based firecracker is also compared. The experiment
result reveals that the addition of the TSP along with normal firecracker (NFC)
reduces the 20% of the sulfur content and 16% of nitrate content in the air. A sound
level of NFC is 98.3, and 120.8 dBC is obtained with the addition of TSP along with
normal firecracker composition. The noise level produced during the bursting of
TBFC is 98 and 119.5 dBC. The TBFC achieved the standard noise level prescribed
in the Government of India Regulation and also produced less atmospheric pollutants
like CO, SO2, andNO3 by complete combustion towardmaking a green environment.

Keywords Pyrotechnics · Noise-level test · Emission rate of a firecracker

1 Introduction

Firework industries are one of the major revenue sources for the Indian government,
and it gives direct and indirect employment opportunities for more than one lakh
seventy thousand people [1]. The demand for firecrackers is increasing every day. To
cater to the needs, 40% of the firecrackers are also imported from China. The usage
of firecrackers during Diwali and other major festival is inevitable in Indian culture.
Firecrackers are available in a different variety, and ground-level pyrotechnics is
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commercially used by all people. The chemical mixture of the firecracker is 60% of
potassium nitrate (KNO3), 20% of sulfur (S) and 20% of aluminum (Al). Among
the above, aluminum acts as fuel, and sulfur and KNO3 act as igniter and oxidizer.
During the bursting of various crackers, atmospheric pollutants are generated and
pollute the environment. The metal concentration in atmospheric air was very high
as compared during Diwali festival season than the normal days [2]. The existence
of the particulate matter in the air was 753.3 µg/m3. The SO2 and NOx were in
the range of 139.1 and 107.3 µg/m3 during the Diwali season in Lucknow city. The
observed ranges were higher than the normal days and exceeded the prescribed limit
of National Ambient Air Quality Standards [3].

During manufacturing of crackers, workers are exposed to the aforementioned
chemicals by inhaling the chemical powders which affect the health of the workers
and lead to wheezing, asthma and lung maladies. Another problem is during the
bursting of firecrackers which emit polluted gases which adversely affect the envi-
ronment. The presence of NO2 and SO2 creates allergic inflammation effects on
the airways of the young children [4]. The ecosystem is affected by the SO2 [5].
SO2 reacts with air and forms H2SO4, which leads to acid rain, and it affects the
human and aquatic life [6]. The aforementioned problem is to be addressed without
affecting the cracking performance of the firecracker. The performance of the fire-
cracker is measured based on noise level and emission rate. It is desirable to have the
proper chemical composition and combination to obtain the required performance.
The reduction of the particle size from micron to nano-level increases the perfor-
mance of cracker [7]. So, when using nanopowders the performance is improved
but the hazardousness during handling is very high. The thermal behavior of the
nanopowders studied using DTA and TGA curves; it was observed that nano-sized
powders have high thermal energy content [8]. Scanning through the literature, it is
found that there are no papers discussing the effect of TSP and the performance of
TBFC.

In this work, an attempt is made to study the effect of noise level and emission
rate by adding TSP along with NFC composition. The tamarind seed was obtained
from the local garden and crushed to fine powder particle to make firecracker. It is
observed from the ultimate analysis of TSP that it can be added into the cracker as
a fuel because of the high combustion property and it consists of 47.76% of carbon
content and 42.39% of oxygen content [9]. In order to understand the effect of TSP,
the samples are prepared by using 5 wt% TSP and also tests are conducted as per
the standards. The effect of a conventional type of fire is compared with industrial
firecrackers.

2 Materials and Methods

The chemical mixture of the firecracker like KNO3, Al and sulfur is locally avail-
able in Kaliswari Metal Mart, Sivakasi, Tamil Nadu, India. In this work, Al with
96% purity is used as one of the chemicals. KNO3 and sulfur are purchased with the
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purity of 97.6 and 99.9%. The TSP was powdered in a ball mill to the desired particle
size. The particle size of all the chemical powders is in the range of 45 nm.Weighing
of chemical mixtures, sieving to the preferred size, mixing the powder to acquire a
homogenous mixture of chemicals and filling them in the chapter container are the
processes followed for producing the firecrackers. In this work, two different fire-
crackers are fabricated using different chemical compositions. NFC is fabricated as
per the standard chemical composition (normal flash powder) followed in thefirework
industries (60% KNO3, 20% Al and 20% sulfur). The TBFC is made by modifying
the chemical composition of the existing chemical composition. The modification is
made by reducing the sulfur content by 15% and by adding 5% of the tamarind seed
powder (60% KNO3, 20% Al, 15% sulfur and 5% TSP).

2.1 Methods for Testing of Pollutants

2.1.1 Estimation of Aluminum and Potassium

The amount of aluminum and potassium present in each of the flash powder samples
is found by the Indian standard procedures (EPA 3050 B) by atomic absorption
spectroscopy (AAS).

2.1.2 Estimation of Nitrate

The quantity of nitrate present in each of the flash powder samples is obtained as per
Indian standard procedure (IS 14,684:1999 (RA-2014)).

2.1.3 Estimation of Sulfur

The amount of sulfur content present in each of the flash powder samples is found
by adopting the Indian standard procedure (IS 6655-1972).

2.1.4 Auto-exhaust Gas Analyzer

The gases discharged during the bursting of firecracker are analyzed by auto-
exhaust/multi-gas analyzer.
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2.2 Noise-Level Test

Asper the notification of PetroleumandExplosives SafetyOrganisation,Government
of India, noise-level test is carried out. Noise ismeasured by noise-levelmeter (Model
No. 824L), data provided here was measured in the east direction, and the details of
measurement procedures are described before [10].

3 Results and Discussion

It is observed from the emission test that the addition of TSP on firecracker reduces
the environmental pollutants. The amount of aluminum present in each of the flash
powder samples is found to be 18.89% in normal flash powder, while TBFC had
18.66% of aluminum. Similarly, the quantity of potassium present in each of the
flash powders is found to be 20.54% in NFC while 20.19% of potassium present
in TBFC which is obtained as per standard procedures. This confirmed that all the
chemicals are uniformly distributed and form a homogeneous chemical mixture as
the compoundwas present in equal percentage in both NFC and TBFC compositions.
The emission rate of firecrackers is given in Table 2.

The amount of sulfur content present in NFC is found to be 8.66%, while TBFC
sample contains 6.93% of sulfur which is obtained as per Indian standard procedure.

3.1 Theoretical Analysis of Ground-Level Pyrotechnics

Aluminum combustion reaction

2Al + 3O2 → Al2O3 (1)

Sulfur combustion reaction

Table 2 Comparison of emission rate of a firecracker

Test parameter Test method Emission rate (%)

Normal firecracker Tamarind-based
firecracker

Al (Al) EPA 3050 B (by AAS) 18.89 18.66

Nitrate (NO3) IS 14,684:1999
(RA-2014)

34.76 29.13

Potassium (K) IS3025-Part 45-1987
(RA 2014)

20.54 20.19

Sulfur (S) IS 6655-1972 8.66 6.93
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S + O2 → SO2 (2)

Carbon combustion reaction

C + O2 → CO2 (3)

C + O → CO (4)

Based on the above equations, the required amount of oxygen and lack of oxygen
are estimated using theoretical combustion calculation as given in Table 3.

From the above combustion calculation, to complete the combustion of NFC the
required level of O2 is 1.667 × 10–4 kg. The available amount of O2 is 8.471 × 10–5.
So, the lack of O2 is 8.202 × 10−5 kg. The amount of oxygen required for complete
combustion in TBFC (7.977× 10−5) is lesser than the normal cracker. So, TSP-based
ground-level pyrotechnics helps to enhance the chemical reaction, make complete
combustion and produce less pollutant. It is observed from bursting of an NFC the
emission range of CO is 0.032% PPM, CO2 is 0.020% PPM, and hydrocarbon (HC)
is 15% PPM. Propane equivalent factor (PEF) is 0.546% PPM.

The carbon and oxygen derived from TSP are to stimulate the chemical reaction
andmake complete combustion. So, the CO range is reduced and the value is 0.018%
PPM. The hydrocarbon content is 6% PPM. So, the TBFC increases the reaction
rate and helped for the complete combustion, thereby reducing the emission rate.

Table 3 Calculation of amount of O2 using combustion reaction

Firecracker Cracker
quantity
(300 mg)

Quantity
kg

Available
kg of O2

Required kg O2 Lack of
O2
kg

Normal 60%
KNO3

1.8 × 10–4 8.471 ×
10–5

– – 8.202 ×
10–5

20% Al 6 × 10–5 – Al as Al2O3 1.067 ×
10–4

20% S 6 × 10–5 – S as SO2 5.999 ×
10–5

TSP 60%
KNO3

1.8 × 10–4 8.471 ×
10–5

– –

20% Al 6 × 10–5 – Al as Al2O3 1.067 ×
10–4

15% S 4.5 × 10–5 – S as SO2 4.499 ×
10–5

5% TSP 1.35 × 10–5 9.106 ×
10–5

C as CO2 1.708 ×
10–4

7.977 ×
10–5

C as CO 1.612 ×
10–4

7.022 ×
10–5
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(a) Exhaust gas analyzer result       (b) Noise level test result

Fig. 1 Exhaust gas analysis and noise-level test result of normal and TBFC. a Exhaust gas analyzer
result. b Noise-level test result

Experimental result also agreed with theoretical data calculation. The exhaust gas
analyzer result is given in Fig. 1a.

It is observed from the noise level test result the bursting of NFC releases the noise
level of 98.3 dBA and 120.8 dBC. The noise level of TBFC is 98 dBA and 119.5
dBC. The dBA is impulse noise level, and dBC is peak noise level. The addition
of TSP to the chemical mixture does not alter the noise performance of the TBFC.
The noise-level result is given in Fig. 1b. In addition, the additions of TSP increase
the combustion property, reduce the amount of sulfur content and attain complete
combustion without any compromise.

4 Conclusion

Addition of 5% of TSP along with NFC reduces the sulfur content in the air which is
20% lesser than the NFC. The reduction of sulfur reduces the atmospheric pollutants
during the bursting of firecrackers and makes the environment pollution free of SO2

gas. The bursting ofTBFC increases the chemical reaction rate, suppliesmore amount
of oxygen to make complete combustion and releases less environmental pollutants.
Addition of 5% of TSP is not affecting the sound level of the firecracker, and the
sound level of TBFC is 98 dBA and 119.5 dBC and NFC; it is 98.3 dBA and 120.8
dBC. As per the standard, the recommended maximum sound level of firecracker is
125 dBA and 145 dBC. It was concluded that TSP can be mixed with the firecracker
chemical composition to reduce SO2 emissions without affecting the quality of NFC.
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Tribological Characteristics
of Aluminum with Volumetric Fractions
of Nano-Boron Nitride Composites

M. Ekambaram, M. Vetrivel, and D. Balaji

Abstract The tribological characteristics of aluminum metal matrix with different
volumetric fraction of boron nitride nano-powder reinforcement were studied. The
various volumetric fractions are 0.6 vol.% BN, 1.2 vol.% BN, and 1.8 vol.% BN
which are added with pure aluminum. In each composition, specimens are prepared
and tested on pin on disc wear testing machine for three different load conditions
and three different sliding velocity conditions with sliding distance of 1000 m. The
study suggests that 0.6 vol.% of BN with aluminum provides better wear resistance
when compared with other compositions and pure aluminum.

Keywords Nano-boron nitride · Specific wear rate · Coefficient of friction

1 Introduction

In recent years, the demand for the newmaterials has been increased rapidly in indus-
trial sectors. In aeronautical sectors, the need of metal matrix composites was raised
due to its high specific strength and stiffness, lesser in weight, low density, and low
thermal expansion [1–3]. The sliding characteristics of materials are notable in tribo-
logical systems. Hard particles reinforced aluminum-based composites possess good
strength and tribological properties when compared to unreinforced aluminum and
its alloys [4–9].The strength and tribological properties of composites are dependent
on various parameters such as reinforcement particle size (micro or nano), reinforce-
ment content, and reinforcement phase in the base material and type of fabrication
process [10]. The reasons for damage in machine parts are due to more friction
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Table 1 Description of the
materials used

Description Aluminum (matrix) Boron nitride
(reinforcement)

Symbol Al BN

Particle size 130–180 µm 70–80 nm

Density (g/cm3) 2.69 2.29

Purity (%) 98 99.8

and wear. An appropriate solid lubricant should be added to reduce the friction and
wear. The addition of solid lubricants to the matrix results in better wear perfor-
mance and reduction in coefficient of friction [11–16]. The Gr particles are used as
solid lubricant in the aluminum-based matrix due to its low cost and yield better
tribological properties with SiC, Al2O3, and B4C particles [17–19]. Boron nitride
is used as solid lubricant in the aluminum-based matrix due to its low density, high
thermal conductivity, and high resistivity and also exhibits optimum reinforcement in
Al-based matrices [20–28]. In present study, the boron nitride nano-powder is rein-
forced with pure aluminum matrix, and its tribological and mechanical properties
were studied.

2 Materials and Experiment

2.1 Materials

The description of the materials used in the research work is mentioned in Table 1.

2.2 Specimen Preparation

Initially, the Al and BN nano-powder is taken in wt % and then compacted to a
standard size (10 mm diameter and 30 mm height), and then, vol.% is measured
using the formula given in Eq. (1). The volume of each specimen is also calculated
by mass and density (using Archimedes principle) values, and the micro-hardness
values of each composition are listed as given in Table 2.

Table 2 Micro-hardness
value of specimens

Vol.% in specimen Micro-hardness value (H.V)

0.6%—specimen 1 12.5

1.2%—specimen 2 8.1

1.8%—specimen 3 9.5
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Volume fraction of reinforcements Vr1 = Vr1

Vm + Vr1 + Vr2
(1)

where in Eq. (1),

Vr1 Volume fraction of reinforcement 1,
Vr2 Volume fraction of reinforcement 2,
Vm Volume fraction of matrix.

3 Experimental Procedure

3.1 Wear Testing Procedure

The test specimens for wear testing were prepared using powder metallurgy route.
ASTM G99 standard is used for wear testing. The specimens are tested in the pin
on disc wear testing machine. There are three different load conditions, and three
different sliding velocities are used for testing. The three different load conditions are
5, 10, and 15 N, and the three different sliding velocities are 1.5, 2, and 2,5 m/s. For
the different load conditions and different sliding velocities, the specific wear rate
(SWR) and coefficient of friction (COF) were calculated and tabulated in Tables 3
and 4.

Table 3 Specific wear rate of all specimens

S. No. Sliding
distance
(m)

Sliding
velocity
(m/s)

Load (N) Specific wear rate × E−9 m3/Nm

Pure Al 0.6 vol.%
BN

1.2 vol.%
BN

1.8 vol.%
BN

1 1000 1.5 5 1.5464 0.0010 0.0613 0.6591

2 1000 2.0 5 2.0286 0.0027 0.0621 0.5176

3 1000 2.5 5 2.8266 0.0031 0.0771 0.5151

4 1000 1.5 10 2.1024 0.0022 0.0831 0.5119

5 1000 2.0 10 3.3367 0.0026 0.0772 0.5294

6 1000 2.5 10 4.0359 0.0024 0.0981 0.6260

7 1000 1.5 15 2.3591 0.0035 0.0852 0.7546

8 1000 2.0 15 4.3288 0.0015 0.0218 0.9952

9 1000 2.5 15 5.6959 0.0014 0.0423 1.7700
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Table 4 Coefficient of friction of all specimens

S. No. Sliding
distance
(m)

Sliding
velocity
(m/s)

Load (N) Coefficient of friction

Pure Al 0.6 vol.%
BN

1.2 vol.%
BN

1.8 vol.%
BN

1 1000 1.5 5 2.75 0.18 0.52 1.68

2 1000 2.0 5 2.79 0.22 0.56 1.87

3 1000 2.5 5 3.02 0.38 0.77 2.41

4 1000 1.5 10 4.12 0.4 1.12 3.72

5 1000 2.0 10 4.58 0.6 1.46 4.17

6 1000 2.5 10 5.2 0.7 2.32 4.72

7 1000 1.5 15 6.6 0.5 2.85 5.6

8 1000 2.0 15 6.9 0.5 3.1 6.1

9 1000 2.5 15 7.1 0.9 3.6 6.6

4 Results and Discussions

4.1 Specific Wear Rate (SWR)

Table 3 and Fig. 1 represents the specific wear rate results of all specimens. The
specific wear rate can be calculated from the below formula,

SpecificWear Rate = Weight Loss

(Density ∗ Sliding distance ∗ Load)

m3

Nm
(2)

4.2 Coefficient of Friction

Table 4 and Fig. 2 represents the coefficient of friction results of all specimens. The
coefficient of friction can be calculated from the below formula.

Coefficient of firction = Firctional force

Normal load
(NoUnit) (3)

5 Conclusion

The results show that 0.6 vol.% of BN added with pure aluminum gives good wear
resistance. Further increasing vol.% of the BN content increases the wear, which
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Fig. 1 a Specific wear rate at load 5 N, b specific wear rate at load 10 N, c specific wear rate at
load 15 N

Fig. 2 a Coefficient of friction at 1.5 m/s, b coefficient of friction at 2 m/s, c coefficient of friction
at 2.5 m/s

causes more weight losses. Increasing the sliding velocity also increases wear. The
above study suggests that 0.6 vol.% of BN will provide good wear resistance.
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Powder Metallurgy Fabrication,
Characterization and Wear Assessment
of Al-BN-TiO2 Composites

M. Ekambaram, M. Vetrivel, D. Balaji, Mandala Praveen Kumar,
K. Venkatesh, S. Sudarsan Reddy, and Shaik Ahammad Basha

Abstract The tribological characteristics of aluminium metal matrix with different
weight fraction of titanium dioxide nanopowder reinforcements along with 0.5 wt%
of boron nitride nanopowder reinforcement were studied. The various weight frac-
tions of reinforcements are 0.3 wt% TiO2 + 0.5 wt% BN, 0.5 wt% TiO2 + 0.5
wt% BN, and 0.7 wt% TiO2 + 0.5 wt% BN are added with pure aluminium. In
each composition, specimens are prepared and tested on pin-on-disc tribometer for
three different load and sliding velocity conditions with constant distance. The study
suggests that 0.3wt%TiO2 + 0.5wt% of BNwith aluminium provides better specific
wear rate and coefficient of friction.

Keywords Hybrid composites · Specific wear rate · Coefficient of friction
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Table 1 Description of the materials used

Description Aluminium (matrix) Boron Nitride
(reinforcement 1)

Titanium di Oxide
(reinforcement 2)

Symbol Al BN TiO2

Particle size 130–180 µm 70–80 nm 5 nm

Density (g/cm3) 2.69 2.29 3.78

Purity (%) 98 99.8 99.8

1 Introduction

In the recent years, the metal matrix composites have emerged with various broader
applications in the aerospace, structural, automobile and defense sectors [1–3]. It
has been reported that Al composites exhibit remarkable performances by the inclu-
sion of small amount of ceramic reinforcements [4, 5]. To increase the wear resis-
tance of aluminium-based composites, researchers were added various ceramic rein-
forcement particles such as alumina (Al2O3), boron nitride (BN), silicon nitride
(Si3N4), titanium dioxide (TiO2), tungsten carbide (WC), tungsten trioxide (WO3),
titanium carbide (TiC) and titanium diboride (TiB2) in the aluminiummatrix [6–10].
In hybrid aluminium matrix composite materials, high strength and wear capabil-
ities of ceramic particles are combined with lightweight, low cost and lubricating
properties of the secondary reinforcements. It has been revealed that the presence
of lubricating particles considerably reduces the wear rate [11–15]. Boron nitride
used as solid lubricant in the aluminium-based matrix due to its low density, high
thermal conductivity and high resistivity and also exhibits optimum reinforcement
in Al-based matrices [16–28].

2 Materials and Experiment

2.1 Materials

The description of the materials used in the research work is mentioned in Table 1.

2.2 Specimen Preparation

Each pellets of size 10 mm diameter and 30 mm height was made using powder
metallurgy route, for all the three different compositions of titanium dioxide nano-
materials. The specimen composition and its micro-hardness value mentioned in
Table 2.
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Table 2 Micro-hardness values of specimens

Specimen composition Micro-hardness value (H.V)

Specimen 1—Al + 0.5 wt% BN + 0.3 wt% TiO2 30.5

Specimen 2—Al + 0.5 wt% BN + 0.5 wt% TiO2 12.9

Specimen 3—Al + 0.5 wt% BN + 0.7 wt% TiO2 14.1

Table 3 Specific wear rate of all specimens

S. No. Sliding
distance
(m)

Sliding
velocity
(m/s)

Load (N) Specific wear rate × E−9 m3/Nm

Pure Al 0.3 wt%
TiO2

0.5 wt%
TiO2

0.7 wt%
TiO2

1 1000 1.5 5 1.5464 0.0012 0.0025 0.0020

2 1000 2.0 5 2.0286 0.0013 0.0021 0.0019

3 1000 2.5 5 2.8266 0.0007 0.0050 0.0028

4 1000 1.5 10 2.1024 0.0005 0.0007 0.0006

5 1000 2.0 10 3.3367 0.0007 0.0009 0.0008

6 1000 2.5 10 4.0359 0.0004 0.0017 0.0012

7 1000 1.5 15 2.3591 0.0004 0.0015 0.0008

8 1000 2.0 15 4.3288 0.0010 0.0021 0.0018

9 1000 2.5 15 5.6959 0.0002 0.0069 0.0019

3 Experimental Procedure

3.1 Wear Testing Procedure

ASTMG99 is the standard used and the experiments conducted on pin-on-disc wear
testing machine. The three different load conditions are 5, 10, 15 N and the three
different sliding velocities are 1.5, 2, 2.5m/swere used. The specificwear rate (SWR)
and Co efficient of friction (CoF) were calculated and tabulated in Tables 3 and 4 for
above mentioned conditions.

4 Results and Discussions

4.1 Specific Wear Rate (SWR)

Table 3 represents the specific wear rate results of all specimens. The specific wear
rate can be calculated from the below formula,
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Table 4 Coefficient of friction of all specimens

S. No. Sliding
distance
(m)

Sliding
velocity
(m/s)

Load (N) Coefficient of friction

Pure Al 0.3 wt%
TiO2

0.5 wt%
TiO2

0.7 wt%
TiO2

1 1000 1.5 5 2.75 0.76 0.98 0.9

2 1000 2.0 5 2.79 0.8 0.99 0.94

3 1000 2.5 5 3.02 0.82 0.98 0.92

4 1000 1.5 10 4.12 0.66 0.82 0.8

5 1000 2.0 10 4.58 0.65 0.88 0.81

6 1000 2.5 10 5.2 0.70 0.95 0.78

7 1000 1.5 15 6.6 0.67 0.94 0.72

8 1000 2.0 15 6.9 0.69 0.93 0.76

9 1000 2.5 15 7.1 0.74 0.91 0.78

SpecificWear Rate = Weight Loss

(Density ∗ Sliding distance ∗ Load)

m3

Nm
(1)

4.2 Coefficient of Friction (CoF)

Table 4 represents the coefficient of friction results of all specimens. The coefficient
of friction can be calculated from the below formula,

Coefficient of firction = Firctional force

Normal load
(NoUnit) (2)

4.3 Comparison of SWR and CoF with Different Load
and Velocities.

As aluminium possesses higher value when compared with hybrid compositions, the
graphs were plotted for hybrid compositions only to study its characteristics (Figs. 1
and 2).
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Fig. 1 a SWR at load 5 N, b SWR at load 10 N, c SWR at load 15 N

Fig. 2 a CoF at load 5 N, b CoF at load 10 N, c CoF at load 15 N
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5 Conclusion

The result shows that an addition of reinforcements improves the wear resistance of
the material. 0.3 wt% TiO2 + 0.5% wt% BN and 0.7 wt% TiO2 + 0.5 wt% BN gives
better wear resistance which can be obtained from SWR and CoF graphs. The study
suggests that 0.3 wt% TiO2 + 0.5% wt% BN provides better wear resistance when
compared with other hybrid compositions.
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Optimization in Tribological Behaviour
of Al-BN-TiO2 Composites Using
D-Optimal Method

M. Ekambaram, M. Vetrivel, and D. Balaji

Abstract The aluminium hybrid composite processed powder metallurgy and wear
behaviour was experimentally investigated on aluminium with 0.5 wt% nano-BN
reinforcement combined with nano-TiO2 weight per cent reinforcement of 0.3, 0.5
and 0.7% at different sliding velocities ranging from 1.5 to 2.5 m/s and different
normal loads ranging from 5 to 15 N. The effect of specific wear rate and coefficient
of friction was optimized using D-optimal method. The results predicted by the
developed model are concurring well within the measured values. The correlation
coefficient of model, regarding the specific wear rate and coefficient of friction, was
about 0.9891 and 0.9805, respectively, with conform the degree of accuracy of the
mathematical model. The optimal condition attained the minimum specific wear rate
and coefficient of friction at sliding velocity 1.5 m/s at normal load 14.36 N for Al
+ 0.5 wt% BN + TiO2 0.3 wt% composite. The optimal predicted value of specific
wear rate was 0.00043e-9 mm3/Nm and coefficient of friction 0.66, respectively.

Keywords Optimization · Specific wear rate · Coefficient of friction

1 Introduction

In the recent years, to increase the wear resistance of aluminium-based composites
researchers added various ceramic reinforcement particles such as alumina (Al2O3),
boron nitride (BN), silicon nitride (Si3N4), titanium dioxide (TiO2), boron carbide
(B4C), tungsten carbide (WC), tungsten trioxide (WO3), titanium carbide (TiC) and
titanium diboride (TiB2) in the aluminium matrix [1–5]. In hybrid aluminium matrix
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composite materials, high strength and wear capabilities were combined with light
weight, low cost and lubricating properties of the secondary reinforcements. It has
been revealed that the presence of lubricating particles considerably reduces the
wear rate [6–10]. Boron nitride is used as solid lubricant in the aluminium-based
matrix due to its low density, high thermal conductivity and also exhibits optimum
reinforcement in Al-based matrices [11–19].

1.1 D-Optimal Method—Response Surface Methodology

The mathematical model has been developed based on the experimental results, with
an objective to determine specific wear rate and coefficient of friction and also to
study interrelationship between the test variables of Al-BN-TiO2 hybrid composite.
A response surface equation is formulated as

Y = β0 +
m∑

i=1

βi xi +
m∑

i=1

βi i x
2
i +

m∑

i=1

m∑

i< j

βi j xi x j + ε (1)

where β0, β i, β ii and β ij are regression coefficients, xi (i = 1, 2, 3, … m) are
design variables, ε is the random error, Y is the response and m is total number
of design variables. To analyses statistically the model, the analysis of the variance
(ANOVA)was used. Fisher’sF-test (overall model significance), its probability p(F),
determination coefficient R2 (used to measure the fitness of regression model) were
also studied by ANOVA.

2 Materials and Experiment

2.1 Materials

The description of the materials used in the research work is mentioned in Table 1.

Table 1 Description of the materials used

Description Aluminium (matrix) Boron nitride
(reinforcement 1)

Titanium dioxide
(reinforcement 2)

Symbol Al BN TiO2

Particle size 130–180 µm 70–80 nm 5 nm

Density (g/cm3) 2.69 2.29 3.78

Purity (%) 98 99.8 99.8
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Table 2 Specimen representation and its composition

Specimen representation (based on eight percentage of
TiO2)

Composition

Sample 1 Al + 0.5 wt% BN + 0.3 wt% TiO2

Sample 2 Al + 0.5 wt% BN + 0.5 wt% TiO2

Sample 3 Al + 0.5 wt% BN + 0.7 wt% TiO2

Table 3 Experimental factors and their levels

Symbol Parameter Unit Parameters

Level 1 Level 2 Level 3

A Load N 5 N 10 N 15 N

B Sliding velocity m/s 1.5 2 2.5

C Weight fractions of TiO2 – 0.3 0.5 0.7

2.2 Specimen Preparation

Each pellets of size 10 mm diameter and 30 mm height were made using powder
metallurgy route, for all the three different compositions of titanium dioxide
nanomaterials.

3 Experimental Procedure

3.1 Wear Testing Methodology

Wear test was conducted on pin on disc wear testing machine with all the hybrid
specimens as per ASTM G99 standard and recorded output values of wear rate,
frictional force, coefficient of friction based on the design variable mention Table 2.

Specific wear rate (SWR) is calculated by wear volume per unit distance and load
and coefficient of friction with a sliding distance of 1000 m (Table 3).

4 Results and Discussions

4.1 RSM Modelling

The model for Specific wear rate (SWR) and coefficient of friction (CoF) was
developed from the regression coefficient and represented in Eqs. 2–7 as follows,



656 M. Ekambaram et al.

SpecificWear rate at 0.3wt%TiO2 = 0.011730 − 1.37928E−003

∗ Load − 2.40033E−003 ∗ SlidingVelocity

+ 2.67288E−004 ∗ Load ∗ SlidingVelocity

+ 3.45686E−005 ∗ Load2 − 3.43137E−004

∗ Sliding Velocity2 (2)

SpecificWear rate at 0.5wt%TiO2 = 1.09529E−003 − 1.17722E−003

∗ Load + 3.11238E−003 ∗ SlidingVelocity

+ 2.67288E−004 ∗ Load ∗ SlidingVelocity

+ 3.45686E−005 ∗ Load2 − 3.43137E−004

∗ SlidingVelocity2 (3)

SpecificWear rate at 0.7wt%TiO2 = 0.011872 − 1.45046E−003

∗ Load − 1.57915E003 ∗ SlidingVelocity

+ 2.67288E−004 ∗ Load ∗ SlidingVelocity

+ 3.45686E−005 ∗ Load2 − 3.43137E−004

∗ Sliding Velocity2 (4)

Coefficient of Friction at 0.3wt%TiO2 = 0.30343 − 8.98504E−003

∗ Load + 0.45194 ∗ Sliding Velocity

− 6.38983E−003 ∗ Load ∗ Sliding Velocity

+ 6.21569E−004 ∗ Load2 − 0.077843

∗ SlidingVelocity2 (5)

Coefficient of Friction at 0.5wt%TiO2 = 0.81271 − 0.035491

∗ Load + 0.36366 ∗ SlidingVelocity

− 6.38983E−003 ∗ Load ∗ SlidingVelocity

+ 6.21569E−004 ∗ Load2 − 0.07784

∗ SlidingVelocity2 (6)
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Fig. 1 Experimental (actual) and predicted values of SWR and CoF

Coefficient of Friction at 0.7wt%TiO2 = 0.82581 − 0.025926

∗ Load + 0.29925 ∗ SlidingVelocity

− 6.38983E−003 ∗ Load ∗ SlidingVelocity

+ 6.21569E−004 ∗ Load2 − 0.077843

∗ SlidingVelocity2 (7)

4.2 Predicted Versus Actual

FromEqs. (2–7), the predicted value determined and comparedwith the experimental
results (Fig. 1; Tables 4 and 5).

From the Table 6, the developed models were used for multiple response opti-
mizations by desirability function approach to obtain maximum strength coefficient
and minimum strain hardening exponent. The desirability is found to be 0.868 as
acceptable and excellent significant based on Harrington’s rating system [20]. The
optimized specific wear rate 0.0004 E−9 m3/Nm and coefficient of friction 0.6676
for load 14.36 N and sliding velocity 1.5 m/s, when the TiO2 weight percentage 0.3
(wt%), are selected from Table 6. Based on the optimization result 0.3 wt% TiO2 at
sliding velocity 1.5 m/s with 15 N load was tested, and the result represents specific
wear rate is 0.00042431 E−9 m3/Nm and coefficient of friction 0.649423; hence, the
model is significant and optimized results are verified.
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Table 4 Predicted and actual values of SWR and CoF

Exp.
No.

Process parameters levels Actual Predicted Actual Predicted

Load (N) Sliding
velocity
(m/s)

TiO2 wt% Specific
wear rate
E−9 m3/Nm

Specific
wear rate
E−9 m3/Nm

Coefficient
of friction

Coefficient
of friction

1 15.00 1.50 0.7 0.0008 0.0008 0.72 0.71

2 15.00 2.50 0.7 0.0019 0.0018 0.58 0.6

3 5.00 1.50 0.5 0.002 0.0020 0.98 0.97

4 15.00 1.50 0.3 0.0004 0.0005 0.67 0.67

5 15.00 2.50 0.3 0.0002 0.0007 0.74 0.71

6 5.00 2.50 0.3 0.0007 0.0009 0.82 0.84

7 5.00 2.50 0.5 0.005 0.0051 0.98 0.99

8 5.00 2.00 0.3 0.0023 0.0022 0.8 0.8

9 5.00 1.50 0.7 0.0045 0.0043 0.9 0.94

10 5.00 1.50 0.3 0.0032 0.0033 0.76 0.73

11 15.00 2.50 0.5 0.0069 0.0069 0.61 0.6

12 5.00 1.50 0.5 0.002 0.0020 0.98 0.97

13 10.00 1.50 0.3 0.001 0.0010 0.66 0.68

14 10.00 2.50 0.3 0.0004 -0.0001 0.76 0.76

15 15.00 2.00 0.3 0.001 0.0007 0.69 0.71

16 15.00 2.50 0.7 0.0019 0.0018 0.58 0.6

17 15.00 2.50 0.5 0.0069 0.0069 0.61 0.6

18 10.00 2.00 0.7 0.0012 0.0016 0.81 0.79

19 15.00 1.50 0.7 0.0008 0.0008 0.72 0.71

20 15.00 1.50 0.5 0.0011 0.0011 0.64 0.65

21 15.00 1.50 0.5 0.0011 0.0011 0.64 0.65

22 5.00 2.50 0.7 0.0028 0.0027 0.92 0.89

5 Conclusion

According to the analysis of variance (ANOVA), the accuracy of developed model
conformed by R2 and p value. The predicted and measured values have excellent
agreement. Further, optimum combination of process parameters to attain the mini-
mizing the specific wear rate and minimizing coefficient of friction can be predicted
by the statistically developed models.
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Table 5 ANOVA based RSM Models

Source Specific wear rate (SWR)

SS DF MS F-Value p > F

Model 8.100E−005 11 7.363E−006 82.75 <0.0001

Residual 8.898E−007 10 8.898E−008

Total 8.189E−005 21

R2 Specific wear rate (SWR)
0.9891

Source Coefficient of friction (CoF)

SS DF MS F-Value p > F

Model 0.36 11 0.032 45.76 <.0001

Residual 7.057E−003 10 7.057E−004

Total 0.36 21

R2 0.9805

Table 6 Best solution for optimization

Number Load (N) Sliding
velocity (m/s)

TiO2 wt% Specific wear
rate (E−9

m3/Nm)

Coefficient of
friction

Desirability

1 14.36 1.5 0.3 0.00043631 0.667699 0.868

2 14.31 1.5 0.3 0.000435676 0.667737 0.868

3 14.25 1.5 0.3 0.000435136 0.667786 0.868
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Influence of Aroma Skin Reinforcement
on Erosive Behavior of Polyester
Composites

Jayamani Manivannan, Shanmugavel Rajesh, Kalimuthu Mayandi,
and Nadir Ayrilmis

Abstract This research work is aiming to provide a solution to the people who are
living in the comfortless or in desert areas. In the desert region, the construction
of building with conventional material will be difficult. In this proposed work, the
composite panels are fabricated from aroma coffee skin reinforcement, reinforced
with polyester resin. The hand layup technique is used to fabricate the composites
for different wt% of composites (2.5, 5, 7.5 and 10%). In desert region, the panels
are subjected to heavy wind blows; thus, it affects the life of the panel. To estimate,
the erosion wear rate of the fabricated composite, the composite is subjected to
erosion studies. The erosion studies is conducted as per ASTM standard G76. The
stand-off distance and flow rate of the abrasive particles were kept constant. Alumina
oxide is used as erodent material with the size of 50 μm. The behavior of fabricated
composites is measured at regular interval. It is observed that 2.5% of reinforced
composite is having less erosion rate than the 5, 7.5 and 10%. The reason for failure
of the composites is analyzed and discussed.

Keywords Polyester · Aroma coffee skin · Hand layup · Time · Erosive wear

1 Introduction

Nowadays, polymers and its composites are playing a vital role on replacing the
conventional materials in many engineering applications. In addition, composites are
focused toward to operate in dusty environmentwhere it should possess better erosion
resistance. As on date, performance of the polymer composites is improved by adding
hard particulate fillers such as fiber fillers, metal and ceramic particles are being
used [1]. Investigation carried out by Jung et al. reveals that the addition of organic,
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inorganic and metal particles with varying aspect ratio is capable of producing a
good composites, and it can be effectively used for industrial applications such as
electrodes and heaters [2]. The addition of low-cost particulate in making of polymer
composites is most beneficial, and thus, the overall cost of components is reduced [3–
5]. Srivastava et al. studied the angle of impingement and erodent velocity on erosion
behavior of epoxy compositemadewithE-glass fiber andfly ash as reinforcement and
particulate filler [6]. Wang et al. investigated the performance on wear resistance of
SiC and ZrO2 particulate reinforced polyetheretherketone composites with varying
wt% of reinforcement [7–9]. The erosion wear behavior of aroma skin-reinforced
polyester composites is not reported in the literature.

The aim of the present work is to fabricate a new composite of aroma skin-
reinforced polyester composites with different wt% (2.5, 5, 7.5 and 10%) and to
study the performance of erosive wear resistance of the newly fabricated composites.

2 Experimental Details

2.1 Materials

In this work, polyester resin and aroma coffee skin were chosen as matrix and rein-
forcementmaterial. The polyester resin, catalyst and accelerator are brought fromVB
Ltd, Madras, Tamil Nadu, India. Unsaturated polyester resin, methyl-ethyl-ketone-
peroxide (MEKP) and cobalt naphthalene (CN) are used as matrix, catalyst and
accelerator materials. The collected aroma coffee skin contains dust particles; it is
removed by water wash and dried at room temperature. Dried aroma skin powder is
processed in ballmill to reduce the size of the aroma skin flakes. The processed aroma
skin is sieved, and particles are selected in the range 100–150 μm for fabrication of
composites.

2.2 Specimen Preparation

Aroma coffee skin is reinforced with unsaturated polyester resin to fabricate the
composite. The composite plates are prepared by hand layup method. Two percent
MEKP and 2% CN as catalyst and accelerator are mixed thoroughly in unsaturated
polyester resin followed by reinforcing material (ACS). Composites of five different
wt% (2.5, 5, 7.5 and 10% as ACS filling) are prepared by following the same proce-
dure. The castings are put under load of 24 h at room temperature for proper curing.
The fabricated plate is cut into required size as per ASTM G76 standards. The
prepared specimen for erosion wear test is shown in Fig. 1. The detailed wt% of
reinforcement for the erosion study is listed in Table 1.
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Fig. 1 Specimens prepared
for erosion test

Table 1 Detailed
composition of the specimen

Composite Composition

CP1 Polyester + 2.5 wt% aroma coffee skin

CP2 Polyester + 5 wt% aroma coffee skin

CP3 Polyester + 7.5 wt% aroma coffee skin

CP4 Polyester + 10 wt% aroma coffee skin

2.3 Erosion Test Apparatus

Figure 2 shows the photographical view of air jet erosion tester. The experiments
is conducted as per ASTM G76, on all the selected specimen. Alumina oxide with
particle size of 50 μm is used as erodent material. The initial mass of the specimen
is precisionly measured in electronic weigh balance with an accuracy of 0.0001 g.
The specimen placed on holder, the size of the holder and specimen is 25 × 25 ×
3 mm. The experiment is conducted by keeping standoff distance 10 mm and flow
rate of abrasion particles 3.3 g/min as constant. The weight loss of the composite
material after 2 min is noted for further analysis. The same procedure is repeated for
varying wt% of composites. Table 2 shows the erosion parameters used to conduct
the studies.

3 Results and Discussion

The erosion test is carried out as perASTMstandards for 2.5, 5, 7.5 and 10%of aroma
coffee skin-reinforced polymer composites. A graph is plotted to understand the
erosive behavior of composites with respect to time for varying wt% of composites.
From the experimental results, it is studied that the rate of weight loss of the eroded
samples is varying in accordance with the parameter of different wt% with regular
time interval. The reason for increase in erosive wear rate of the composites is due
to brittle nature of the materials. Addition of particles influences the strength of the
materials, and increase in hardness increases the strength. Therefore, the materials
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Fig. 2 Air jet erosion tester

Table 2 Erosion test parameters

Fixed parameters Variable parameters

Erodent material Alumina oxide Time (mins) 2, 4, 6 … 60

Particle size of erodent (μm) 50 Reinforcement (wt%) 2.5, 5, 7.5 and 10

Angle of impingement (α, o) 90

Velocity of impact (m/s) 100

Erodent discharge rate (g/min) 3.3

Testing temperature RT

Standoff distance (mm) 10

Diameter of nozzle (mm) 3

in ductile nature become semi-ductile or brittle nature. It is well known that some
of the researchers studies shown that an angle of impingement is the most important
factors in the erosion studies. For ductile materials, the maximum erosion rate occurs
at 15–30° angle, while for brittle materials the erosion rate is maximum at 90° angle.
The maximum erosion rate occurred at an impingement angle of 60° which clearly
indicates that the composites response to the erosion studies as neither ductile nor
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brittle in nature. This behavior of material is called semi-ductile manner [10]. In this
work, the variation of erosive wear rate of polymer composites with regular time
interval is plotted as shown in Figs. 3 and 4 for 2.5%, 5%, 7.5% and 10% of ACS
reinforcement, respectively, and keeping other parameters as constant. From Figs. 3
and 4, it is understood that the addition of particulate reinforcement shows that the
significant reduces in the rate of material loss and simultaneously increases in the
erosive wear rate of the composites. However, the composite is made with 2.5% of
ACS reinforcement shows better erosion resistance than the other wt% (5, 7.5 and
10%) of ACS reinforcement. Figure 3 indicates that the erosion wear rate takes place
in test conditions at 90° of impingement angle, and after a certain interval of time,
the erosion wear rate for all the composites should achieve a constant state.

Fig. 3 Variation of erosion
rate with time interval for
different wt%
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Fig. 4 Variation of average
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4 Conclusions

The following observation are made from the erosive wear studies of aroma skin-
reinforced polyester composites.

(i) The composites successfully fabricated using aroma skin reinforcement for
varying wt% with simple hand layup technique, without defects.

(ii) Addition of reinforcement significantly alter the erosive wear behavior of the
materials.

(iii) The erosion wear resistance of aroma coffee skin-reinforced polyester
composite improves erosion resistance property.

(iv) Among the four, 2.5% of ACS reinforcement gives better erosion resistance
of the composite. The erosion wear rate of 5, 7.5 and 10% of ACS reinforced
composites is relatively higher than 2.5% under similar test conditions.

(v) These composites may be recommended because of its nature as biodegrad-
able and eco-friendly for the applications of lightweight vehicles and partition
boards.
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Optimization of Wear Reduction
on Al–TiO2–Gr Powder Metallurgy
Composites Using D-Optimal Method

D. Balaji, M. Vetrivel, and M. Ekambaram

Abstract The aluminum hybrid composite is prepared in powder metallurgy route
aluminum with equal wt% nanoTiO2 and nanoGr reinforcements (5 wt% TiO2 +
5 wt% Gr). The wear behavior was experimentally investigated on three different
specimensweight of samevolume such as 4, 5, 6 g at different sliding velocities of 1.5,
2.0, 2.5 m/s and normal loads of 5, 10, 15 N were considered. The effect of specific
wear rate and co-efficient of friction was optimized by D-Optimal method. The
results predicted by the developed mathematical model are compatible well within
the measured values. The correlation co-efficient of model, regarding the specific
wear rate and co-efficient of friction, were about 0.9895 and 0.8468, respectively.
The optimal condition of specific wear rate and co-efficient of friction is attained
at sliding velocity 1.62 m/s and normal load 10 N with specimen weight of 5 g.
The predicted value of specific wear rate is 5.5548e-6 mm3/Nm and co-efficient of
friction is 0.23, respectively.

Keywords Powder metallurgy · D-optimal · Wear rate · Coefficient of friction

1 Introduction

Metal matrix composites have a prospect for resistance in wear over the unreinforced
materials and also have increased mechanical properties [1]. The aluminum alloys
are quite attractive due to their low cost, low density, its capability to strengthen
by precipitation, high thermal and electrical conductivity, good corrosion resistance,
and improved tribological properties [2, 3]. This paper is concentrated on the special

D. Balaji (B) · M. Vetrivel · M. Ekambaram
Department of Mechanical Engineering, Sri Chandrasekharendra Saraswathi Viswa
Mahavidyalaya University, Enathur, Kanchipuram, Tamil Nadu 631561, India
e-mail: balajibala81@gmail.com

M. Vetrivel
e-mail: km_vetrivel@yahoo.com

M. Ekambaram
e-mail: e4ekam@gmail.com

© Springer Nature Singapore Pte Ltd. 2021
T. Rajmohan et al. (eds.), Advances in Materials and Manufacturing Engineering,
Springer Proceedings in Materials 7, https://doi.org/10.1007/978-981-15-6267-9_76

667

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6267-9_76&domain=pdf
mailto:balajibala81@gmail.com
mailto:km_vetrivel@yahoo.com
mailto:e4ekam@gmail.com
https://doi.org/10.1007/978-981-15-6267-9_76


668 D. Balaji et al.

metal matrix composite composed of aluminum, titanium di-oxide in nanoscale,
and graphite [4–8]. Titanium di-oxide (TiO2) possesses more hardness with superior
wear resistance and corrosion resistance. This hybrid aluminum matrix composite
improves the tribological and self-lubricating properties of the composites [9–12].
RSM can be an excellent approach to study a process response and to figure out the
best correlation among the parameters of a process. This is achieved via developed
models based on the statistical methods to investigate the relation between the inputs
and outputs of any process [13]. The optimal input parameter is investigated to
minimize specific wear rate and co-efficient of friction. A desirability function-based
simultaneous optimization technique is used in this work [14].

1.1 D-Optimal Method-Response Surface Methodology

The mathematical model has been developed based on the experimental results, with
an objective to determine specific wear rate and coefficient of friction, and also to
study inter-relationship between the test variables of Al–TiO2–Gr hybrid composite.
A response surface equation is formulated as

Y = β0 +
m∑

i=1

βi xi +
m∑

i=1

βi i x
2
i +

m∑

i=1

m∑

i< j

βi j xi x j + ε (1)

where β0, β i, β ii, and β ij are regression co-efficients, xi (i = 1, 2, 3, … m) are
design variables, ε is the random error, Y is the response, and m is total number
of design variables. To analyze the model statistically, the analysis of the variance
(ANOVA) is used.

2 Materials and Experiment

2.1 Materials

The description of the materials used in the research work is mentioned in Table 1.

2.2 Specimen Preparation

Each pellets of size 10mmdiameter and 30mmheightwasmade using powdermetal-
lurgy route for all the three different weights of the compositions. The compositions
of the materials are 90 wt% Al + 5 wt% TiO2 + 5 wt% Gr.
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Table 1 Description of the materials used

Description Aluminum (matrix) Titanium di oxide
(reinforcement 1)

Graphite (reinforcement 2)

Symbol Al TiO2 Gr

Particle size 130–180 µm 5 nm 400 nm

Density (g/cm3) 2.69 3.78 2.66

Purity (%) 98 99.8 98.0

3 Experimental Procedure

3.1 Wear Testing Methodology

Wear test was conducted on Pin on Disc wear testing machine with all the hybrid
specimens as per ASTM G99 standard and recorded the output values of wear rate,
frictional force, and coefficient of friction based on the design variable mentioned in
Table 2.

Specific wear rate (SWR) is calculated by wear volume per unit distance and load
and co-efficient of friction with a sliding distance of 1000 m (Table 3).

Table 2 Specimen representation and its composition

Specimen representation Weight in grams

Sample 1 4

Sample 2 5

Sample 3 6

Table 3 Experimental factors and their levels

Symbol Parameter Unit Parameters

Level 1 Level 2 Level 3

A Load N 5 N 10 N 15 N

B Sliding velocity m/s 1.5 2 2.5

C Weight in grams – 4 5 6
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4 Results and Discussions

4.1 RSM Modeling

The model for specific wear rate (SWR) and co-efficient of friction (CoF) was
developed from the regression coefficient and represented in Eqs. 2–7 as follows

Specific Wear rate at 4 gram = 30.96999 − 2.03471E−003 ∗ Load

− 39.87146E−003 ∗ SlidingVelocity

+ 3.19703E−004 ∗ Load ∗ SlidingVelocity

+ 0.25724E−005 ∗ Load2 + 6.77976E−004

∗ SlidingVelocity2 (2)

Specific Wear rate at 5 gram = 66.08371E−003 − 8.63364E−003

∗ Load − 42.88157E−003 ∗ SlidingVelocity

+ 3.19703E−004 ∗ Load ∗ SlidingVelocity

+ 0.25724E−005 ∗ Load2 + 6.77976E−004

∗ SlidingVelocity2 (3)

Specific Wear rate at 6 gram = 28.75369 − 4.83166E−003

∗ Load − 33.06627E−003 ∗ SlidingVelocity

+ 3.19703E−004 ∗ Load ∗ SlidingVelocity

+ 0.25724E−005 ∗ Load2 + 6.77976E−004

∗ SlidingVelocity2 (4)

Coefficient of Friction at 0.3 wt%TiO2 = 2.74614 − 1.76861E−003

∗ Load − 2.35067 ∗ SlidingVelocity

+ 8.14865E−003 ∗ Load ∗ SlidingVelocity

+ 4.30785E−005 ∗ Load2 + 0.53167

∗ SlidingVelocity2 (5)
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Coefficient of Friction at 0.5 wt%TiO2 = 3.40871 − 0.13463

∗ Load − 2.07710 ∗ SlidingVelocity

+ 8.14865E−003 ∗ Load ∗ SlidingVelocity

+ 4.30785E−005 ∗ Load2 + 0.53167

∗ SlidingVelocity2 (6)

Coefficient of Friction at 0.7 wt%TiO2 = 2.59231 − 8.59678E−003

∗ Load − 2.20192 ∗ SlidingVelocity

+ 8.14865E−003 ∗ Load ∗ SlidingVelocity

+ 4.30785E−005 ∗ Load2 + 0.53167

∗ SlidingVelocity2 (7)

4.2 Predicted Versus Actual

From Eqs. (2)–(7), the predicted values are determined and compared with the
experimental results as shown in Tables 4 and 5 (Fig. 1).

From Table 6, the developed models were used for multiple response optimiza-
tions by desirability function approach to obtain maximum strength coefficient and
minimum strain hardening exponent. The Fisher’s F-test (overall model signifi-
cance), its probability p(F), and determination coefficient R2 (used to measure the
fitness of regression model) were also studied by ANOVA [15]. The desirability is
found to be 0.968 as acceptable and quite significant based on Harrington’s rating
system [14]. The optimized specific wear rate 5.55482 E−6 mm3/Nm and co-efficient
of friction 0.23 for load 10.0 N and sliding velocity 1.62 m/s, when the TiO2 weight
percentage 5 (wt%) are selected from Table 6. Based on the optimization result,
0.3 wt% TiO2 at sliding velocity 1.5 m/s with 15 N load was tested and the result
represents specific wear rate as 0.00042431 E−9 m3/Nm and co-efficient of friction
as 0.649423; hence, the model is significant and optimized results are verified.

5 Conclusion

According to the ANOVA, the accuracy of developed model is confirmed by R2

and p-value. The predicted and measured values are in complete agreement. Further,
the optimum combination of process parameters to attain the minimizing specific
wear rate and minimizing co-efficient of friction can be predicted by the statistically
developed models.
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Table 4 Predicted and actual values of SWR and CoF

Exp.
No.

Process parameters levels Actual Predicted Actual Predicted

Load (N) Sliding
velocity
(m/s)

TiO2 wt% Specific wear
rate E−6

mm3/Nm

Specific wear
rate E−6

mm3/Nm

Coefficient
of friction

Coefficient
of friction

1 5 1.5 4 5.16 6.65 0.5 0.47

2 5 1.5 4 5.16 6.65 0.5 0.47

3 10 1.5 4 41.25 39.75 0.5 0.53

4 10 1.5 4 41.25 39.75 0.5 0.53

5 5 2.5 4 12.88 9.89 0.23 0.29

6 10 2.5 4 57.47 58.97 0.41 0.38

7 10 2.5 4 57.47 58.97 0.41 0.38

8 5 1.5 5 2.05 4.26 0.99 0.88

9 7 1.5 5 5.15 2.75 0.53 0.63

10 10 1.5 5 3.72 4.36 0.33 0.27

11 5 2.0 5 2.78 2.67 0.59 0.79

12 10 2.0 5 11.56 10.77 0.27 0.20

13 5 2.5 5 6.04 4.48 1.14 0.97

14 7 2.5 5 7.88 9.37 0.70 0.74

15 10 2.5 5 20.05 20.57 0.34 0.40

16 5 1.5 6 4.64 0.66 0.45 0.50

17 10 1.5 6 18.01 19.77 0.52 0.53

18 10 1.5 6 18.01 19.77 0.52 0.53

19 7 2.0 6 12.38 13.28 0.51 0.37

20 5 2.5 6 7.26 10.70 0.44 0.47

21 10 2.5 6 47.74 45.79 0.51 0.53

22 10 2.5 6 47.74 45.79 0.51 0.53
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Table 5 ANOVA-based RSM models

Source Specific wear rate (SWR)

SS DF MS F-value p > F

Model 7640.97 11 694.63 85.46 <0.0001

Residual 81.28 10 8.13

Total 7722.25 21

R2 0.9895

Source Coefficient of friction (CoF)

SS DF MS F-value p > F

Model 0.77 11 0.070 5.03 <0.0083

Residual 0.14 10 0.014

Total 0.90 21

R2 0.8468

Fig. 1 Experimental (actual) and predicted values of SWR and CoF

Table 6 Best solution for optimization

Number Load
(N)

Sliding
velocity
(m/s)

TiO2 wt% Specific wear rate
(E−6 mm3/Nm)

Coefficient
of friction

Desirability

1 10.00 1.62 5 5.55482 0.23 0.968

2 5.00 2.10 4 6.94407 0.232564 0.953

3 5.00 1.91 6 3.16099 0.361761 0.915
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Effect of Welding Speed on Advanced
CMT-Welded AA 6061 Grade Aluminum
Alloy Joints

S. T. Selvamani, S. Velmurugan, S. J. Hariharan, and K. Palanikumar

Abstract Joining of aluminum alloys by fusion welding is a challenging process
due to its low melting temperature and the formation of solidification defects such
as pores and warm holes in the weldment. The CMT welding process is an emerging
fusion welding process to join the low melting temperature non-ferrous materials
such as aluminum, copper, and silver thin sheets. So far, in this research work, lot of
efforts has been taken to increase the AA 6061 grade aluminum alloy joint strength
with help of advanced CMT welding process. The results showed that, the ultimate
tensile strength of CMT-welded joint has been increased 30% than the other welding
process and the microstructure analyses were confirmed that there is no defects in
the joints.

Keywords CMT welding · AA 6061 alloy · Tensile strength

1 Introduction

Joining of non-ferrous metals by the fusion welding process is a challenging process
due to its low melting temperature and the formation of solidification defects. The
high heat generation is the phenomena to generate defects in the welded joints.
Normally, the existing fusion welding such as TIG, MIG, and laser beam welding
process will generate continuous heat during the welding and it causes the pores,
cracks, and warm holes during solidification. This will lead to reduce the joints
efficiency and strength. AA 6061 grade aluminum alloy finds broad use in welded
structural members such as truck and marine frames, railroad cars, and pipelines [1,
2]. Mayur [3] investigated the mechanical properties of aluminum alloy AA-5083 by
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tungsten inert gas welding using the filler wire AA 5356 grade and showed improved
tensile strength with optimum hardness. Hussain [4] studied about TIG welded AA
6351 grade aluminum alloy and found that the effect of welding speed has more
influence on the tensile strength of the joint. Also, the results showed that the depth
of penetration decreases with increasing bevel height. Finally, at the welding speed of
0.6 cm/s, the maximum tensile strength was found but, the strength of joint is weaker
than the basemetal and the heat affected zone, strength increasedwith decreasing heat
input rate. Sivashanmugam [5] has studied GTAW- and GMAW-welded AA-7075
grade aluminum alloy to enhance the mechanical and metallurgical properties and
achieved the more impact strength of 6 J for GTAW and 4 J for GMAW, respectively.
Lakshman [6] has studied the TIG welded AA-5083 grade aluminum alloy to under-
stand the effect of welding parameters on tensile strength. Susil [7] has compared
TIG- and FSW-welded AA-6106-T6 grade aluminum alloy to study the mechanical
properties. Ghazvinloo et al. [8] analyzed the effect of arc welding current, voltage,
and welding speed on mechanical properties of the joint of AA 6061 aluminum alloy
and the results revealed that increase in heat input decreases the fatigue life whereas
impact energy initially increased and then decreased. Several researchers compared
TIG-welded joints with FSW-welded joints for aluminum alloys to choose the right
process and it was found that FSW process is effective than TIG-welded joints for
most of the aluminum alloys [9–12]. From the above literature survey, it is observed
that a study of fusion welding process to increase the joints efficiency on aluminum
alloy is scarce. Hence, an attempt was made in the work to find the effect of the
welding speed on the tensile strength of the weld pool by CMT welding process
to improve the mechanical and metallurgical properties. The macrostructures and
microstructures were examined and the results are presented.

2 Experimental Work

High strength aluminium alloy AA 6061-T6 of size 150 mm × 70 mm × 3 mm
sheets were cut into required size and the butt joints were fabricated with help of
CMT welding process by different welding speeds. The specimen surfaces of the
sheets were cleaned from the dirt, grease, and the other foreign material by using
the dirt removers, cleaning agents. The edges of the plates were prepared by the
grinding process to make them smooth before the fabrication of joints. The process
is performed using the ER 4043 filler wire of diameter 1.2 mm and using 99.9%
argon as shielding gas. The selected input variables for CMT welding process such
as wire feed rate, welding current, voltage, and inert gas flow rate were kept constant
with the help of trials test. The photograph of the fabricated CMT-welded joints are
shown in Fig. 1b. ASTM—E8 standard were followed for conducting the tensile
test [12]. Tensile test was carried out in 100 KN, electro-mechanical controlled
universal testingmachine (Make: FIE-BLUESTAR, India;Model:UNITEK-94100).
The microstructure examinations were carried out in the cross sections of the welded
joints. The specimen for examinations was initially cut by EDM, and progressively
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(a). CMT Welding Process (b). Fabricated joint

(c). Tensile Testing Machine (d). Tensile Specimen

Fig. 1 Experimental work

grind using different grades of emery paper, then polished using diamond paste, and
finally etched with modified keller reagent. Figure 1 shows the experimental work of
CMT welding process and Table 1 shows the CMT welding process parameter used
to fabricate the joints.

Table 1 CMT welding process parameter to fabricate the joints

Trial test Welding
speed
(m/min)

Current/voltage/wire
feed

Gas flow rate Arc length
correction

Pulse dynamic
correction

Trial 1 0.25 (I)100 Amps
(V)14 V
(WF) 6.2 m/min

15L/Min 1.4 1.0

Trial 2 0.30

Trial 3 0.35

Trial 4 0.40

Trial 5 0.45
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3 Results and Discussion

3.1 Tensile Test

The aluminum alloy AA 6061 grade joints were fabricated using advanced CMT
welding process by varying its speed at the interval of 0.25–0.45 m/min and other
predominating process parameters are kept constant with the help of trial exami-
nation. Totally, five joints are fabricated to understand the effect of welding speed
on tensile strength of the joints. As per ASTM—E8 standard, the specimens are
prepared and tensile tests are carried out on fabricated joints.

The result showed that the tensile strength reaches a maximum value of 241 MPa
and then decreases to 180MPa for thewelding speed ranges from 0.25 to 0.45m/min.
From the result, it is understood that the reduction in tensile strength is caused by
insufficient metal penetration at high welding speed. The optimum range in welding
speed improves the metal penetration during the advanced CMT welding process,
thereby improves tensile properties without metallurgical defects. The lower and
higher welding speeds lead to poor bonding due to low heat generation and high
heat generation, respectively. The optimum heat generation creates a quality weld.
The result also shows that a moderate level of welding speed was necessary for
better strength of joints. A lower level of welding speed cannot be recommended to
produce better response. The maximum ultimate strength of the joint was fabricated
by advanced CMT welding 241 MPa and the joint efficiency is obtained as 70%
which is better than other fusion welding. The Fig. 2 shows the tensile strength of
joints for various heat input and a sample of load versus displacement curve. It is
observed that the advanced CMTwelding process can produce a better joint than any
other welding process with AA 6061 grade aluminum alloys without solidification
defects.

0
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1 2 3 4 5

0.25
(m/min)
0.30
(m/min)
0.35
(m/min)
0.40
(m/min)
0.45
(m/min)Trials 

Fig. 2 Tensile strength of joints and load versus displacement curve
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3.2 Macrostructures and Microstructures

The optical macrograph and microstructure of the advanced CMT-welded AA 6061
grade aluminium alloy joints obtained with an optimal setting of parameters is
shown in Fig. 3, respectively. Defects such as voids, cracks, and unbonded zones
are not observed in and around the weld area for weld fabricated by welding speed
of 0.40 m/min. Compared to the parent metal, grain growth was visualized at the
weld area (fusion zone) and the grain growth is due to the elevated temperature
during CMT welding. Dendritic structure appeared at fusion zone was due to the
faster heating and cooling of the weld metal. Figure 3b shows a clear visualization of
dendritic spacing at weld site. At heat hazard region (HAZ), the dendritic structure
gets reduced and relatively coarse grain structure was observed at HAZ (Fig. 3c).
The results observed from the microstructure defines that the structure consists of
interdendritic network of aluminum silicon eutectic in the matrix of aluminum solid
solution.

(a) Macrostructure of the joint (b) Weld Zone

(c) Heat Affected Zone (d) Unaffected Base Metal 

Fig. 3 Macrostructure and microstructure analyses of CMT-welded joints
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4 Conclusions

The present work made a study on the effect of welding speed on tensile strength of
the joints obtained by the CMT welding processes with AA 6061 grade aluminum
alloy and the following conclusions can be drawn:

• The joint fabricated by the CMT welding process was found to possess better
metallographic and tensile strength.

• The joint fabricated by a welding current of 100 A, inert gas flow rate of 15 lpm,
welding speed of 0.40m/min, and an arc voltage of 14V exhibited superior tensile
properties compared to other joints.

• The microstructure of the weld samples was observed that the structure consists
of interdendritic network of aluminum silicon eutectic in the matrix of aluminum
solid solution.

• Defects such as voids, cracks, and unbonded zones are not observed in and around
the weld area for weld fabricated by welding speed of 0.40 m/min
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Heat Transfer Analysis on Advanced
CMTWelded Low Carbon Steel Joints

S. T. Selvamani, S. Velmurugan, and K. Palanikumar

Abstract The zinc-coated low carbon steels are widely used in the automotive
sectors due to its strength and low cost. Welding of zinc-coated steel is commonly
delaying the solidification process due to growth of the zinc vapor bubbles and
high vapor pressure in the weld pool during the welding. To overcome the above
problem, the advanced CMT welding process can be used successfully to join the
zinc-coated steels without defects because of its controlled heat input. Therefore, in
this research work the zinc-coated steel butt joints are fabricated by altering the CMT
welding process parameters and the temperature distribution is measured using the
K-type infrared thermometer during the process. Finally, with the help of ANSYS
Workbench the simulation is carried out to predict the temperature distribution and
comparedwith the experimentalwork to understand the thermal history.As the results
show that the predicted maximum temperature is 2200 °C and the experimentally
measured maximum temperature is 1850 °C, respectively.

Keywords Zinc-coated steel · Heat transfer · Simulation

1 Introduction

The applications of steel sheets in daily life are constantly expanding. The galva-
nized steel sheets have strong growth in fields where corrosion resistance and cost
reduction by process omission are important. It offers superior economy in construc-
tion, automotive applications, electric appliances and electronic equipment. Also,
the treated zinc-iron alloys are used for its outstanding corrosion resistance, excel-
lent surface, and weldability. The advanced CMT welding is an emerging fusion
welding process which is suitable to weld ferrous and nonferrous materials. Paulo
Roberto discussed that the thickness increases, the bead width and the penetrated
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depth decrease, because of the increase in the heat dissipation. This phenomenon is
also influenced by the behavior of the heat flow (2D or 3D), depending on thewelding
conditions [1]. Ahsan resulted that the maximum temperature of CMT-GMAW was
measured within 1650° to 2700 °C with different heat input conditions [2]. Amin
developed heat source model for better understanding of the weld pool behavior and
design in CMT welding [3]. Zhang resulted that in the unsolidified weld pool, the
solidification rate of the mushy zone increases with the time as a result of drop in
latent heat and temperature gradient [4]. Dutta explained that for joining of high
carbon steel by GTA welding resulted that the experimental temperature cycle is
extreme near to the HAZ. But, owing to rapid heat loss through the movement of gas
tungsten arc welding torch the attained temperature in other locations is less for the
same time interval [5]. Attarha has reached the temperature about 550 ˚C in the point
at 3 mm distance from the fusion line and found that the temperature was reduced in
a nonlinear trend because of the variation of the material’s thermal properties and the
local heating of the welding torch temperature [6]. From the above literature survey,
it can be understood that the heat transfer analysis for advanced CMT welding is
very scanty. Therefore, in this research work a Gaussian heat source has been devel-
oped in the finite element analysis (FEA) to predict the temperature distribution for
CMT butt welded of zinc-coated low carbon steel using ANSYS tool. To model the
three-dimensional heat transfer process, the Solid 90 elements and a moving coor-
dinate have been introduced. As a result, the temperature distributions of the weld at
a various process parameter was obtained and compared with experimental values.

2 Experimental Work

The zinc-coated low carbon steel (150× 75× 3) in mmwas taken as a parent metal,
and the chemical compositions are shown in Table 1. The ER 70 S-6 filler wire
with 1.2 mm in diameter was used to fabricate the butt joints. The advanced CMT
weldingmachine 400TPSi which is used to fabricate the joint is shown in Fig. 1b. The
process parameters were used to perform the experiment which is given in Table 2.
By altering the process parameters, the induced temperature were measured with the
help of the K-type high-temperature infrared thermometer at various distances from
the weld and shown in Fig. 1c. The fabricated joints were machined by electrical
discharge machining (EDM) to prepare the specimens for various destructive and
nondestructive testing. A finite element model were designed and simulated with

Table 1 Chemical composition of parent metal

Grade/element C Mn P S Si Cu

AISI 1005 0.048 0.341 0.006 0.007 0.022 Nil

ER 70 S—6 0.08 1.53 0.009 0.01 0.88 0.18
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(a). Schematic diagram of process (b). Fabricating the Joints

(c). Measuring the temperature (d). Fabricated joints

Fig. 1 Experimental work

Table 2 CMT parameters used for fabricating the joints

S. No. Current (A) Voltage (V) Wire feed
rate (m/min)

Gas flow
(L/Min)

Welding speed
(mm/s)

Heat input
(J/mm)

1 210 15.9 6.9 15 6 445

2 235 16.4 7.8 15 6 513

3 265 17.1 8.1 15 6 604

the ANSYS Workbench using Solid 90 elements. The Fig. 1 shows the details of
experimental work.

3 Results and Discussion

In the present study, the heat distribution induced in zinc-coated sheet 3 mm in thick-
ness during CMT welding process is experimentally measured and further validated
using FEA. The volumetric and Gaussian heat source models are simulated in tran-
sient heat transfer analysis which is performed with three different heat inputs. From
Fig. 4, the temperature distributions are found in transient condition for various heat
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input showed that, the temperature values are varied with heat concentration, but
the radius of weld pool remains constant. The joints fabricated with different heat
inputs by varying the process parameters, itsmicrohardness are examined carefully to
realize the effect of heat input. The obtained microhardness of the weld zone is 80%
higher than that of base metal hardness at a maximum heat input of 604 J/mm, 45%
higher in minimum heat input of 445 J/mm, and 70% higher in optimum heat input
of 513 J/mm. Figure 2 shows the microhardness for optimum heat input joint. On the
other hand, the joint fabricated by maximum and minimum heat inputs are showed
pores, blowholes, cracks, and voids. But, the defects are free in the joint fabricated
by optimum heat input. Comparatively, it showed better result than other joints and
its micro- and macrostructures are shown in Fig. 3 for the evidence. Figure 4 shows
the 3D temperature distribution contours for optimum heat input at various time.
The experimentally measured maximum distribution of temperature is 1850 °C, and
the corresponding simulated temperature is 2200 °C. The results predicted using
ANSYS Workbench is in good agreement with measured values as shown in Fig. 5.

Fig. 2 The microhardness of optimum heat input joint



Heat Transfer Analysis on Advanced CMT … 687

(a). Macrostructure of Weld zone (b). Microstructure of Heat affected zone

(c). Microstructure of Weld zone (d). Microstructure of Base metal

Fig. 3 Microstructure and macrostructure of fabricated joint at optimum heat input

4 Conclusions

The joints are successfully fabricated with different heat input, and its temperature
distributions are measured.

• The results predicted using ANSYS Workbench is in good agreement with
measured values

• The joint fabricated by optimum heat input showed 70% higher in weld zone and
66% higher hardness in heat affected zone than that of the base metal

• The joint fabricated by maximum and minimum heat input showed pores, blow
holes, cracks, and voids. But, the defects are free in the joint fabricated by optimum
heat input



688 S. T. Selvamani et al.

(a). Mesh (b). Heat flux

(c). Temperature distribution at 5s (d). Temperature distribution at 10s

(e). Temperature distribution at 20s (f). Temperature distribution at 25s

Fig. 4 Temperature distribution contours
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(a) Comparison of Experimental and Simulation (b) Heat Transfer at various Heat input

Fig. 5 Graph of temperature distribution
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