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Industry 4.0 and Sustainable
Manufacturing: A Bibliometric Based
Review

Anbesh Jamwal , Rajeev Agrawal , Monica Sharma,
Vijaya Kumar Manupati, and Akshay Patidar

1 Introduction

These days both the technologies Industry 4.0 and sustainable manufacturing (SM)
are reshaping the new industrial waves in the world [1, 2]. At present, both Industry
4.0 and sustainability are considered as major emerging trends in the production
systems of industries [3, 4]. Now researchers are integrating Industry 4.0 with the
sustainability concepts to revolutionize the new industrial wave [5]. Higher level
of digitalization in the global industries has transformed the industrial production
system in the last few years [6]. This transformation has changed the production from
traditional to intelligent and decentralized production system which can be termed
as the fourth industrial revolution or Industry 4.0. Industry 4.0 is the digital transfor-
mation of the production or manufacturing firms and value creation processes [3].
Both sustainability and Industry 4.0 are considered as the major research areas in
the current production system. Industry 4.0 will help to unlock the sustainability in
industries by its advanced technology and moving towards social sustainability [7].
Guidelines for Industry 4.0 are driven by different government programs such as in
Germany it is driven by Industry 4.0, in the United States it is driven by “Advanced
manufacturing partnership”, in the United Kingdom it is driven by “Future of manu-
facturing”, in France it is driven by “La Nouvelle France Industrielle”, in Sweden
it is driven by “Smart Industry”, in Japan “Super smart society” and in Europe

A. Jamwal (B) · R. Agrawal · M. Sharma
Department of Mechanical Engineering, Malaviya National Institute of Technology, J.L.N. Marg,
Jaipur, Rajasthan 302017, India

M. Sharma · A. Patidar
Department of Management Studies, Malaviya National Institute of Technology, J.L.N. Marg,
Jaipur, Rajasthan 302017, India

V. K. Manupati
Department of Mechanical Engineering, NIT Warangal, Warangal, Telangana, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
R. Agrawal et al. (eds.), Recent Advances in Smart Manufacturing and Materials,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-16-3033-0_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3033-0_1&domain=pdf
http://orcid.org/0000-0003-4025-7145
http://orcid.org/0000-0001-9158-8329
https://doi.org/10.1007/978-981-16-3033-0_1


2 A. Jamwal et al.

“Factories for future” [8]. At present manufacturing industries are focusing towards
higher investment returns and lesser environment impacts due to their manufac-
turing processes which requires an attractive workplace focused on collaboration
and learning [9]. In the past few years, authors have discussed the opportunities of
SM in Industry 4.0 but the no. of articles considered for study mapping are in limited
number. This study aims at the consideration of Scopus database for the study. All the
articles available from January 2000-May 2020 were considered for study mapping
with Industry 4.0 and SM as the search terms. This article is an effort to know the
opportunities of SM in Industry 4.0. In the present study following research questions
are raised which are:

RQ1: Which authors, countries, and Institutes are working in the area of SM in
Industry 4.0?
RQ2: Which countries or authors are working together in the area of SM in
Industry 4.0?
RQ3: What is the current research status and future opportunity of work?

The paper divided into four sections. Section 1 of paper discuss about the Intro-
duction and various research questions of the study. Section 2 discuss about the SM,
Industry 4.0, and relation between them. Section 3 of the paper discuss about the
bibliometric analysis of SM in Industry 4.0. Section discuss about the conclusion
and implications of the study.

1.1 Sustainable Manufacturing and Industry 4.0

SM focus on the minimizing or elimination of negative impact of manufacturing
processes by adoption of eco-efficient practices which includes waste minimization
and new technologies [10]. Over the years researchers have proposed many defini-
tions in the area of SM which is as: [11] defines SM as the manufacturing which
minimizes the negative impact of manufacturing on environment and increase the
resource efficiency.

The need for fast adaption of new technologies and never-ending customer
demands are also responsible for the growth of industries. Now the industries are
more competitive and these customer requirements can be completed by adopting
new technologies over the existing production systems. Industry 4.0 is a promising
choice which is the integration of manufacturing and business processes as well
as integration of customers and suppliers. Technical aspects of Industry 4.0 can be
addressed by the application of IoT and Cyber physical systems. Industry 4.0 is
the connection of CPS blocks [12]. The broader aspect of Industrial Internet can be
seen in Industry 4.0 which covers different industry sectors such as mining, health-
care, power generation, and manufacturing sector [13]. The different pillars for the
Industry 4.0 are: Autonomous robots, Cyber security, Horizontal and vertical systems
integrations, simulations, Industrial IoT, additive manufacturing, cloud computing,
Big data analytics, and augmented reality.
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Table 1 Studies on SM in Industry 4.0

Title or paper and author Objectives of study Outcomes of study

[7] State of art review in Industry 4.0
Opportunities for SM in Industry
4.0 are identified

Both macro perspective and
macro perspective of Industry 4.0
is discussed
Retrofitting of machine tool as a
opportunity for SM in Industry
4.0 is discussed

[3] Synergy between the SM and
Industry 4.0 is discussed

Integrated framework for Industry
4.0 and SM is proposed
Industry 4.0 technologies will
unlock the GM in the industries

[8] Systematic literature review with
35 papers from 2008 to 2018

Top research areas and authors
were found out working in the
area of SM in Industry 4.0.
Drivers for SM in Industry 4.0 are
discussed

At present digitalization and sustainability concepts in industries are increasing
global competitiveness [14, 15]. Both the Industry 4.0 and SM approaches present
practices convergence e.g. remanufacturing, life cycle, recycling, reverse logistics for
the circular economy, resource efficiency, lean and green philosophies, elimination of
toxic parts in the product and production processes, and sustainable designs which
minimize the health risks for workers [16]. Sustainability in Industry 4.0 results
in improving efficiency, waste reduction; reduce energy consumption, optimization
of processes, minimizing overproduction, job opportunities, predictive maintenance,
and employment generation for disabledworkers. The various studieswhich integrate
the SM with Industry 4.0 have been discussed in Table 1:

2 Methodology

Bibliometric analysis helps to evaluate the published books, articles, conference
papers, or chapters statistically [17]. It is an effective way to measure the influence
of a scientific document in the scientific community [18]. Over the years researchers
have used various databases such as Google scholar, Web of science, and Scopus for
bibliometric analysis [19]. In which Scopus and Web of Science are more popular in
terms of quality. In the present study, authors have used the Scopus database. In the
study search terms “Industry 4.0” OR “4th Industrial revolution” OR “fourth indus-
trial revolution”AND“SustainableManufacturing” areused for “Articles, Keywords,
and Titles”. In the search terms, 612 documents were found.
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Table 2 Document wise
analysis

S. No. Description Results

1 No. of documents 317

2 Total sources 64

3 Author keywords 1024

4 Time period 2000–2020

3 Results

3.1 Document Wise Analysis

Table 2 shows the document wise analysis of the SM in Industry 4.0. There are total
of 317 documents were found after the analysis. The conference papers are more in
the Scopus database with 137 publications.

3.2 Publication Trend

Figure 1 shows the publication trend of SM in Industry 4.0. The number of articles
in this area was less which increases in 2016 and 2017. In 2018 articles were two
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Table 3 Top cited Articles
with their source

S. No. Article Citations

1 Stock and Seliger (2016) [7] 397

2 Kagermann (2015) [20] 192

3 Kamble et al. (2018) [21] 93

4 Jabbour et al. (2018) [3] 90

5 Machado et al. (2020) [8] 86

times as compared to 2015-2017. In 2020, till May, 2020 the number of articles are
more than articles till 2017.

3.3 Most Cited Articles

Table 3 shows the most cited articles in the area of SM and Industry 4.0. It is found
that Stock and Seliger (2016) [7] is most cited article with 397 citations.

3.4 Most Productive Authors and Journals

Table 4 shows the productive authors with their total numbers of publications, in
particular, area. It is found that Romero, D. is the most productive author with 6
documents. In the top 5 most productive areas most of the authors have different
research areas but few authors such as Silva, E. J. and Cho, S. has very specific
research area and contributing the productive research work in the area of SM in
Industry 4.0.

Top 5 Sources is shown in the Table 4 with the total publications. In analysis, it is
found that Procedia manufacturing having most of the documents with 22 articles. In
some bibliometric studies, authors have excluded the conference papers to maintain
the quality of study. But it can be seen that in this analysis conference proceedings
shouldn’t be excluded while mapping the studies. As in this study, both top sources
and top-cited articles are from the conference proceedings. Reputed publishers

Table 4 Top productive authors

S.No. Author Name TP Journal/ Source Name TP

1 Romero, D 6 Procedia Manufacturing 22

2 Wuest, T 5 Procedia CIRP 16

3 Kiritsis, D 4 IFIP Advances In Information And Communication Technology 13

4 May, G 4 Sustainability Switzerland 12

5 Stahre, J 4 IFAC Papersonline 10
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Table 5 Top productive countries

Country name TP Category Institute name TP Country

Germany 43 Developed Tecnologico de Monterrey 10 Mexico

Italy 40 Developed University of Zilina 8 Slovak Republic

United Kingdom 38 Developed The Institute of
Technology and Business
in Ceske Budejovice

6 Czech Republic

United States 34 Developed Chalmers University of
Technology

6 Sweden

India 23 Developing Università degli Studi di
Modena e Reggio Emilia

6 Italy

havingSustainability, International Journal of Production research, Journal of cleaner
production and Journal of manufacturing systems still having less documents on SM
in Industry 4.0 area which is expected to be increased in upcoming years.

3.5 Top Countries and Institutes Working on Industry 4.0
and SM

Top 5 countries working on SM in Industry 4.0 is shown in the Table 5. It is found that
Germanyhavingmost of 43 documentswhich is followedby Italywith 40 documents,
UnitedKingdomwith 38 documents, United Stateswith 34 documents and Indiawith
23 documents. It is also found that in top 5 countries only one developing country
India is working on the SM in Industry 4.0 all other countries are developed nations.

Top 15 institutes working on SM in Industry 4.0 is shown in the Table 5 with total
publication by institute and country. It is found that Tecnologico deMonterrey having
most of publications in the research area which is in Mexico country. University of
Zilina having 8 publication in the developed nations. It is observed that mostly the
institutes working on SM and industry 4.0 are in developed nations which provides
them a better platform for industry academia collaboration. United States institutes
are more focused on this research area as compared to other countries.

3.6 Top Keywords

Top keywords used in the documents of sustainablemanufacturing in Industry 4.0 are
shown in the Table 6 with their occurrence. It is found that Industry 4.0 is mostly used
keyword in the documents with 203 occurrences followed by “sustainable develop-
ment” with 99 occurrences, “Manufacture” with 65 occurrences, “Sustainable manu-
facturing” with 55 occurrences, and “Sustainability” with 51 occurrences. However,
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Table 6 Top keywords with
total occurrence

S. No. Keyword name Total cccurrence

1 Industry 4.0 203

2 Sustainable development 99

3 Manufacture 65

4 Sustainable manufacturing 55

5 Sustainability 51

6 Internet of things 41

7 Embedded systems 39

8 Industrial research 38

9 Decision making 28

10 Smart manufacturing 27

11 Manufacturing 25

12 Cyber physical system 24

13 Industrial revolutions 23

14 Big data 22

15 Life cycle 22

other popular keywords in Industry 4.0 and sustainablemanufacturing such as “Cyber
physical systems”, “IndustrialRevolution” and “Bigdata” still having less occurrence
in the documents.

3.7 Co Authorship Between the Authors

Figure 2 shows the co-authorship network between the authors working in the SM in
Industry 4.0. For the analysis different parameters are set such as maximum authors
per document is considered as 25, minimum no. of documents by author is set to 2,
andminimumno. of citations is set to 5. These all parameters are set in theVOSviewer
software. The results indicate that three clusters of co-authorship between the authors
are found. In cluster-I, there are 6 authors which is represented by red color. In
Cluster-II, three authors are working together which is represented by green color.
In Cluster-III, two authors are working in collaboration which is represented by blue
color.
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Fig. 2 Co-authorship between authors

Fig. 3 Keyword network analysis
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3.8 Keyword Occurrence Network

Figure 3 shows the keyword occurrence network in the SM in Industry 4.0 research
area. For the analysis different parameters are set such as minimum keyword occur-
rence is set to 5. Total of 5 clusters with 109 items is found. In Cluster-I (23),
Cluster-II (23), Cluster-III (22), Cluster-IV (21), and Cluster-V (20) items are found.
In which Industry 4.0, sustainable development, Internet of things, sustainability and
manufacturing are the keywords with maximum node strength.

As discussed above, this study mapping will help the researchers to work on the
sustainability issues in Industry 4.0. Now the researchers are more focused towards
the sustainability in Industry 4.0. Based on the study mapping following research
questions for future research directions have been proposed:

RQ1:Howcan aCPSor IoT-based frameworkwill help to enable the sustainability
in SMEs?
RQ2:What are different common barriers in the adoption of sustainable practices
in Industry 4.0?
RQ3: What are the different common enablers in the adoption of sustainable
practices in Industry 4.0?
RQ4: How the Industry 4.0 will impact the society by job creation and
employment?
RQ5: What will be effect of man-machine collaboration on the economic aspects
of sustainability?

These are some future research questions which need to address in the future
studies.

4 Conclusion and Future Implications

This study helps to contribute various research scopes in SM in Industry 4.0. SM in
Industry 4.0 is an emerging research area for most of the authors. It is found that
research articles in this area are increasing rapidly. In 2020, no. of articles is more
than the no. of articles published till 2017. This shows that researchers are now more
focused towards the sustainability in Industry 4.0. Total of 317 documentswere found
out in the analysis in which conference proceedings papers are more. It is suggested
that in future studies conference papers shouldn’t be excluded from the bibliometric
analysis. Procedia CIRP and Procedia manufacturing having most of publications
while other reputed journals have fewer publications which is expected to increase
in upcoming years. In top 5 most productive authors, the authors are from various
research areas having a strong research background. While some of the authors have
started their research career in this area and doing productive research work. Most of
research work is in the developed nations. India is the only developing nation in the
top 5 countries working on the SM in Industry 4.0. Developing nations are working
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collaboratively with the developed nations to promote and explore the research are
of sustainability in Industry 4.0. The research questions raised in the present study
will help the researchers to decide their future research directions.
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Joining of Similar and Dissimilar Metals
Through Microwave Hybrid Heating &
Its Characterization: A Review

B. G. Koujalagi , Amith Gadagi , C. V. Adake , and Ramesh Katti

1 Introduction

Microwave joining/processing is a nonconventional joining process in which a elec-
tromagnetic radiation of wavelength in the range of 1 m to 1 mm & frequency range
of 300 MHz to 300 GHz are used to heat the metals & alloys. The frequency for
microwave hybrid heating is reserved by federal communication commission (FCC)
for metal & alloy joining and commonly used frequency for industrial purpose is
2.45 GHz. The microwave energy can be utilized in variety of applications such as
brazing of low melting point metals, metal coating on bulk metal, joining of similar
& dissimilar bulk metal, microwave drilling of metal sheet & microwave casting
of bulk metals. The joining of bulk metals is challenging as the metals does not
absorb the electromagnetic radiation which when incident on the surface of metals
gets reflected. The microwave joining of bulk metals is obtained with new hybrid
technique using a susceptor powder called “microwave hybrid heating (MHH)”.
The susceptor powder either charcoal or silicon carbide is used for heating metal
powders which is used as interface layer between base metals. Conventional & non-
conventional welding techniques are used to join different similar and dissimilar
metals. Microwave hybrid heating is an emerging non-conventional welding tech-
nique and has many advantages such as fewer defects, volumetric heating, better
tensile strength, greater hardness at the joint, and smaller heat affected zone(HAZ)
compared to conventional welding techniques [1]. Laser welding, TIG, and FSW are
some conventional welding techniques are used to weld the super alloys which has its
own advantages and disadvantages as these processes leads to enormous amount of
heat inputwhich leads to change inmechanical and chemical properties and reduction
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Fig. 1 Schematic diagram of microwave joining of metals

in corrosion resistance. Researchers have made an effort to use microwave hybrid
heating to process the super alloys as it involves volumetric heating [2].

Experiment is carried out in a 1 KW multimode microwave applicator and metal
plates are exposed to microwave radiation at the frequency of 2.45 GHz. Before
joining, themetal plates are cleanedwith emery paper of different grades and acetone
to remove dirt from the surface ofmetal plates. Interface powdermaterial ofmicrosize
particles are used to fill the gap between two metal plates. When microwave electro-
magnetic radiation is incident on the surface of metal plates it reflects the microwave
electromagnetic radiation. The initial temperature of metal plates is increased by
using the susceptor powderwhich absorbsmicrowave radiation and has a high dielec-
tric loss. The susceptor powder converts the absorbed radiation into heat and transfers
it to a separator sheet. The separator sheet either graphite sheet or silicon carbide
sheet of 1 mm thickness is used between interface powder and susceptor powder
to avoid the mixing of both. It absorbs the heat released by susceptor powder and
transfers it to an interface material, which melts to form the joint. The metal plates
with interface layer are placed inside the cavity made in alumina brick. Figure 1
shows the schematic view of microwave hybrid heating.

2 Materials and Method

Joining of similar and dissimilar metals through Microwave hybrid heating (MHH)
and the joint characterization is explained in this section.

Joining of Stainless Steel-316 in bulk form has been carried out by M S Srinath
et al. and joined the SS-316 plates of dimensions 25mm× 12mm× 6mmprepared in
form of square butt. The interface powdermaterial, Ni-based powder, with an average
particle size of 40 µmwas used in the gap of a butt joint. The epoxy resin was mixed
with nickel-based powder to hold the powder particles together during the joining
of plates. At high temperature, the epoxy resin gets evaporated without affecting the
strength of the joint. An experiment was carried out under atmospheric conditions
in 1KWmicrowave system. The Stainless Steel-316 bulk metal plates were exposed
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to electromagnetic radiations for upto 390 s at 2.45 GHz & at power level of 900 W.
Characterization of the joint was carried out to examine tensile strength, hardness,
porosity, XRD & SEM [3]. M S Srinath et al. also developed the joint between the
SS-316 & MS and investigated the microstructural & mechanical properties of joint
obtained throughMHH. Experiments were carried out on Stainless Steel-316&Mild
Steel having the dimensions 25 mm × 12 mm × 6 mm using the 1KW multimode
microwave system and metals were exposed to 450 s at a frequency of 2.45 GHz and
power level of 900 W with charcoal powder as susceptor and Ni-based powder with
average particle size of 40 µm as interface powder material. The joint exhibits the
tensile strength of 346.6 Mpa with 13.5% of elongation. and Vickers microhardness
of 133 Hv with measured porosity of the dissimilar joint of approximately 0.58%
[4]. Ravindra badiger et al. achieved the joining of super alloys like inconel-625
through MHH. Joined the Inconel-625 alloy plates of dimensions 12 mm× 102 mm
× 6 mmwith the epoxy resin mixed with Ni-based powder as an interfacing powder.
The experiment was carried out in multimode microwave oven at 900W power level
and a frequency of 2.45 GHz. Characterization of the obtained joint was carried out
through XRD, Vickers microhardness, SEM&UTM. Reported that the formation of
carbides of, molybdenum, nickel, and chromium is observed in microstructure and
also the presence of titanium molybdenum oxide and nickel oxide were identified.
Due to presence of carbides like chromium at the weld zone increased the hardness
in the joint region. The tensile strength obtained was 35% of the base metals [2].
Shivinder singh et al. reported the joining of aluminum 6061 plate through MHH
using epoxy resin and aluminum powder as a interface layer. Joining of aluminum
6061 alloy was carried out using the microwave multimode applicator with 10 min
of exposure time at 2.45 GHz and power level of 900 W. Silicon carbide was used
as a susceptor material at both top and bottom of plates to facilitate the microwave
joining. The SEM images show good metallurgical bonding of aluminum powder
with basemetal. From the joint characterization itwas reported as jointmicrohardness
at the interface and on the substrate was measured 50.3 ± 10 Hv and 45.2 ± 10 Hv
resp. and maximum value was measured at joint about 72.4 ± 10 Hv [5]. Ravindra
I Badiger et al. studied the mechanical properties & microstructure of inconel-625
joint processed through MHH. Using the Ni-based powder as interface layer with
coal powder as susceptor material. Metallurgical and mechanical characterization
reveals that the good metallurgical bonding of interfacing powder particles with base
metal and X-Ray Diffraction study shows the formation of carbides like chromium
at the interface between base metal and fusion zone and also formation of Niobium
carbide at the grain boundaries in the fusion zone. Microhardness test results shows
that the maximum hardness is noted at the weld zone is 375 Hv, and porosity at
the weld zone is 0.7%. The joint obtained through microwave hybrid heating was
subjected to UTS and 3-point bend test where average UTS of the joint found to be
375Mpa with elongation of 9.2% and maximum flexural strength is calculated as
375 Mpa. Fractography study reveals that there was a mixed mode type of fracture
[6]. Ravindra I Badiger et al. also joined the inconel-625 through the MHH with
two power levels 600 and 900 W using Ni-based powder EWAC as the interfacing
powder material. The joint produced with 600W power yielded a fine grain structure
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compared to joint produced with 900 W power level and also the joint produced
with 600 W power level showed 8–10% higher tensile strength and flexural strength
resp [7]. Lucky Bagha et al. studied the comparative analysis of Stainless Steel 304-
Stainless Steel 304 plates joined through MHH using different interfacing materials.
99.9% pure nickel-based powder and nickel-based EWAC powder were used to join
the SS304 plates and characterization of joint was done through SEM, Rockwell
hardness test, and XRD. The characterization study showed that Ni-based EWAC
powder exhibited better weldability than 99.9% pure Ni-based powder [8].

Lucky Bagha et al. Joined the SS304-SS304 plates using the nickel-based as inter-
face powder of 50 µm, 40 µm, 30 µm & 20 µm size through MHH and carried out
the characterization through SEM, EDS, Microhardness and Micro Tensile test. The
nickel-based powder is mixed with blumer 1400XX in the ratio of 75:25. It was
observed that the ratio of nickel-blumer of 75:25 produces a good joint. The experi-
ment results show that smaller size of nickel-based powder increases hardness of joint
and HAZ [9]. Pawansoni et al. Joined the SS316-SS316 plates through Microwave
hybrid heating using the nickel nanopowder as interfacing material. Experiment was
carried out with 800 W power level at 2.45 GHz frequency and whole assembly was
exposed tomicrowave radiation for 5min. The characterization study showed that the
joint was free from microcracks due to volumetric heating. The joint produced using
nanosize particles as interface powder produces better tensile strength and hardness
than joints produced withmicrosize particles as interface powder [10]. Rahul Samyal
et al. conducted the experiments using different grades of stainless steel to predict
the exposure time for microwave-based joining. 16 experiments were carried out for
Stainless Steel-304, Stainless Steel-202, and Stainless Steel-316 at different dimen-
sionswith different thickness of separator sheet, exposure time and alsowith different
dimensions of upper and lower brick with varying percentage content of alumina.
For all the experiments, a 99.9% pure nickel-based powder with blumer 14500XX
having a ratio of 75:25 was used as interface layer. From the experimental results
it was reported that a sample size 10 mm × 10 mm × 5 mm for SS202-SS202 the
exposure time to obtain a strong joint is 270 s and for SS304-SS304, SS316-SS316
with same sample size the exposure time to obtain a strong joint is 370 s and 330 s
[11]. Amit Bansal et al. used microwave energy to join the mild steel plates. They
carried out the experiment using microwave oven at a frequency of 2.45 GHz and
power level of 900 W. The plates were joined using Ni-based powder as an inter-
facing layer, with a 0.3 mm gap between interfacing surfaces. It was reported through
SEM images that, there was a complete melting of interfacing powder particles and
metallurgical bonding with interfacing powder material and Mild Steel plates. The
average microhardness measured was 420 ± 30 Hv, which is 1.82% of base metal.
The joined specimen was subjected to a standard tensile test using UTM, which
exhibited a tensile strength of 250Mpa with percentage elongation of 6% [12]. Amit
Bansal et al. also carried a metallurgical and mechanical characterization of MS–
MS joined with different dimensions specimens through MHH and experimental
study revealed that the joint exhibited a tensile strength of 50% of base material and
microhardness of the joint is more at the joint than base material due to formation
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of various carbides like chromium carbide. The SEM images revealed that there was
good metallurgical bonding between the interfacing powder and base material [13].

Shashiprakash dwivedi et al. Reported the parameters affecting the tensile strength
of 1018 MS plates joined through microwave hybrid heating. The two plates were
used to join with different rated output power, exposure time, and temperature. Based
on experiment results the tensile strength of a 1018 MS joint decreased as the rate
output power increased while it increased with increasing exposure time and temper-
ature from lower to upper limit[14]. S Tamang et al. joined Al 6061-T6 and A231B
by MHH using the active braze alloy of silver, copper, and titanium paste as the
interfacing layer between the Mg and Al alloy. The joint was investigated using
Scanning electron microscope, EDX, and X-Ray Diffraction. The EDX and XRD
images reveal the formation of oxides like MgAl2O4, Tio and Al60Mg38Ag2 inter-
metallic compound and reported that the formation of these oxides are the reason for
the low strength of the joint[15]. M S Srinath et al. joined the bulk copper through
MHHusing the copper powder particles of 2µmas the interfacematerial and from the
experimental results, it was revealed that better microhardness, porosity, and tensile
strength of bulk copper joint were reported processed through MHH compared to
TIG welded joints [16]. Satnam Singh et al. joined the cast iron using nickel-based
powder as interlayer, charcoal as the susceptor, power level of 900 W, and reported
that the SEM images reveal the formation of fine grain structure in the joint region.
The joint exhibited a tensile strength of 90% of base material. Table 1 shows the
process parameters for Microwave hybrid heating of different materials [17].

3 Characterization

The most important aspect after joining the metal plates through microwave hybrid
heating is characterization of joint to investigate the change in properties and
microstructure of material after joining. The characterization is done to determine
the strength of material after the joining [18]. The characterization carried out by
earlier researchers are SEM, EDS, XRD, Microhardness, charpy test, micro tensile
test, 3-point bend test, porosity, fractography, and fatigue life.

3.1 Scanning Electron Microscope

SEM is a type of electron microscope that produces images of a sample by scan-
ning the surface with a focused beam of electrons which reveals information about
morphology, chemical composition, and crystalline structure [19, 20]. 1 nm of reso-
lution can be achieved through SEM. Figure 2a and b shows the complete melting of
interface powder particles microstructure indicates good metallurgical bonding with
base metals [5].



18 B. G. Koujalagi et al.

Table 1 Process parameters for MHH of different materials

Sr. No Materials Interface
powder

Susceptor Power level
(W)

Exposure time
(S)

1 SS316 [3] Ni-based
powder

Charcoal
powder

900 390

2 SS316-MS [4] Ni-based
powder

Charcoal
powder

900 450

3 Inconel625 [2] Ni-based
powder

Charcoal
powder

900 1260

4 Aluminum6061 [5] Aluminum
powder

SiC powder 900 600

5 Inconel625 [6] Ni-based
powder

Coal
powder

900 1260

6 Inconel625 [7] Ni-based
powder

Coal
powder

600 and 900 –

7 SS304 [8] Ni-based
powder

Charcoal
powder

800 360,420 and 450

8 SS304 [9] Ni-based
powder

Charcoal
powder

800 570

9 SS316 [10] Ni-based
powder

Charcoal
powder

800 300

10 SS304 [11] Ni-based
powder

Charcoal
powder

900 370

11 SS202 [11] Ni-based
powder

Charcoal
powder

900 270

12 SS316 [11] Ni-based
powder

Charcoal
powder

900 330

13 MS [12] Ni-based
powder

Charcoal
powder

900 -

14 MS [13] Ni-based
powder

Charcoal
powder

900 600

15 MS1018 [14] Ni-based
powder

Charcoal
powder

800 1000

16 AL6061T6-AZ31B
[15]

TiCuSil
paste

Graphite
powder

700 525

17 Copper [16] Copper
powder

– 900 300

18 Cast iron [17] Ni Based
powder

Charcoal
powder

900 420
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Fig. 2 a SEM image of the joint b Joint zone at higher magnification[5]

Fig. 3 TypicalXRDspectra of aNi-based powder;bDissimilar joint developed throughmicrowave
hybrid heating [4]

3.2 XRD

X-Ray Diffraction is an experimental technique used for material characterization
and phase identification of a crystalline material [21]. In XRD, generally results
are reported as peak position at 2� Fig. 3a and b shows the presence of nickel-
chromium carbide at angle 2� = 18.2° and formation of chromium carbide at the
peak corresponding to 2� = 44.2° [4].

3.3 Microhardness

Microhardness test is carried out to determine the change in the hardness, when the
test samples are very small or thin at microscopic level [22]. Vickers hardness test
and Knop hardness test are commonly used test methods to determine hardness.
Figure 4 obtained through SEM shows the indentation marks at the different point
of joint area and Fig. 5 shows the hardness is decreased away from the joint area [2].
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Fig. 4 Typical SEM
microstructure showing the
indentation marks [2]

Fig. 5 Variation in microhardness profile from the center of the joint [2]

Fig. 6 ASTM E-8 standard tensile test specimen with dimensions in mm [2]

3.4 Micro Tensile Test

Micro tensile tests are carried out to determine the tensile strength of the joint through
MHH, since the joint formed by MHH are very small. The joined specimen are
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prepared as per the ASTM standards using the wire cut EDM. Figure 6 shows the
specimens prepared as per ASTM E-8 with dimensions.[2]

4 Conclusion

Similar and Dissimilar metals are joined through MHH using different interface
powder and susceptor. The following conclusions are drawn based on the review
study.

1. From the review study it is clear that hardness of the joint increases than the
base metal through microwave hybrid heating.
2. Most of similar and dissimilar metals are not processed through MHH using
nanoparticles as interfacing material.
3. The joint produced with nanosize powder interfacing material produces better
tensile strength & hardness than the joints produced with microsize powder
interfacing material.
4. Aluminum alloys were not being processed through MHH.
5. Fatigue life estimation of the joint formed throughMHH is not studied properly.
6. From the literature study, it is clear that only small size specimens are processed
through MHH.
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Evaluation of Cylindricity Deviation
from Coordinate Measurement Data
using a Volume Hunting Method

G. Rajamohan, G. Sai Krishna, and Shariqul Hoda

1 Introduction

Form tolerances, which control the shape deviations of the individual features, may
be measured using the form measuring instruments or the coordinate measuring
machine (CMM). The cylindricity form tolerance is considered in the present work.
Cylindricity tolerance specifies a tolerance zone enclosed by two coaxial cylinders
within which the specified surface must lie [1]. Several researchers have worked on
the cylindricity evaluation using form data and CMM data. The literature review is
limited to research works related to CMM data.

Roy and Xu exploited the properties of convex hulls and Voronoi diagrams to fit
reference features with minimum radial separation [2]. Lai and Chen transformed a
cylinder into plane using a nonlinear transformation and solved it by using a flatness
evaluation scheme [3]. Yau andMenq proposed a geometric evaluation algorithm that
inversely transforms the measured coordinates to best-fit a nominal geometry instead
of reference feature [4]. Radhakrishnan et al. proposed an optimal characterization
of minimax out-of-cylindricity problem and an iterative cyclic coordinate procedure
that offers a near-optimal solution [5]. Hodgson et al. proposed a minimum shell
method that searches for six points of MZC from given data [6]. Lai et al. proposed a
genetic algorithm-based heuristic method for the measurement data comprising both
random and deterministic elements [7].

Weber et al. used the Taylor expansion to develop a unified linear approximation
technique and solved as linear equations [8]. Endrias and Feng defined minimum
zone form evaluation problems based on the parameters of a rigid-body coordinate
transformation and minimized them using the downhill simplex search [9]. Cher-
aghi et al. proposed a cylindricity evaluation method based on circularity evaluation
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[10]. Zhu and Ding applied the kinematic geometry optimization by formulating and
solving the LSC, MIC, MCC, and MZC as the problems of nonlinear constrained
optimization and nonlinear least squares [11]. Gosavi and Phatakwala proposed a
mathematical model for cylindricity evaluation using the theory of finite-differences
derivative descent and Nelder-Mead search [12]. Shunmugam and Venkaiah used
equidistant lines and diagrams to establish the MIC, MCC, and MZC and proposed
a heuristic algorithm to find a unique convex inner hull [13].

Wen et al. proposed a particle swarm optimization (PSO)-based algorithm for
simultaneous evaluation of MZC, MCC, andMIC [14]. Lee et al. proposed a support
vector machines-based algorithm with a specific kernel function [15]. Zhang et al.
proposed a hybrid of PSO and differential evolution (DE) that takes advantage of the
fast convergence of PSO and ability of DE to avoid local minima [16]. Liu et al. used
an adaptive ant colony optimization algorithm for MZC [17]. Lei et al. proposed a
geometry optimization searching algorithm that collocates a hexagon each at starting
and end measured sections and computes the radius using the lines between vertices
of hexagons as ideal axes [18]. The MZC, MCC, and MIC are found using a simple
procedure. Wang and Xu stated the constrained problem of MZC as unconstrained
problem using coordinate transformations and solved using computational geometry
[19].

Zheng et al. proposed linear programming models for cylindricity evaluation
and a modified simplex method to solve them [20]. Pathak and Singh proposed an
improved PSO algorithm for minimum zone form evaluation and a greedy selection
procedure for selecting the best candidates [21]. Yang et al. proposed an improved
harmony search algorithm, initialized by logistic chaotic initialization [22]. Cauchy
mutation strategy was used with the best solution to improve the precision. Zheng
et al. proposed a kinematic geometry optimization algorithm [23]. They extracted the
feature points using a projective transformation and convex set constructionmethods.
Wu et al. proposed an improved PSO algorithm by adding local search based on Latin
hypercube sampling [24]. A control method has been designed to set the hypercube
size.

The existing evaluation algorithms have resulted only in a moderate to very small
improvement in results for the same dataset. The problem of finding the lowest
cylindricity deviation, therefore, still remains unanswered andhenceworth exploring.
With this as motivation, this paper presents a volume hunting method for cylindricity
evaluation based on MZC. The proposed method is compared with several existing
algorithms using coordinate measurement data taken from the literature. Rest of
the paper is organized as follows: Sect. 2 presents the problem formulation, Sect. 3
describes the proposed method, Sect. 4 presents and discusses the results obtained,
and finally, Sect. 5 presents the conclusions and future scope.
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2 Problem Formulation

The axis of two coaxial cylinders defining the cylindricity tolerance zone can be
specified by any arbitrary point P0 (x0, y0, z0) and directional cosines (l, m, n), as
follows:

(x − x0)

l
= (y − y0)

m
= (z − z0)

n
(1)

The normal distance ei between any measured point Pi (xi, yi, zi) on the surface
of the cylinder and its axis is given by:

ei =
√(

a2 + b2 + c2
)
/
(
l2 + m2 + n2

)
(2)

In Eq. (2), a, b, and c are given as:

a = (yi − y0) · n − (zi − z0) · m; b = (zi − z0) · l − (xi − x0) · n;
c = (xi − x0) · m − (yi − y0) · l (3)

The minimum zone cylindricity deviation (s) is computed as follows:

s = max(ei ) −min(ei ) (4)

3 The Proposed Method

Cylindricity is usually measured as circularity measurements in several sections
along the workpiece length. The axis of two coaxial cylinders enclosing the cylin-
dricity tolerance zonemaybe foundby taking apoint each fromfirst and lastmeasured
sections by search methods, typically centered on least square solution. The other
initialization methods have used certain approximations that require user interaction
to get the initial axis. The proposed method uses a simple approximation to fix the
endpoints (xL0, yL0, zL) and (xR0, yR0, zR) of the initial axis of reference cylinder as
given below:

xL0 = (xmax + xmin)/2; yL0 = (ymax + ymin)/2; zL = zmin

xR0 = (xmax + xmin)/2; yR0 = (ymax + ymin)/2; zR = zmax (5)

where xmax and xmin are the maximum and minimum values of x-coordinates,
ymax and ymin are that of y-coordinates, and zmax and zmin are that of z-coordinates.
The points of first and last sections are used in Eq. (5) to get the respective initial
centers. The zL and zR values do not change during the search. With non-sectional
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measurements, the overall coordinate values may be considered instead of first and
last sections.

3.1 The Search Volumes

The volume huntingmethod is an iterative search procedure carried out using a search
volume (prismatic or cylindrical), set on two initial centers obtained using Eq. (5).

Prismatic Search Volume. Initial centers of prismatic search volume are found
using Eq. (5). The line joining (xL0, yL0, zL) and (xR0, yR0, zR) is taken as the initial
axis. The cross-sectional length of side of square “a” is then divided into n× n units.
The value of n is taken as 3 in this work (Fig. 1), which results in 4 × 4 intersection
points (xLj, yLk , zL) in the first section and (xRp, yRq, zR). These are considered as
auxiliary centers.

xL j = xL0 − a

2
+ j

(a
n

)
; yLk = yL0 − a

2
+ k

(a
n

)
; j, k = 0, ..., n (6)

The xRp and yRq values can be found by substituting for xR0 and yR0, and varying p
and q from 0 to n. A total of 256 auxiliary axes are formed by taking the combinations
of all auxiliary centers in first and last sections. The initial and auxiliary axes are
used to compute the respective cylindricity values and used in the proposed method.

Cylindrical Search Volume. The initial axis and the corresponding cylindricity
of cylindrical search volume are found in the same manner as detailed for prismatic
search volume. The diameter of circle “d” is divided into n segments. A value of n
= 8 leads to 8 intersection points (xLj, yLj, zL) in first section and (xRp, yRp, zR) in last
section (Fig. 2). The auxiliary centers are calculated as follows:

xL j = xL0 + j

(
d

2

)
cos

(
360

n

)
; yL j = yL0 + j

(
d

2

)
sin

(
360

n

)
;

j = 0, ..., (n − 1) (7)

Initial centre 

Initial prism
Auxiliary axis 

Updated centre 

Updated prism 

Last section 

First section 

Fig. 1 Prismatic search volume
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Auxiliary axis Initial cylinder  

Initial axis 

Updated cylinder 

Updated axis Last section 

First section 

Fig. 2 Cylindrical search volume

The xRk and yRk values are found by substituting for xR0 and yR0, and varying p
from 0 to (n − 1). The 64 auxiliary axes, formed by taking the combinations of all
auxiliary centers in first and last sections, are used similar to the prismatic search
volume.

3.2 The Algorithm

Figure 3 shows the steps involved in the proposed volume huntingmethod. The initial
centers of first and last sections, i.e., (xL0, yL0, zL) and (xR0, yR0, zR), are found using
Eq. (5). The cylindricity deviation (scur) is then computed using Eq. (2) and (4),
with the line joining those points as the initial axis of reference cylinder. The search
volume is divided to get the auxiliary centers, auxiliary axes, and cylindricity values.
The lowest cylindricity value corresponding to auxiliary axes (snew) is found and its
location (j, k) in first section and (p, q) in last section (prismatic) or j in first section
and p in last section (cylindrical) are saved. If the current value of a (or d) is less than
ε, iterations will be stopped, and snew will be the minimum deviation. Otherwise, the
snew and scur values are compared. If snew is less than scur, iteration will be repeated
by taking the coordinates of saved location as the new initial centers and retaining
the size of search volume. If snew is greater than scur, iteration will be repeated by
retaining the initial center and reducing a (or d) by half.

4 Results and Discussion

The proposedMZC cylindricity evaluationmethod has been implemented using C++
language under Visual Studio 2015®Environment. Through several trials, the search
volume dimensions (a and d) and iteration accuracy were identified as 0.40 units and
0.000001, respectively. Ten coordinate datasets have been taken from literature for
testing and validation. Table 1 shows the literature results and those yielded by
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Initialize (xL0, yL0, zL) and (xR0, yR0, zR), 
and compute the cylindricity (scur).

Setup the search volume based on (xL0,
yL0, zL) and (xR0, yR0, zR). Subdivide the 

volume to get auxiliary centres. 

Start 

Input: coordinate data (xi, yi, zi), length 
of side of prism (a) / diameter of cylin-

der (d) and iteration accuracy (ε).

Retain scur, (xL0, yL0, zL) and (xR0,
yR0, zR). Halve the size a / d.

Compute the cylindricity based on all auxil-
iary axes, get the lowest value (snew), and 

save its location on first and last sections*.

Update scur with snew, (xL0, yL0, zL)
and (xR0, yR0, zR) with the coordinates 

of saved location, and retain a / d.

a (or d) < ε snew < scur

Yes 
NoNo 

Output: Centres (xL, yL, zL) and (xR, yR,
zR), radius (R) and cylindricity (snew).

Yes 

End 

* Location (j, k) in first section and (p, q)
in last section (prismatic) or j in first 
section and p in last section (cylindri-
cal).

Fig. 3 Flowchart showing the proposed method

proposed algorithm. The acronym PP stands for proposed method with prismatic
search volume and PC for proposed method with cylindrical search volume.

Table 1 reveals that the proposed algorithm has yielded smaller cylindricity devi-
ations, except for datasets 4 and 7. These values are 0.003091 (PP), 0.000438 (both),
0.012663 (PP), 0.001801 (both), 0.000375 (PP), 0.106724 (PP), 0.026280 (both),
and 0.031830 (PP), respectively. The respective lowest literature values are 0.0042
[8], 0.0005 [8], 0.014177 [11], 0.0019289 [13], 0.0004 [8], 0.1107 [6], 0.0288134
[2], and 0.03188 [22]. The proposed algorithm nearly equals the literature results of
0.183959 (PP) against 0.173520 [21] for dataset 4 and 0.019397 (PP) against 0.01938
[22] for dataset 7. Therefore, it can be stated that the proposed algorithm meets the
set goals. The datasets 3 and 4 are not from section-wise measurements. Hence, the
proposed algorithm works with non-sectional datasets also.

Though PP has resulted in smaller cylindricity values than the PC, the differences
are mostly in the order of about 1× 10–4 or better. Hence, the PC is equally effective.
It may be noted that the prismatic search volume has 256 auxiliary axes, while the



Evaluation of Cylindricity Deviation from Coordinate … 29

Table 1 Results obtained from different datasets from literature

Dataset Points Method Radius Cylindricity Iterations

1 16 Weber et al. [8] – 0.0042 –

PP 0.535027 0.003091 42

PC 0.535034 0.003094 34

2 18 Weber et al. [8] – 0.0005 –

PP / PC 0.494673 0.000438 46 / 40

3 20 Zhu and Ding [11] – 0.014177 –

PP 34.999657 0.012663 68

PC 34.999655 0.012669 52

4 20 Endrias and Feng [9] – 0.183960 –

Cheraghi et al. [10] – 0.183950 –

Gosavi and Phatakwala [12] – 0.188621 –

Wen et al. [14] – 0.174635 –

Zhang et al. [16] – 0.183958 –

Pathak and Singh [21] – 0.173520 –

Yang et al. [22] – 0.183957 –

PP 59.989505 0.183959 54

PC 59.989414 0.184183 47

5 24 Shunmugam and Venkaiah [13] – 0.0019289 –

PP / PC 25.002600 0.001801 36 / 35

6 24 Weber et al. [8] – 0.0004 –

PP 0.199864 0.000375 36

PC 0.199685 0.000376 33

7 32 Yang et al. [22] – 0.019380 –

PP 12.866333 0.019397 37

PC 12.866332 0.019398 39

8 40 Hodgson et al. [6] – 0.1107 –

PP 32.592394 0.106724 55

PC 32.592484 0.106911 41

9 64 Roy and Xu [2] – 0.0288134 –

PP / PC 5.000067 0.026280 51 / 44

10 80 Lei et al. [18] – 0.0319 –

Yang et al. [22] – 0.03188 –

PP 34.966987 0.031830 48

PC 34.966987 0.031832 47
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cylindrical search volumehas just 64 auxiliary axes. Itmeans that the prismatic search
volume will need 257 × n (1 initial axis and 256 auxiliary axes) calculations in first
iteration and 256× n (256 auxiliary axes) calculations in subsequent iterations,where
n is the number of measured points. The corresponding figures for the cylindrical
search volume are 65× n (1 initial axis and 64 auxiliary axes) and 64× n (8 auxiliary
axes), respectively. From the last column (Table 1), a comparison based on these facts
clearly indicates that PC is very efficient and almost equally effective in comparison
to PP.

5 Conclusions and Future Scope

A volume hunting method has been proposed for cylindricity evaluation based on the
MZC. Two search volumes, viz. prismatic and cylindrical, have also been proposed.
Ten example datasets and their corresponding published results have been taken
from the literature for validating the proposed method. Both the search volumes have
been found to yield nearly same results that are smaller than the literature results in
eight of the ten datasets and at par in remaining two datasets. A comparison between
prismatic and cylindrical search volumes revealed that the latter is faster as it requires
far lesser computations, while being equally effective as the former. The proposed
method using cylindrical search volume can therefore be of practical use. Future
work may involve an extension of the proposed method to MIC and MCC-based
cylindricity evaluation and optimal selection of search volume so as to reduce the
number of iterations without compromising the accuracy.
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Investigations of Laser Machining
Parameters Using Taguchi Approach
for Response Kerf Ratio

Sagar Hiwale and Rajiv Basavarajappa

1 Introduction

In laser machining process, a high-intensity beam is directed towards the surface of
the workpiece material which heats the surface rapidly result in melting substance
that blows away using assisted gas. This process is basically a fabrication process
which is used to cut the parts made of different material. The cutting ofmaterial using
laser process is complicated as it involves many factors like environment moisture,
thermal conductivity, composition, and internal bond strength. Further, the selection
of laser process parameters plays an important role to obtain the desired output
characteristics. In this work, an attempt is made to obtain the optimum level of
selected laser parameters that enhance desired output characteristics.

2 Literature Survey

The broad literature survey is attempted to acquire basic understanding of the laser
cutting process and to identify literature gap for the current researchwork. Stournaras
et al. [1] have evaluated the performance characteristics “kerf width”, “edge rough-
ness” and “heat affected zone (HAZ)” with respect to process parameters “laser
power”, “scanning speed”, “pulsing frequency” and “gas pressure” using statistical
analysis during machining of material aluminium alloy-5083. Pandey, and Dubey
[2] have investigated laser process parameters, i.e., “gas pressure”, “pulse width”,
“pulse frequency” and “cutting speed” to observe effects on surface roughness during
machining of duralumin sheet using ANOVA analysis. They have used artificial
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neural network to obtain the predicted model for Ra and applied genetic algorithm to
obtain the optimum parameter setting. In the other paper, Pandey and Dubey [3] have
investigated laser process parameters to observe effects on “kerf taper” and “surface
roughness” duringmachining of titanium sheet (grade 5). They have attemptedmulti-
objective optimization using genetic algorithm using the predicted model for consid-
ered characteristics. Sharma and Yadava [4] have attempted modeling and optimiza-
tion for the considered performance characteristics “kerf taper” and “average surface
roughness” using hybrid approach of Taguchi, RSM and Grey relational analysis.
They have reported the influence of considered output characteristics with respect to
input laser process parameters like, “oxygen pressure, pulse width, pulse frequency,
and cutting speed”. Eltawahni et al. [5] have investigated the laser parameters like,
“laser power, cutting speed, air pressure and focal point position” on the performance
characteristics kerf width ratio, surface roughness, operating cost for different work-
piece material thickness of medium density fiberboard. In other paper, Eltawahni
et al. [6] have investigated the same laser parameters on the performance character-
istics ratio of “kerf width” and “operating cost” for different material thickness of
plywood.

Hascalik and Ay [7] has performed the experimental investigation to analyze the
effects of CO2 laser cutting parameters “laser power, cutting speed and assisting
gas pressure” on the cut quality parameter like, “surface roughness, kerf geom-
etry and recast layer thickness” for the selected Inconel718 nickel-based super-
alloy. Adalarasan et al. [8] have reported the influence of laser parameters, i.e.,
“laser power”, “pulsing frequency”, “cutting speed” and “assist gas pressure” on
“kerf width”, “surface roughness” “cut edge slope” during machining of aluminium
based Al6061/SiCp/Al2O3 composite. They have used grey-based RSM approach
to obtain the optimum parameter setting for considered characteristics. In the other
paper, Adalarasan et al. [9] have obtained the optimum setting for laser parameters
using RSM approach and studied EDX plot along with P- profile of cutting edges
using scanning electron microscope for Al6061/Al2O3 composite. Moradi et al. [10]
have reported the effects of CO2 laser cutting process parameters, i.e. “laser focal
plane position, cutting speed and the laser power” on the “geometry” and “surface
roughness” in specimen of polycarbonate injection molded sheets having thickness
of 3.2 mm. Muthuramalingam et al. [11] have performed experimental investiga-
tion to obtain the influence of laser process parameters to enhance the machinability
for machining of selected work piece material Titanium alloy. It was found that
laser power has great influence on the response machinability. From the literature,
it is observed that researcher has reported the effects of laser process parameters,
optimized laser process parameters to enhance kerf geometry and studied surface
characteristics during machining of kerf .

The objective of the present research paper is to investigate into Prima 4000 W
CW-CO2 laser cutting process of Hastelloy C-276 material. The inspiration for the
current investigation is within the fact that the CO2 based laser sources are frequently
found in manufacturing shops and therefore, used for cutting engineering materials.
As for assembly tight tolerance is prime requirement, quality of cutting is significant
in machining of workpiece. In the present work, material Hastelloy C-276 is selected
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as it has corrosion resistance properties. The effect of selected laser process parame-
ters on quality characteristics, kerf ratio for cutting considered material is evaluated
using statistical analysis to obtain the contribution of each process parameter.

3 Experimental Details and Methodology

An experimental investigation is conducted on “prima 4000 W CW CO2 laser
process” during machining of material “Hastelloy C276” as depicted in Fig. 1. The
material thickness is 3.7 mm. It investigates the influence of the selected laser param-
eters like, “laser power, cutting speed, gas pressure, working distance, and focal
position” on kerf ratio. The range of process parameters is shown in Table 1 which
is selected on the basis of trial experiments. All the runs are carried out using same
size of nozzle at constant flow rate of nitrogen gas.

In the present work, long straight cut having size of 15 mm is made on each
specimen to obtain the desired kerf characteristics. The schematic view of kerf char-
acteristics is depicted in Fig. 1b. To evaluate the average of kerf width at top and

Fig. 1 a Line diagram experimental setup b Schematic view of kerf characteristics

Table 1 Range and Levels of the laser process parameters

Process parameters Unit Level

−1 0 +1

Laser power watt 2400 3100 3800

Cutting speed mm/min 1125 1762 2400

Gas pressure bar 11 14 17

Working distance mm 0.5 1 1.50

Focus position mm -4.2 -1.85 0.5
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bottom surface, set of locations were selected along the cut on the specimen. An
equipment stereo zoom microscope having trinocular body with working distance
up to 100 mm and zoom range of 0.65 X- 4.5 X was utilized to measure kerf char-
acteristics. After the measurement of the kerf width at the upper and lower surface,
a desired output characteristics “kerf ratio” is computed using the Eq. (1).

ker f ratio = Upper kerf width/Lower kerf width (1)

The design of experiments is based on Taguchi orthogonal array L27 [12–14].
In the present work, five process parameters (i.e., “laser power”, “cutting speed”,
“gas pressure”, “working distance” and “focal position”) are considered and each
parameter is varied at three levels. The parameter nozzle diameter is kept constant
with diameter 2.5 mm. The range is selected which reflects the wide parameter range
available on the set up of laser machine as given in Table 2. The objective of the
present experimental work is to obtain minimum kerf ratio under the influence of
Laser process parameters. Therefore, a quality characteristic of smaller-the-better
(SB) for kerf ratio is applied in current study. The signal-to-noise (S/N) ratio [12,
13] is computed using the Eq. (2). As per rule, higher value of SN ratio is preferred
for lower the better characteristics like kerf ratio.

S/NLB = −10 log
(
y2i j

)
(2)

where, yij is the output of ith quality characteristic at jth experimental trial.
The performance parameter kerf ratio is obtained using experiment results.

4 Result and Discussion

The effect plot based on the mean value of the S/N ratio for each selected process
parameter at given levels for kerf ratio is depicted in Fig. 2. The analysis of S/N
ratio reveals that the optimal value of kerf ratio is obtained at laser power 3800 W
(level 3), cutting speed 2400mm/min (level 3), gas pressure 11 bar (level 1), working
distance 1.5 mm (level 3) and focus position−4.20 mm (level 1). Hence, the optimal
combination of laser process parameters for kerf ratio is A3, B3, C1, D3, and E1
as “laser power”, “cutting speed”, “gas pressure”, “working distance” and “focal
position” respectively.

The effects of selected laser process parameters on kerf ratio at each level are
shown in Fig. 3. It is observed from Fig. 3 that the response “kerf ratio” is decreasing
with respect to increase value of laser power and cutting speed, while decreases
with respect to focus position. As the laser power and cutting speed increases the
response kerf ratio is decreased. This is due to the fact that as the intensity of laser
power increases the bottom kerf width would tend to be equal to its top kerf width
and therefore, high laser power is required to have kerf ratio to be minimum or tends
to 1. Furthermore, to reduce the machining time and cost, the user may select the
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Table 2 Experimental result using L27 orthogonal array of Taguchi approach

Laser
power
(watt)

Cutting
speed
(mm/min)

Gas
pressure
(bar)

Working
distance
(mm)

Focus
Position
(mm)

Upper
kerf
width
(mm)

Lower
kerf
width
(mm)

Ratio
of kerf
width
(U/L)

Taguchi
S/N value

2400 1125 11 0.5 −4.2 0.391 0.332 1.178 −1.4229

2400 1125 11 0.5 −1.85 0.561 0.491 1.143 −1.1609

2400 1125 11 0.5 0.5 0.339 0.249 1.361 −2.6771

2400 1762 14 1 −4.2 0.675 0.353 1.910 −5.6206

2400 1762 14 1 −1.85 0.832 0.385 2.161 −6.6931

2400 1762 14 1 0.5 0.785 0.321 2.445 −7.7655

2400 2400 17 1.5 −4.2 0.339 0.398 0.852 1.3912

2400 2400 17 1.5 −1.85 0.362 0.401 0.903 0.8862

2400 2400 17 1.5 0.5 0.492 0.378 1.300 −2.2788

3100 1125 14 1.5 −4.2 0.881 0.589 1.490 −3.4637

3100 1125 14 1.5 −1.85 0.278 0.171 1.626 −4.2224

3100 1125 14 1.5 0.5 0.691 0.440 1.570 −3.9179

3100 1762 17 0.5 −4.2 0.510 0.452 1.128 −1.0461

3100 1762 17 0.5 −1.85 0.459 0.352 1.304 −2.3055

3100 1762 17 0.5 0.5 0.502 0.431 1.165 −1.3265

3100 2400 11 1 −4.2 0.468 0.361 1.296 −2.2521

3100 2400 11 1 −1.85 0.501 0.295 1.698 −4.5987

3100 2400 11 1 0.5 0.582 0.394 1.477 −3.3876

3800 1125 17 1 −4.2 0.501 0.321 1.561 −3.8680

3800 1125 17 1 −1.85 0.571 0.410 1.393 −2.8790

3800 1125 17 1 0.5 0.965 0.512 1.885 −5.5062

3800 1762 11 1.5 −4.2 0.845 0.772 1.090 −0.7485

3800 1762 11 1.5 −1.85 0.388 0.453 0.857 1.3403

3800 1762 11 1.5 0.5 0.331 0.375 0.883 1.0807

3800 2400 14 0.5 −4.2 0.543 0.414 1.312 −2.3586

3800 2400 14 0.5 −1.85 0.542 0.391 1.386 −2.8352

3800 2400 14 0.5 0.5 0.521 0.331 1.574 −3.9400

cutting feed rate as high as possible but it increases the level of inaccuracy in the
desired response. Similarly, the response kerf ratio has sudden rise and fall with
respect to process parameter gas pressure and working distance as depicted in Fig. 3.
This is due to the fact that along the thickness of material as the certain range of
considered process parameters, i.e., working distance and gas pressure limit crossed
it has adverse effect to the bottom kerf width zone (due to reduced intensity of laser
beam) which creates such sudden rise and fall pattern in response kerf ratio.
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Fig. 2 S/N plot

In the present study, ANOVA analysis [12–14] is performed to obtain significant
laser process parameters that affect the response kerf ratio as depicted in Table 3.
It is observed from Table 3 that P-value of factor C, D, and E (i.e., gas pressure,
working distance, focal position) is less than 0.05. Therefore, these laser process
parameters have statistically significant effect on kerf ratio at 95% confidence level.
The obtained % P values reveal that working distance has most significant effect
followed by gas pressure on kerf ratio, if only % P is observed then it is clearly
observed that focus position is significant but its percentage contribution is very
less compared to working distance and gas pressure The result observed from the
F-value of the significant parameters shows that working distance is significant than
other parameters. The rank in the manner that affects the most to the kerf ratio for
considered laser process parameters is depicted in Table 4.

Interaction plot of laser process parameter with respect to kerf ratio is depicted in
Fig. 4. Here, the level of each process parameter is indicated on the horizontal axis
and others laser process parameters with colored lines in matrix plot. It is observed
from Fig. 4 that each row depicts the average mean of the response kerf ratio at
each level for considered parameters. To plan the interaction plot gas pressure [11,
14, 17] in bar and working distance [0.5, 1, 1.5] in mm, the average mean of the
response kerf ratio is computed at each level for the considered parameters using the
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Table 3 ANOVA for Ratio of kerf width

Factor Degree of
freedom

Sum of square Mean square F value P value % P

A: Laser power
(watt)

2 0.09746 0.04873 1.95 0.1740 2.503

B: Speed
(mm/min)

2 0.12467 0.06233 2.50 0.1130 3.201

C: Gas pressure
(bar)

2 1.34413 0.67206 26.96 0.0001 34.52

D: Working
Distance (mm)

2 1.73522 0.86761 34.81 0.0001 44.56

E: Focus
Position (mm)

2 0.19400 0.0970 3.89 0.042 4.982

Error 16 0.39882 0.02493 10.24

Total 26 3.89430

S = 0.15788 R2 = 89.76% R2 (adj) = 83.36%
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Table 4 Rank of process parameter for response kerf ratio

Level Laser power
(watt)

Cutting speed
(mm/min)

Gas pressure
(bar)

Working
distance (mm)

Focus position
(mm)

1 1.473 1.467 1.220 1.283 1.313

2 1.417 1.438 1.719 1.753 1.386

3 1.327 1.311 1.277 1.175 1.518

Delta 0.146 0.157 0.499 0.580 0.205

Rank 5 4 2 1 3

Gas pressure (bar)

2.0

1.5

1.0
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Fig. 4 Interaction plot of process parameter for kerf ratio

experimental values. So, combinations of mean response are obtained for considered
process parameters.

4.1 Confirmatory Test Results

In order to confirm the results that are obtained using the Taguchi approach, confir-
matory test is performed. From the Taguchi analysis, the optimal combination of
process parameter is found at level of laser process parameters for kerf ratio is A3,
B3, C1, D3, and E1. The corresponding process parameter values are “laser power”
as 3800 W (level 3), “cutting speed” as 2400 mm/min (level 3), “gas pressure” as
11 bar (level 1), “working distance” as 1.5 mm (level 3) and “focus position” as −
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Table 5 Confirmatory test result

Sr. No Theoretical value Confirmatory test result Error AverageError

1 1.091 1.080 (Trail–1) 0.011 0.012

2 1.082 (Trial–2) 0.009

3 1.076 (Trial–3) 0.015

4.20 mm (level 1) with response kerf ratio as 1.091. On performing the confirmatory
test with same reading obtained using Taguchi analysis, the best value of response
kerf ratio obtained is 1.082. The corresponding value of average percentage error
obtained is 1.1%. As given in Table 5 Therefore, it is found from the confirmatory
test that test result shows the percentage error is within 5%.

5 Conclusion

• The considered Taguchi-based approach is successfully applied to analyze the
effect of “laser power”, “cutting speed”, “gas pressure”, “working distance” and
“focal position” on response kerf ratio.

• The significance of these considered laser process parameters is checked and it is
observed that working distance followed by gas pressure has the most influence
on the response kerf ratio.

• Furthermore, the percentage contribution of process parameter working distance
and gas pressure on the kerf ratio is 44.56% and 34.52%, respectively.

• Using Taguchi approach, the optimal combination of process parameter is found
at “laser power” as 3800 W, “cutting speed” as 2400 mm/min, “gas pressure” as
11 bar, “working distance” as 1.5 mm and “focus position” as −4.20 mm with
response “kerf ratio” as 1.091. On performing the confirmatory test, the value of
response kerf ratio obtained is 1.082.

• The corresponding value of error obtained between Taguchi approach and
confirmatory test is as 1.1%. Therefore, the percentage is within 5%.
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A Review on Importance of Dielectric
Fluids for Electro Discharge Machining
(EDM)

Shatarupa Biswas, Yogesh Singh, and Manidipto Mukherjee

1 Introduction

English physicist Joseph Priestley first invented the erosive effect of the EDMprocess
in 1770. After that, in 1940 two Russian Scientists B.R Lazarenko and N.I Lazarenko
discovered the EDM method [1]. EDM is a non-traditional method [2]. The tool
(electrode) and work material are submerged in the dielectric fluid when machining
operation is ongoing. Work material and tool both are connected to an appropriate
power supply (DC power supply). When the power supply is ON i.e. then dielectric
fluids break down into positive and negative ions. At that timemetal ions are released
from the work material, and electrons are released from the tool. That’s why creates
a spark (hundreds of thousands of sparks produced in one second) between tool and
workmaterial. The ions (positive–negative) are combined together and strike the base
metal. During the sparking process, the temperature reaches 8000–12,000 °C to erode
themetal from the surface. EDM ismainly used formachining of hardmetals (such as
Inconel, Cover, Hastelloy etc.) and for those which are difficult to machine compared
to the traditionalmethod (such asmilling, boring etc.) [3, 4]. In EDM thosemetals are
electrically conductive (such as silver, copper etc.) can bemachined. EDMmachining
performance is depended on process parameters (such as pulse on time, pulse off
time, current, etc.) [5], and different types of dielectric fluids (such as kerosene,
EDM oil, deionized water, etc.). In general, dielectric fluids are used to enhance the
performance parameters (such as Material removal rate (MRR), Surface roughness
(SR), Tool wear rate (TWR), Recast layer thickness (RLT), Surface hardness (SH),
Microstructures, etc.) of machining. As dielectric fluid kerosene, EDMoil, vegetable
oil, etc. can be used [6]. When these liquids are used as a dielectric medium, then the
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Fig. 1 Block diagram of EDM

process is called wet EDM machining. The main function of dielectric fluids are to
create a spark between the tool or electrode, act as a semiconductor, controlled spark
gap, cool the work material, and flush away the debris in the time of machining.
Figure 1 shows the block diagram of EDM.

In this article it is reviewed that the uses of various dielectric fluids in EDM for
improving measured responses.

2 Parameters in EDM

Generally, in EDM two types parameters are used. These are process parameters and
response parameters. But response parameters are depended on process parameters.
Some important process and response parameters are described below.
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Table 1 Process parameters on EDM

Process parameters Description

Pulse on time (Ton) It is expressed as the total duration of discharge time between the tool and work material. It’s
measured in a microsecond (μs)

Pulse off time (Toff) It is expressed as the non-discharge time between the tool and work material. It’s also
measured in a microsecond (μs)

Voltage (V) During Ton, specific voltage drops and discharge voltage (Vd ) is significantly influenced by
the dielectric strength

Current (I) The current, measured in amp, is the measure of the number of electrical charges flowing
between the tool and work material

Electrode polarity The polarity is either positive (+) or negative (−), based on the necessity of work

2.1 Process Parameters

Responses are controlled by using process parameters. The most significant process
parameters are described briefly in Table 1.

2.2 Response Parameters

Some responses are described in Table 2.

3 Dielectric Fluids

In EDM dielectric fluid is important for machining. The dielectric fluid acts as a
semiconductor and insulator between the tool and the work material to facilitate
a stable and regulated spark gap when ionization occurs. Throughout machining
operations, it also eliminates the dust content from the machining surface. The four
key functions of dielectric fluids are insulation, ionization, cooling, dust particle
removal [14]. The dielectric fluid has certain properties (such as high flash point, low
viscosity, light coloured, rust-resistant etc.) and it increases the tool life, improves
efficiency and enhances surface texture consistency. Some examples of dielectric
fluids are kerosene, hydrocarbon oil, jatropha oil, EDM oil, vegetable oil etc. which
are briefly described below.

3.1 Kerosene

Kerosene is easily available, and compared to other dielectric oils it is very reasonable
as well [15]. It’s also called paraffin oil or coal oil. The important properties of
kerosene are, it has no defined cetane-number, less lubricity, and large delays in the
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Table 2 Response parameters on EDM

Response parameter Description

Material removal rate (MRR) The volumetric removal of material per unit time can be
described as MRR. It is closely related to the dielectric fluid
used for machining purposes [7, 8]. The estimation of MRR
takes the following equation [9]

MRR =volume of the material remove
machining time = wsb−wsa

ρ×tm
where, wsb denotes the work material’s weight before machining
and wsa is the work material’s weight after machining. ρ is the
density of work material and tm is the machining time

Tool wear rate (TWR) The corrosion of cutting tools due to any machining operation in
the EDM process is called TWR. TWR is calculated by using
this equation [9]

TWR = volumetric removal of the tool material
total machining time = wtb−wta

ρ×tm
where wtb denotes the weight of the tool before machining and
wta is the weight of tool after machining. ρ is the density of tool
and tm is the machining time

Wire wear ratio (WWR) It is defined as the wire weight loss (WWL) to the wire initial
weight (IWW). The WWR is calculated using the following
equation [10]

WWR = WWL
IWW

Surface quality (SQ) It is usually dependent on the texture and on the undulation of
the work piece’s surface. For that reason, it is also often called
specimen topographic property. The SQ is one of the important
parameters of performance that is based on the dielectric fluid
used for EDM [11, 12]

Recast layer thickness (RLT) During the machining time between tool and work piece, the
spark is made. Resulting in a sudden rise in localized heat which
melts the machining surfaces to an extent followed by rapid
quenching due to the presence of dielectric fluid. This
phenomenon produces a surface layer that resembles the cast
state, and is known as RLT [13]

ignition. Its density is 0.80 g/millilitre, flashpoint lies between 37 and 65 °C (100–150
°F), and its auto-ignition is 220 °C (428 °F).

3.2 Hydrocarbon Oil

Hydrocarbon oil is found in petroleum. It is a mixture of hydrogen and carbon and
its basic properties are high flashing point, and attributable to a petroleum product.
But during the machining time of EDM, it can produce different forms of poisonous
gases, which is therefore very dangerous for the environment and operators.
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3.3 Jatropha Oil

Jatropha seeds are very rich in oil (40%). It has 4.2% ash content including minerals,
such as Ca (Calcium), Mg (magnesium), K (Potassium), and Na (Sodium). The oil
has high levels of unsaturated fatty acids particularly oleic (44.7%) and linoleic
(32.8%) [16].

3.4 EDM Oil

It is highly refined oil, with outstanding resistance to oxidation. The oil has no colour
and odours, and has a high flash point which helps to minimize the risk of fire during
the machining process. It is a low viscose fluid, providing good flow through the
spark gap between tool and specimen. In general, EDM oil is available in the market
in three grades (grade 2, grade 3, grade 4).

3.5 Vegetable Oil

Vegetable oils are extracted from a variety of seeds (such as rapeseed, soybean, corn,
sunflower, peanut etc.). These kinds of oils are also becoming very popular in EDM
because of some of the advantages (not harmful) and availability [17].

4 Literature Review on EDM

Various researches have been done on EDM by using several dielectric fluids, which
is shown below in Table 3.

5 Conclusions

The above overall review suggest that the dielectric fluid is an integral part of the
EDMprocess.And it plays a pivotal role in order to find the values of various response
parameters (such asMRR, TWR, SR, EWR, RLT etc.). It is also clear that for finding
several response parameters, all types of dielectric fluids alone may not perform best.
The following observations are taken from previous research work:

• Kerosene is used extensively as a dielectric fluid because of its availability and
cheap price compare to other dielectric fluids.
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• When kerosene is used as a dielectric fluid then, for Al 6061 alloymaximumMRR
(302.47mm3/min) shows when I (12 A), T on (45 μs) and EWR is minimum (0.56
mm3/min) when I (6 A), T on (45 μs) respectively. For Cobalt-bonded tungsten
carbide minimum TWR (0.678 mm3/min) shows when T on (100 μs), I (3 A),
flushing pressure (0.6 kg-cm−2). For P20 + plastic mould steel MH is (339HV)
max when I (9A), T on (11 μs), T off (20 μs), V (50 v) respectively. When jatropha
oil is used as a dielectric fluid then, for P20+ plastic mould steel showsmaximum
MRR (53.33mm3/min) when I (18 A), T on (200 μs), T off (20 μs), V (50 v)
respectively and SR is minimum (3.66 μm) and MH (354HV) is maximum then
I (9 A), Ton (11 μs), Toff (20 μs), V (50 v) respectively.

• When EDM oil is used as a dielectric fluid then, for Inconel 625 shows maximum
MRR (70.32mm3/min), when I (15 A), T on (300 μs), V (20 v) respectively. For
D2 steel shows minimum SR (3.14 μm) when I (8 A), T on (200 μs), T off (30 μs),
flushing pressure (0.9 kg-cm−2) and TWR (4.61mm3/min) is minimum when I
(10 A), T on (100 μs), T off (20 μs), flushing pressure (0.9 kg-cm−2) respectively.

• Vegetable oil and Hydrocarbon oil both are fewer used in previous work. But for
Aluminum hydrocarbon oil minimized the damage of masking edge.
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A Comprehensive Review on Single-
and Multi-Objective Optimization
of Liquid Composite Moulding Process

Anita Zade and Raghu Raja Pandiyan Kuppusamy

1 Introduction

The designing of composite process parameters has become crucial factor in different
industries with increase in applications of composite materials in vital sectors. There
have been various composite partmanufacturing techniques from traditionalmethods
like hand-layup which is cost and labour intensive to the use of automated techniques
such as autoclave, injection moulding, extrusion, liquid composite moulding (LCM)
process, etc. [1–3]. Although each technique has different manufacturing procedure,
the major objectives and design parameters will be same to manufacture the cost-
effective and void-free composite part. In this article, we will mainly focusing on
the LCM process parameters, as this method is effective in manufacturing properly
finished composite parts with complex geometries.

LCM is a closed moulding process; hence after closing the mould, it is difficult
to know whether fibre preform has impregnated with resin or there are unsaturated
regionswhere the air has entrapped. Therefore, it is important to identify and optimize
the parameters during the process.

This paper addresses following research questions for making the cost-effective
and void-free composite part using LCM process.

Research Questions:

a. Which factors need to consider to manufacture a void-free and cost-effective
composite part?

b. Why there is need to develop meta-heuristic techniques over traditional
numerical techniques?
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c. What advancements needed in meta-heuristic techniques for optimizing LCM
process parameters for constrained single- and multi-objective optimization
problem?

Following objectives formed to address these questions.

Objectives:

a. To analyze the effect of mould, raw material, and process parameters on mould
fill time and cure time

b. To develop proper optimization technique for addressing the full-fledged
complex and nonlinear optimization problem

c. Development of effective hybrid MOO algorithm to optimize the objectives
related to mould fill time with minimum void content and cure time with given
temperature range

In the LCM process, mould filling and curing are the critical steps. The factors
which affect during the mould filling stage are air entrapment, transverse flow, race-
tracking effect and dual-scale flow.Air entrapment arises due to non-uniform impreg-
nation of fibre preformwith resin. Usually, composite structures are very thin; hence,
flow along the thickness direction has been considered negligible. However, when
the in-plane permeability component of fibre preform along the thickness direction
will change significantly, then the transverse flow has to take into account [4]. When
air channels will be present between the mould wall and fibre preform, the race-
tracking occurs. This effect arises mainly along mould wall edges, joints, inserts and
around ribs for complex structures. When there is a difference between the fluid flow
within the fibre tows and in between the tows, the dual-scale flow arises [5, 6]. Due to
these defects, voids and dry spots form in the composite part [7]. Therefore, proper
selection of bulk and tow permeability, gate and vent location, porosity and injection
pressure/flow rate needs to take into account.

Curing is an exothermic process where heat transfer occurs between mould and
saturated preform. With an increase in temperature of saturated preform, liquid resin
will convert to gel and then gel to solid; this phase transition is called as gela-
tion and solidification, respectively. The factors which affect the curing process
are temperature overshoot, glass transition temperature during phase change and
resin viscosity [8, 9]. This may develop the temperature and cure gradients along
thick sectioned parts which results to matrix micro-cracks, residual stresses and
geometrical distortions.

Numerous numerical techniques are used by researchers to optimize the mould
filling and curing parameters of LCM process. We found few review articles, book
chapters and thesis chapters related to numerical optimization of composite process
parameters. They are particularly specified to some application based on use of
traditional numerical techniques. To the best of our knowledge, we did not found
review article in last ten years addressing use ofmeta-heuristic or hybrid optimization
techniques for constrained single- and multi-objective optimization problem in the
LCM process.



A Comprehensive Review on Single- and Multi-Objective … 59

This article describes the comprehensive review on identification of problem
statement, formulation of optimization problem and use of suitable optimization
technique based on the type of optimization problem in the composite processing.
Depending on the accomplishment of target objectives, design parameters need to
set. Then, we will present the different types of optimization techniques used for
optimizing the different parameters of LCM processes. After that, to optimize the
different conflicting objectives simultaneously the studies on multi-objective opti-
mization (MOO) in composite processing have been reviewed.Here, the combination
of different mould parameters, cure parameters and both mould and cure parameters
is optimized simultaneously.

2 Numerical Optimization for Composite Processing

2.1 General Formulation of Optimization Problem

Generally, the optimization problem formulated as

max /min
X

fk(X) k = 1, 2, . . . , N (1)

Subject to,

hl(X) = 0 l = 1, 2, . . . , L

gm(X) ≤ 0 m = 1, 2, . . . M

lb ≤ X ≤ ub X = (x1, x2, . . . .xd)
T

here, fk(X) is the scalar objective function which has to maximize or minimize,
hl(X) represents the J number of equality constraints also called active constraints,
gm(X) represents the M number of inequality constraints and X is the vector of
d-dimensional design variables.

For the sake of understanding and correlation,we have discussed themathematical
formulation of one example based on composite process parameter optimization.
Jahromi et al. [10] used a dynamic artificial neural network (ANN) for achieving
the uniform temperature and degree of cure for thick fibre reinforced composite
parts, which is directly dependent on the temperature profile of mould wall. The
objective function was formulated to minimize the temperature gradients between
two selected points, i.e. central and corner, to indicate the overall cure process subject
to constraints on the degree of cure. Mathematically,
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min
n∑

i=1

(
Ti(center) − Ti(corner)

)2
(2)

Subject to, αcorner ≥ αcrit

where αcrit = 0.8

298K ≤ Ti ≤ 430K i = 1, 2, . . . 5.

2.2 Numerical Studies on Single-Objective Optimization

The number of research articles is found on the single-objective optimization of gate
and vent location using numerous deterministic and stochastic techniques. Particle
swarm optimization (PSO) and genetic algorithm (GA) found to be the most used
stochastic algorithms with the aim of reducing computational time and increasing
accuracy [11]. The mostly formulated objective was minimizing mould fill time with
reduced void content [12–21]. To optimize the curing stage, the majorly formu-
lated objective was cure process time with respect to variables on temperature and
cure gradients, a constraint on degree of cure. Table 1 reviews the categorization of
single-objective optimization studies of composite processing in terms of objectives,
parameters and numerical techniques.

2.3 Numerical Studies on Multi-Objective Optimization

Multi-objective optimization (MOO) problem contains more than one objective
which is conflicting to each other. Hence, there will be more optimal solutions which
are represented in terms of Pareto fronts. The best optimal solutions are called non-
dominated solutions. Different MOO techniques have been developed to find out the
Pareto front between the quality and productivity of the composite part. Evolutionary
algorithms like MOOGA and NSGA-II have been mainly used for optimizing the
process and design parameters for composite parts. Different objectives are addressed
using numerous MOO techniques such as mould fill and cure process time, gate and
vent location [32], temperature overshoot, degree of cure, etc. Few algorithms have
been developed for thick and ultra-thick components for simple geometries to opti-
mize the trade-off between temperature overshoot and cure process time [33]. Table
2 reviews the categorization of multi-objective optimization studies of composite
processing in terms of objectives, parameters and numerical techniques.
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Table 1 Objective function categorization for single-objective optimization of composite
processing

Objective Parameters Numerical techniques Reference Year

Least square error
between experimental
and predicted data from
simulation

In-plane 3D
permeability
components

FEM, golden-section
search method

[22] 2011

Flow front progression
time

Characterization of 3D
permeability

FEM, golden-section
search method

[23] 2017

Buckling load,
fundamental frequency,
structural weight

Geometry, temperature Meta-heuristic
technique

[24] 2018

Stress distribution,
critical buckling load,
fundamental frequency

Material distribution
pattern,

GA, PSO, ANN, ANFIS [25] 2019

Gate location Permeability, fill time,
mould fill fraction

GA, Gradient-based
algorithm

[26] 2007

Injection gates and
vents

Permeability Graph-based two-phase
heuristic algorithm
(GTPH)

[27] 2008

Fill time Gate and vent location,
distribution media,
race-tracking effect

Depth-first search and
tree search algorithm

[28] 2015

Total cure cycle time Central temperature,
duration of two steps

ANSYS, Simulated
annealing (SA),
NM-simplex method

[29] 2014

Process cycle time Mould temperature
profile

GA [30] 2005

Mould fill time Gate locations GA, exhaustive search,
centroidal Voronoi
diagram (CVD) method

[30] 2016

Mean square error
between corner and
centre part of
temperature

Temperature ANN, SQP [10] 2012

3 Summary and Conclusion

This review article has targeted the numerical optimization of mould filling and
curing steps in the LCM process. Bulk and tow permeability, gate and vent location,
injection pressure and component geometry were found to be the crucial parame-
ters for addressing the multi-phase and multi-scale problems for mould filling stage,
whereas mould temperature, initial temperature of resin, degree of cure, heat flux,
temperature gradient and temperature overshoot are found tobe crucial parameters for
optimizing thermal profile in curing stage. Tomanufacture a void-free composite part



62 A. Zade and R. R. P. Kuppusamy

Table 2 Objective function categorization formulti-objective optimizationof composite processing

Objectives Parameters Numerical techniques Reference Year

Crowding distance,
filling time

Gate and vent location NSGA-II [32] 2009

Warpage, shrinkage
rate, short shot
possibility

Process parameters: part
cooling time, melt
temperature, pressure
holding time and mould
fill time; Geometric
parameters: modified
edge and round gate

FAHP, TOPSIS [34] 2018

Cure degree difference,
set up cost, fill time,
variance of cure degree,
cure time

First temperature rise,
dwell time, dwell
temperature, second
temperature rise, hold
temperature

NSGA-II [31] 2019

Setup cost, fill time Resin temperature,
temperature of mould

Hybrid FE/FD method [35] 2019

Weld line, fill time,
wasted resin, dry spot

Gate and vent location FEA, MOOGA [36] 2016

Cure time, temperature
overshoot

First and second dwell
temperature, duration of
1st dwell, heating rate

Surrogate model, Monte
Carlo simulator,
MOOGA

[33] 2018

Standard deviation and
average of degree of
cure

Mould temperature, heat
flux, cure part
temperature

Ant swarm strategy [37] 2015

Tensile load, flexural
strength

Duration and
temperature of the 1st

curing step, heating rate

MOOGA toolbox [38] 2017

Residual stresses, cure
process time, degree of
cure

Temperature profile MOOGA [39] 2006

Cure process time,
temperature gradient,
degree of cure at the end
of mould filling, filling
time

Cure profile, thermal
profile of mould filling,
initial resin temperature,
gate and vent location

MOOGA [40] 2014

Cure process time,
temperature overshoot

Thermal profile,
thickness of composite
part, mould geometry

MOOGA [41] 2016

Warpage, volumetric
shrinkage and residual
stress

Fibre content, fibre
aspect ratio, melt
temperature, cooling
time, injection pressure

NSGA-II [42] 2018

(continued)
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Table 2 (continued)

Objectives Parameters Numerical techniques Reference Year

Peak tensile residual
stress, roller speed

Degree of bonding, peak
residual stress, and
thermal degradation

NM-simplex method [43] 2007

Maximum difference in
degree of cure, total
cure time and maximum
difference in
temperature

Temperature, degree of
cure

MOOGA [45] 2018

Weld line, void content,
fill time, wasted resin

Void fraction, distance
between gate

MOGA [6] 2019

with the optimized parameters, different optimization techniques have been devel-
oped. The number of single-objective and multi-objective optimization techniques
has been developed to optimize the objectives like the degree of cure, temperature
overshoot, process time, gate and vent location and mould fill time. The Nelder mead
simplexmethod, simulated annealing, GA, NSGA-II andMOOGA are themost used
traditional techniques for optimizing the process as well as mould parameters.

Although there are number of articles found on the development of numerical
models for addressingmulti-scale andmulti-phase problems for the complex geome-
tries, the development of an effective optimization technique for addressing such
problems is a crucial task. Nowadays, the development of a hybrid multi-objective
optimization technique for optimizing the LCM process parameters is an active area
of research. Till now, very few articles are found on MOO for both mould filling and
curing parameters using appropriate optimization techniques. Hence for optimizing
the parameters of complex geometry, thick and ultra-thick component development
of an effective optimization technique is needed. This may advance the use of LCM
technology in the industry for manufacturing large and complex structures instead
of traditional techniques.

References

1. Chang, C. (2015). Simulation of non-isothermal filling process in vacuum assisted compression
resin transfer moulding process. Plastics, Rubber and Composites, 44, 162–170.

2. Yang, B., Jin, T., Li, J., & Bi, F. (2015). Three-Dimensional Numerical Simulation of Mold
Filling Process in Compression Resin Transfer Molding. Applied Composite Materials, 22,
209–230.

3. Yang, B., Jin, T., Li, J., & Bi, F. (2014). Simulating the resin flow and stress distributions
on mold tools during compression resin transfer molding. Journal of Reinforced Plastics and
Composites, 33, 1316–1331.

4. Kim, J., Hwang, Y., Choi, K., Kim, H., & Kim, H. (2019). Prediction of the vacuum assisted
resin transfer molding (VARTM) process considering the directional permeability of sheared
woven fabric. Composite Structures, 211, 236–243.



64 A. Zade and R. R. P. Kuppusamy

5. Hamidi, Y. K., & Altan, M. C. (2017). Process Induced defects in liquid molding processes of
composites. International Polymer Processing, 32, 527–544.

6. Oya, Y., Matsumiya, T., Ito, A., Matsuzaki, R., & Okabe, T. (2019). Gate optimization for
resin transfer molding in dual-scale porous media: numerical simulation and experiment
measurement. The Journal of Composite Materials 0, 1–15.

7. El, M. A., Tarfaoui, M., & Lafdi, K. (2019). Additive manufacturing of polymer composites:
Processing and modeling approaches. Compos Part B. https://doi.org/10.1016/j.compositesb.
2019.04.029

8. Kuppusamy, R. R. P., & Neogi, S. (2017). Simulation of air entrapment and resin curing
during manufacturing of composite cab front by resin transfer moulding process. Archives of
Metallurgy and Materials, 62, 1839–1844.

9. Kuppusamy, R. R. P. (2018). Development of liquid composite moulded thermoset composite
automotive parts using process simulations: liquid composite moulding process simulations.
In Design and Optimization of Mechanical Engineering Products (pp. 24–36)

10. Jahromi, P. E., Shojaei, A., & Pishvaie, S. M. R. (2012). Prediction and optimization of cure
cycle of thickfiber-reinforced composite parts using dynamic artificial neural networks. Journal
of Reinforced Plastics and Composites, 31, 1201–1215.

11. Elsheikhi, S. A., & Benyounis, K. Y. (2016). Review of recent developments in injection
molding process for polymeric materials The Reference Module in Materials Science and
Materials Engineering. https://doi.org/10.1016/B978-0-12-803581-8.04022-4

12. Kessels, J. F. A. (2007). Optimising the flow pipe arrangement for resin infusion under flexible
tooling. Composites Part A: Applied Science and Manufacturing, 38(38), 2076–2085.

13. Montés, N., & Sánchez, F. (2010). A new computational tool for liquid composite moulding
process design based on configuration spaces. Composites Part A: Applied Science and
Manufacturing, 41, 58–77.

14. Maier,R.,Rohaly, T.,Advani, S.G.,&Fickie,K. (1996).A fast numericalmethod for isothermal
resin transfer mold filling. International Journal for Numerical Methods in Engineering, 39,
1405–1417.

15. Lin,M.,Murphy,M.,&Hahn,H. (2000).Resin transfermoldingprocess optimization.Compos-
ites Part A: Applied Science and Manufacturing. https://doi.org/10.1016/S1359-835X(99)000
54-8

16. Li, J., Zhang, C., Liang, R., & Wang, B. (2008). Robust design of composites manufac-
turing processes with process simulation and optimisation methods. International Journal of
Production Research, 46, 2087–2104.

17. Samir, J., Echaabi, J., & Hattabi, M. (2011). Numerical algorithm and adaptive meshing for
simulation the effect of variation thickness in resin transfer molding process. Composites Part
B: Applied Science and Manufacturing, 42, 1015–1028.

18. Mathur, R., Fink, B. K., & Advani, S. G. (1999). Use of genetic algorithms to optimize gate
and vent locations for the resin transfer molding process. Polymer Composition, 20.

19. Jovanovic, V., Manoochehri, S., & Chassapis, C. (2001). For resin transfer molding. https://
doi.org/10.1108/02644400110409186.

20. Nielsen, D., & Pitchumani, R. (2001). Intelligent model-based control of preform permeation
in liquid composite molding processes, with online optimization. Composition Part A, 32,
1789–1803.

21. Chen, X., Xie, H., Chen, H., & Zhang, F. (2010). Optimization for CFRP pultrusion process
based on genetic algorithm-neural network. International Journal of Material Forming, 3,
1391–1399.

22. Okonkwo, K., Simacek, P., Advani, S. G., & Parnas, R. S. (2011). Characterization of 3D fiber
preform permeability tensor in radial flow using an inverse algorithm based on sensors and
simulation. Composition Part A, 42, 1283–1292.

23. Yun, M., Sas, H., Simacek, P., & Advani, S. G. (2017). Characterization of 3D fabric
permeability with skew terms. Composition Part A, 97, 51–59.

24. Nikbakt, S., Kamarian, S., & Shakeri, M. (2018). A Review on Optimization of Composite
Structures Part I: Laminated Composites. Composite Structures. https://doi.org/10.1016/j.com
pstruct.2018.03.063

https://doi.org/10.1016/j.compositesb.2019.04.029
https://doi.org/10.1016/B978-0-12-803581-8.04022-4
https://doi.org/10.1016/S1359-835X(99)00054-8
https://doi.org/10.1108/02644400110409186
https://doi.org/10.1016/j.compstruct.2018.03.063


A Comprehensive Review on Single- and Multi-Objective … 65

25. Nikbakht, S., Kamarian, S., & Shakeri, M. (2019). A Review on optimization of composite
structures Part II: Functionally gradedmaterials.Composite Structures. https://doi.org/10.1016/
j.compstruct.2019.01.105

26. Henz,B. J.,Mohan,R.V.,&Shires,D.R. (2007).Ahybrid global—local approach for optimiza-
tion of injection gate locations in liquid composite molding process simulations. Composition
Part A, 38, 1932–1946.

27. Li, J., Zhang, C., Liang, R., & Wang, B. (2008). Robust design of composites manufac-
turing processes with process simulation and optimisation methods. International Journal of
Production Research. https://doi.org/10.1080/00207540600806455

28. Advani, S. G., Sas, H. S., & Šimác, P. (2015). A methodology to reduce variability during
vacuum infusionwith optimizeddesign of distributionmedia.CompositionPartA, 78, 223–233.

29. Carlone, P., Palazzo, G. S. (2014). A simulation basedmetaheuristic optimization of the thermal
cure cycle of carbon-epoxy composite laminates. In AIP Conference on Proceedings. https://
doi.org/10.1063/13589483.

30. Ruiz, E., & Trochu, F. (2005). Comprehensive thermal optimization of liquid composite
molding to reduce cycle time and. Polymer Composites. https://doi.org/10.1002/pc.20077

31. Wang, J., Simacek, P., & Advani, S. G. (2016). Composites: Part A Use of Centroidal Voronoi
Diagram to find optimal gate locations to minimize mold filling time in resin transfer molding.
Composition Part A, 87, 243–255.

32. Matsuzaki, R., Yokoyama, R., Kobara, T., & Tachikawa, T. (2019). Multi-objective curing
optimization of carbon fiber composite materials using data assimilation and localized heating.
Composition Part A. https://doi.org/10.1016/j.compositesa.2019.01.021

33. Achim, V., Ratle, F., & Trochu, F. (2009). Evolutionary operators for optimal gate location in
liquid composite moulding. Applied Soft Computing, 9, 817–823.

34. Tifkitsis, K. I., Mesogitis, T. S., Struzziero, G., & Skordos, A. A. (2018). Stochastic multi-
objective optimisation of the cure process of thick laminates. Compos Part A, 112, 383–394.

35. Moayyedian, M., Abhary, K., & Marian, R. (2017). Optimization of injection molding
process based on fuzzy quality evaluation and Taguchi experimental design. CIRP Journal
of Manufacturing Science and Technology. https://doi.org/10.1016/j.cirpj.2017.12.001

36. Gupta, A., Kelly, P. A., Bickerton, S., & Walbran, W. A. (2019). Simulating the effect of
temperature evaluation on clamping force requirements during rigid-tool Liquid Composite
Moulding process. Compos Part A, 43, 1–9.

37. Oya, Y., Yamamoto, G., Sato, J., Matsumiya, T., Okabe, T., Matsuzaki, R., Yashiro, S., &
Obayashi, S. (2016). Multi-objective optimization for resin transfer moulding process.Compos
Part A. https://doi.org/10.1016/j.compositesa.2016.09.023

38. Tarasov, I. V., Shevtsov, S. N., Evlanov, V., Orozaliev, E. E., Tarasov, V., & Evlanov, V.
(2015). Model-based optimal control of polymeric composite cure in autoclave system. In
IFAC-PapersOnLine (pp. 204–210). Elsevier Ltd.

39. Seretis, G., Kouzilos, G., Manolakos, D., & Provatidis, C. (2018). Multi-objective curing cycle
optimization for glass fabric/epoxy composites using poisson regression and genetic algorithm.
Materials Research, 21.

40. Ruiz, E., & Trochu, F. (2006). Multi-criteria thermal optimization in liquid composite molding
to reduce processing stresses and cycle time. Composition Part A, 37, 913–924.

41. Struzziero, G. (2015.) Optimisation of the VARTM process. https://doi.org/10.13140/RG.2.1.
4994.9921.

42. Struzziero, G., & Skordos, A. A. (2016). Multi-objective optimisation of the cure of thick
components. Composition Part A. https://doi.org/10.1016/j.compositesa.2016.11.014

43. Li, K., Yan, S., Zhong, Y., Pan, W., & Zhao, G. (2018). Multi-Objective Optimization of
the Fiber-reinforced Composite Injection Molding Process using Taguchi method, RSM, and
NSGA-II. Simulation Modelling Practice and Theory. https://doi.org/10.1016/j.simpat.2018.
09.003

https://doi.org/10.1016/j.compstruct.2019.01.105
https://doi.org/10.1080/00207540600806455
https://doi.org/10.1063/13589483
https://doi.org/10.1002/pc.20077
https://doi.org/10.1016/j.compositesa.2019.01.021
https://doi.org/10.1016/j.cirpj.2017.12.001
https://doi.org/10.1016/j.compositesa.2016.09.023
https://doi.org/10.13140/RG.2.1.4994.9921
https://doi.org/10.1016/j.compositesa.2016.11.014
https://doi.org/10.1016/j.simpat.2018.09.003


66 A. Zade and R. R. P. Kuppusamy

44. Sonmez, F. O., &Akbulut,M. (2007). Process optimization of tape placement for thermoplastic
composites. Composition Part A. https://doi.org/10.1016/j.compositesa.2007.05.003

45. Dolkun, D., Zhu, W., & Xu, Q. (2018). Optimization of cure profile for thick composite parts
based on finite element analysis and genetic algorithm. Journal of CompositeMaterials. https://
doi.org/10.1177/0021998318771458

https://doi.org/10.1016/j.compositesa.2007.05.003
https://doi.org/10.1177/0021998318771458


Effect of Heat Treatment
on Microstructure and Room
Temperature Mechanical Properties
in 55Si7 Spring Steel

Rahul R. Kulkarni, Sumit Mate, Stephen Joseph, and Nigel D’sa

1 Introduction

55Si7 is the commercial-based spring steel [1]. This steel is used in the automo-
tive industries. Further, this kind of steel may be used as leaf spring, helical spring,
Belleville washers. Due to operational safety, springs have to meet increasing perfor-
mance requirements,which concernmechanical properties aswell as fatigue strength.
There are many ways by which one can alter the mechanical properties of the spring
steels. To change the mechanical properties of the steel in the solid state, heat treat-
ments are considered to be one of the conventional methods. Further, an alloying
element plays an important role to enhance the mechanical property during heat
treatment. Among the alloying elements, silicon (Si) is a crucial element in spring
steel. The study revealed that the addition of Si decreases the diffusion of carbon
atoms and increases the stability of agglomerations of the carbon [2]. Further, Si
induces the directional covalent bonds in the solid solutions which increase the
resistance to the motion of dislocations and susceptible to temper embrittlement [2].
Manganese is another important alloying element which reduces the critical cooling
rate during the heat treatment. Microstructural changes found to have occurred after
annealing, spheroidizing, hardening and tempering in spring steel, which further
alter the flow formability and mechanical properties [3–5]. The strain hardening
increases sharply with the increase in the interlamellar pearlite spacing in 60SiMnA
steel [6]. Among various room temperature tensile properties, yield strength decides
the damping capability in spring steels. Yield strength and tensile strength are depen-
dent on time–temperature characteristics of tempering heat treatment. Further, these
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properties are due to the diffusion of carbon atoms during tempering heat treatment
[7].

Oil quenching is generally being used in case of Si-Mn-type spring steels during
hardening heat treatment. But oil quenching is not environmentally friendly. There
may be a need for recycling the process. Also, alloying elements such as phospho-
rous/tin/Sulfur lead to temper embrittlement during oil quenching due to slow cooing
rate. Because of this, the cost of production is reasonably high. So, there is a need
of exploring another possibility such as the use the water as a quenching medium
without compromising the mechanical properties. Deformability is another aspect
that needs to be considered in spring steels since these steels may require to form in
different shapes.

By considering the above aspects, it was found that not much work has been
reported in these regards for 55Si7 spring steel. This kind of work could help the
process designer to decide the process parameters during the processing of these
steels. Therefore, the objective of the present work is to study the microstructure
evolution during various heat treatments such as annealing, normalizing, hardening
and tempering in 55Si7 spring steel. The present study uses water quenching instead
of oil quenching for hardening purpose. Further, tempering heat treatment has been
studied as a function of time and temperature, and room temperature mechanical
properties are evaluated and analyzed. Further, an attempt is made to bring out
the correlation between the room temperature mechanical properties and evolved
microstructure with the constants of constitutive equations by studying the metallur-
gical characteristics. This kind of study could help in optimizing the process of heat
treatment.

2 Experimental Work

2.1 Material

The material used for this study was 55Si7 spring steel in a wrought form whose
chemical composition was measured by weight analysis. This is given in Table 1.

Table 1 Chemical composition of 55Si7 spring steel

Element C Si Cr P Mn S Fe

Wt% 0.60 1.78 0.031 0.07 0.82 0.093 Balance
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Table 2 Specimen dimensions for tensile test

Width (mm) Thickness (mm) Cross-sectional area (mm2) Gauge length (mm)

12.5 3.05 38.125 50

2.2 Heat Treatment and Microstructure Study

The specimens of the 55Si7 spring steelwere subjected to the annealing, normalizing,
hardening and tempering heat treatment. At the start of the heat treatment, all the
specimens were heated in themuffled furnace at 900 °C for 0.5 h. to get homogenized
austenitic structure. One of the specimens was cooled inside the furnace by shutting
it for annealing heat treatment. This means the specimen is cooled with the furnace.
The other specimen was cooled in the air for normalizing heat treatment. Besides,
other specimens were subjected to the hardening treatment by water quenching.
Further, tempering was done in three batches. Each batch contains three specimens.
Each batch of the specimens was heated in the Muffled furnace at 400, 500, 600 °C
for 1 h, 2 h and 3 h and cooled in air. Metallography study was done on as-received
specimen as well as on all heat-treated specimens.

For microstructure study, specimens were polished with a series of SiC papers
of 300, 600 and 800 microns. The wet polishing was done on these specimens with
the help of a mixture of alumina (Al2O3) powder and water (H2O). Further, the
specimens were etched with Nital (3% HNO3, 97%methanol). Microstructure study
was done under an optical microscope at different magnifications after drying the
specimens. Grain size study was done by using an ASTM comparison method which
further converted to the micron.

2.3 Room Temperature Tensile and Hardness Test

Tensile test for annealed and normalized specimenswas carried out onMTSmachine.
Flat specimenswere prepared for the tensile test with dimensions which ismentioned
in Table 2. Rockwell hardness in C scale (HRC) was carried out on hardened and
tempered specimens and reported the HRC number for further analysis.

3 Results and Discussions

3.1 Microstructure Study

The optical microstructure of as-received 55Si7 spring steel is shown in Fig. 1. This
shows the presence of pearlite with lamellar packing of ferrite and cementite particles
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Fig. 1 Optical microstructure of as-received 55Si7 spring steel

also of eutectoid ferrite. Pearlite is observed to be more in weight percentage as
compared to proeutectoid ferrite. This observation matches with the Fe–Fe3C phase
diagram and lever rule for 0.6 wt% carbon [8]. In addition, non-uniformity in grain
sizes was observed in the present microstructure.

Figure 2a, b, c and d shows the typical optical microstructures of the specimens
after annealing, normalizing, hardening and tempering heat treatment. Micrograph
of the specimen after annealing heat treatment shows a coarser grain structure of
ferrite and larger colonies of pearlite as compared to the micrograph of the specimen
subjected to normalizing heat treatment.

Qualitatively, interlamellar spacing is observed to be more in the former case.
This is due to the fact that annealing heat treatment is a slow cooling process as
compared to normalizing heat treatment. This results in less nucleation rate and
more grain growth. During normalizing heat treatment, nucleation rate is higher, and
subsequently, grain growth is less due to faster cooling rate as compared to annealing
heat treatment. More uniformity in grain sizes was observed after annealing heat
treatment. This is because sufficient time has given to solute atoms to redistribute.
But this is not the case for normalizing heat treatment in which no time has provided
due to faster cooling rate. Grain size numbers were found by ASTM comparison
method. Grain size number was found to be 6 in the specimen of annealing heat
treatment, and the same was found to be 7 in the specimen of normalizing treatment.
This grain size number was taken from three different positions of the specimens
at 400X magnification. Hardened and tempered specimens show small needle-like
tempered martensite structure.
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Magnification: 400X

Fig. 2 Optical micrographs of specimens subjected to a annealing heat treatment, b normalizing
heat treatment, hardening and tempering at c 400 °C and d 600 °C

The ASTM grain size number of proeutectoid ferrite and colonies of ferrite for a
given photomicrograph can be found using Eq. (1)

N = 2n−1 (1)

whereN = the number of grains observed in an area of 1 in2 on a photomicrograph
taken at a magnification of 100X, and n = the ASTM grain size number [9]. This
number is further translated into an average grain diameter via

d =
√

25.42
2n−1

1002
× 1000 (2)

where d = the average grain diameter in µm.
Equation 3 is used to adjust the values to the required magnification.

N =
(

M

100

)2

gi (3)

The average grain size was obtained to be 20.3 µm and 48.1 µm for the specimen
subjected to the normalized and annealing heat treatment, respectively. It shows
finer grain structure for a normalized specimen as compared to that of the annealed
specimen.
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3.2 Room Temperature Mechanical Testing

Hardness Test
Rockwell hardness after hardening heat treatment was found to be 57 HRC. This

hardness is attributed to the transformation of austenite (FCC: face center cubic
crystal structure) to martensite (BCT: body center tetragonal crystal structure) [10].
In addition, this could be due to the internal stresses generated during quenching in
water from high temperature, i.e., 900 °C to room temperature. Variation of hardness
after tempering treatment with reference to time and temperature is shown in Fig. 3a
and b. The marginal decrease in hardness is observed after tempering for the duration
of 1 h, 2 h and 3 h for each 400 °C, 500 °C and 600 °C, respectively. When the
tempering duration is extended over 2 h. at 500 °C, there is a drastic reduction in the
hardness value (Fig. 3a). Themarginal decrease could be due to relaxation of internal
stresses. The decrease in hardness value as a function of time could be attributed
to diffusion of carbon from BCT martensite to the matrix, i.e., relaxation of BCT
martensitic cell [10] as well as relaxation of internal stresses. With the increase in
tempering temperature, the hardness value at constant time decreases (Fig. 3b). This
is due to the fact that the temperature enhances the diffusion process, which leads to
the more relaxation of BCT martensitic cell. As tempering temperature reaches to
near 723 °C, i.e., eutectoid temperature, the hardness reaches its lowest value.

Further, the rate of decrease in hardness is observed to be faster after 500 °C
(Fig. 3b). Thismeans after 500 °C; transformationbecomes fast. This is also attributed
to the fact that lower tempering temperature is used for relaxation of stresses and
higher temperature ranges enhance the diffusion of carbon from the martensitic
structure. It is clear from Fig. 3a and b that the optimum strength and ductility
can be achieved at 500 °C for 2 h for the present set of investigations.

Tensile Test

Figure 4a and b shows the engineering stress-engineering strain curve for the
specimen subjected to (a) annealing heat treatment and (b) normalizing heat treatment

Fig. 3 Variation of hardness as a function of a time and b temperature
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Fig. 4 Engineering stress-engineering strain curves for the specimen subjected to a annealing heat
treatment b normalizing heat treatment under tensile loading

Table 3 Tensile test parameters with reference to the type of heat treatment

Tensile test
parameters

Ultimate
tensile load
(kN)

Ultimate
tensile
strength
(MPa)

0.2% yield
strength
(MPa)

Percentage
elongation to
failure (%)

Overall work
hardening rate
(MPa)

Annealing 33.32 873.96 465.01 16 2556

Normalizing 39.44 1037.895 683.494 8.8 4027

The yield strength of as-receivedmaterial is 515MPa and ultimate tensile strength
of 919 MPa. Room temperature tensile test was carried out on specimens subjected
to annealing and normalizing heat treatment. The parameters like ultimate tensile
strength (UTS), yield strength (YS) and elongation to failure of the specimen
derived from engineering stress-engineering strain curve with reference to the type
of treatment are shown in Table 3.

The engineering stress–strain curve of the tensile specimens subjected to
annealing and normalizing heat treatment is shown in Fig. 4a and b, respectively.
The yield strength and tensile strength of specimen of normalizing heat treatment
are higher than that of the specimen subjected to annealing heat treatment. At the
same time, ductility is found to be higher in the specimen subjected to annealing
heat treatment (Table 3). The total energy absorbed (shown by area under stress–
strain curve) by the annealed material during deformation till breakage is found to
be more than that of normalized material, though the strength of the material is more
in later cases as shown by stress–strain curve (Fig. 4a and b). The deformability is
generally being seen from the uniform strain and the plastic part of the stress–strain
curve. An attempt is made to understand the deformability for the given study from
engineering stress and engineering strain curves (Fig. 4a and b). The plastic part of
the stress strain curve is large for the specimen subjected to the annealing heat treat-
ment (Fig. 4 a). This indicates the deformability is better in the specimen, which was
undergone annealing heat treatment. The overall work hardening rate is calculated
as

(
σu − σy

)
/ε f where σ u is the ultimate tensile strength in MPa, σ y is the yield
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strength in MPa and εf is the total strain to failure. From Table 3, it has been seen
that the overall work hardening rate is higher for a normalized specimen than that of
the annealed specimen. This is an important parameter to be considered as forming
characteristics of this steel. These properties can be related to evolvedmicrostructure.
The analysis of optical micrograph shows the finer grain structure for the specimen
subjected normalized heat treatment. This results in the higher yield strength. These
findings are related to dislocation activities in other steels [11–13]. Finer the grain
structure and finer interlamellar spacing lead to the resistance to the movement of
dislocation during deformation, which results in higher strength. In addition, non-
uniformity in the grain sizes results in less ductility. This is due to accumulation of
dislocations at few grains than others. This means that more strain localization is
possible in normalized specimen than that of the annealed specimen. This makes
the crack to form very quickly results in failure of the specimen. Further, the large
toughness value is due to the large ductility. This is because of the large grain size
and its uniformity. Large grain size facilitates the movement of dislocation, which
means there is less resistance to the movement of dislocation [11–13]. These grain
structures are also the cause of work hardening rates of different specimens. In addi-
tion, interlamellar spacing affects the strength, ductility and overall work hardening.
Qualitatively, lesser interlamellar spacing for normalized specimen leads to higher
strength, higher work hardening effect and less ductility. Further, these parameters
were related to the total energy absorbed by the specimen during tensile deformation
till breakage. Higher strength with less ductility and higher overall work hardening
of the specimen of normalizing heat treatment give rise to less absorption of total
energy before failure.

The interrelationship between the grain size and tensile yield stress is given by
Hall–Petch equation [13–15]. Equation (4) represents the Hall–Petch equation.

σy = σ0 + Kd(−1/2) (4)

whereas σy is the yield strength of the material in MPa, σ0 is the frictional stress
MPa and K is the locking parameter in MPa-m1/2. The grain size in micron is
represented by d.

Using the tensile stress–strain graph and microstructural analysis, the value of σ0

andK is calculated to be (fromEq. 4) 59.88MPa and 2.81MPa-m1/2. These constants
can be helpful in predicting the yield strength of this material for a variety of grain
sizes.

4 Conclusions

The optical microstructure of 55Si7 spring steel consists of proeutectoid ferrite and
lamellar structure of ferrite and cementite. Further, the microstructures after normal-
izing heat treatment show the finer grain sizes of proeutectoid ferrite and pearlite
colonies. More uniform and courser grains are observed to be formed after annealing
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heat treatment. The hardness of thematerial is found to be dependent on the tempering
temperature as well as on the tempering time. With an increase in the duration of the
tempering treatment in all temperatures, hardness value decreases. Further, this rate
of decrease is found to be more beyond 500 °C. Higher yield strength is found to be
in the specimen subjected to normalizing heat treatment than that of annealing heat
treatment. The Hall–Petch constants based on grain sizes are found to be 59.88 MPa
and 2.81 MPa-m1/2 for the 55Si7 spring steel.

These constants have limitations since yield strength of the material not only
depends on grain size, but interlamellar spacing plays a role in this regard. For this,
extended study is required.
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A Review on Latest Trends on Different
Research Domains of Composite
Materials

Aditya Pratap Shahi, Vikas Dwivedi, and Garima Verma

1 Introduction

The term composite materials mainly refer to those materials having composition of
at least more than two materials which means that there will hybrid properties of two
materials simultaneously. The composite materials can be made up of various mate-
rials like carbon, polymers, aramids and natural fibers which are somehow embedded
in any kind of polymer matrix. Various types of materials are blended into a single
material containing different properties of substances known as the composite mate-
rials. But, within this composite composition, one can easily distinguish about the
different materials because these materials really do not dissolve or blend into one
another. Utilization of composite materials was for the most part started distinctly
at airplane business in 1970s; however, these days after just three decades, it is
created in many enterprises. Then, the car business, considered as a mother one in
every nation, has profited by capacities and qualities of these propelled materials.
Alongside progress in innovation, metallic car parts are supplanted by composite
ones.

The composite material is arranged by blending at least two distinct components
so as to make the subsequent material having prevalent properties from its parental
materials. There are two pieces of composite material, grid and filler/fiber (fortifying
stage). We can strengthen in different stage like filaments, sheets or particles. It is
encompassed in different materials called the framework stage. Metal, clay, non-
metal and polymer material can be utilized as fortifying component and lattice mate-
rial being developed of composites. The fiber/filler utilized in composite is stiffer
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and more grounded than the framework material (called persistent stage), which fills
in as burden conveying individuals. Persistent stage (lattice) of composite goes about
as the heap move medium between strands/fillers.

In right now, improvement of material tending toward green composite because
of difficulties of worldwide ecological concerns like as follows: (1) rising ocean
levels, (2) rising normal worldwide temperatures, (3) decreasing polar ice top, (4)
rapidly draining oil assets and so on. These issue increased weights on specialists,
scientists and industrialists toward assembling and new item configuration utilizing
green material halfway or completely. The biodegradable waste transfer issue and
benchmarks formore clean just asmore secure condition give a copious part of logical
research toward eco-composite materials, which effectively have debased or bio-
absorbed. The plenteous nearness of characteristic fiber and some other accessible
agro- squander has been moreover liable for most recent improvement in inquire
about toward green composite material. In Fig. 1, various types of analysis related
to durability of some composite materials has been discussed.

Polymer composites are these days broadly utilized in aviation vehicles, cars,
marine, sports types of gear, windmills, building, customer businesses for their
amazing properties like lightweight, high solidness, high quality, great erosion
obstruction, superb plan adaptability, less inclined to natural debasement, incredible
warm protection, acoustic damping and great stylish highlights. Polymer composite
materials are typically utilized as monocoque structures. The monocoque structure
is overwhelming, costly and the laminas of the center segment, near the impar-
tial plane of the structure, are not used to their full quality under flexural stacking.
To defeat these impediments of the monocoque structures, sandwich structures are
being created. The sandwich structures are generally lighter in weight and more
affordable. Objective is to complete the writing survey identified with portrayal

Strength DegradationStiffness Degradation

Damage Mechanisms

Stress Analysis

Life Prediction 

Damage Mechanics

Initial 
Deformation 

Models

Service Loading

Fig. 1 Durability analysis of composite materials



A Review on Latest Trends on Different Research Domains of Composite Materials 79

of polymer composite materials, various materials utilized in polymer composites,
disappointment component, fabricating procedure of polymer composite and so forth
which will be useful to grow slim polymer sandwich board appropriate for setting
up the external spread or external assortment of different machines also, machines.
Therefore, composite materials consist of wide range of applications required for
manufacturing various products like aluminum-based ceramic matrix.

2 Literature Survey

Basically, there are a lot of materials which possess different types of qualities like
hardness, brittleness, roughness and toughness. Various researchers have worked in
various domains of metal characteristics and their qualities. One by one, a sequential
audit of different types of surveys on composite materials has been discussed in this
paper. There are some types of polymers which are very hard in nature and such
composite materials are further introduced in different domains of polymers, fillers,
applications and so on.

Jayaramudu et al. in [1] have studied the various characteristics of polyalthiacera-
soide which gave textures blending in with different types of epoxy composite. These
woven textures are helpful inmaking different composite structures for better use and
machinery designs. The hand layup system was used to manufacture of half-breed
composite at room temperature.

There are different authors who are searching on different compositions of
materials in order to give the methodology for new types of composite materials.

The surface change of woven fiber was finished by the procedure of antacid treat-
ment. Themicrostructure andmorphology considered were finished utilizing Fourier
changes infrared spectroscopic (FTIR) and examining electron minute strategies
separately. The FTIR investigations speak to minimal estimation of hemi-cellulose
and lignin substance of soluble base treated woven texture. The mixture composite is
proposed for different applications in building and development enterprises as boards
for dividing, flooring, stockpiling tanks, table taps and so forth.

Barnasree et al. [2] contemplated wood dust molecule fortified in epoxy-based
composite for examination of mechanical conduct. The sandy wood dust molecule
utilized as fortification and LY 556 epoxy for gum. The six distinctive rate of filler
molecule was the major concern of this study. Tractable and flexural test were done
utilizing UTM and test size dependent on ASTM standard. The diverse structure
parameters like filler substance and speed for stacking with tractable and flexural
quality utilizing GRA were optimized. Optimization by GRA has the upside of
choosing best and most noticeably terrible choices. GRG shows that trial number 13
is the most appropriate, and trial number 3 is the least significant. Epoxy composite
with 10 filler contents (wt%) at comparing rate of 1 mm/min shows best execution,
and then, again with 0 filler content (wt%) at the speed of 3 mm/min shows the worst
execution.
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Sarkia et al. [3] inspected the morphology and mechanical conduct of coconut
shell particles strengthened filler with epoxy-based composites be assessed. The
coconut shell-filled composites manufactured with epoxy polymer network having
up to 30wt.%of the coconut shell fillers. The effect qualitywas somewhat diminished
as contrasted and unadulterated epoxy tar. Ku et al. [4] checked on the malleable
conduct of regular fiber strengthened polymer composites. From recent decades,
regular filaments drawn consideration by analysts, specialists and researchers as an
elective source of fortifyingmaterials in assembling of the composites. Inexhaustible
accessibility ease in preparing and ease is the primary issue of fascination and enthu-
siasm to use as fortified material being developed of composites. It was uncovered
that the standard of blend (ROM) anticipated and tentatively got rigidity of various
normal filaments fortified HDPE composites were very near one another, and the
Halpin–Tsai condition was utilized to anticipate the Young’s modulus of composite
materials which made of various kinds of characteristic filaments.

Mahindra et al. [5] workedwithmany other authors on the domain of epoxy-based
composite material for knowing and understanding the various degrading properties
of the materials.

For experimenting with such work, araldite LY 556 and HY 951 were mostly used
as resin and hardener. Further in this work, they discovered that the lifetime of the
composite materials tends to vary with various temperature values corresponding to
the time function. It was further found that the hot laminate was having good strength
as compared to the cold one.

Rao et al. [6] worked on the different wearable properties of coconut dust particle
filled with epoxy resin-based composite materials which were both in nature that is
treated as well as untreated. The values for the concentration of coir were taken as
10%, 20% and 30% used for the fabrication of composites.

In [7], different characteristics of copper matrix have been discussed involving
reinforced SiC–graphite hybrid composites. The authors have described various
effects of CNT and TiC hybrid reinforcement on the micro-mechanic-tribo behavior
of aluminummatrix composites [8, 9]. In [10], different applications of multi-criteria
decision-making techniques in the optimization of mechano-tribological properties
of copper-SiC-graphite hybrid metal matrix composites have been discussed. In [11],
authors have given characterization of mechanical and tribological properties of
graphite and alumina reinforced zinc alloy (ZA-27) hybrid metal matrix composites.

3 Contribution

The authors have discussed various parameters of different types of composites and
their types [12, 13]. Along with this, a comparative study of different parameters
involved in the composite materials has also been discussed. After that, different
research challenges and future scope have also been discussed which makes the
study more robust.
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4 Types of Fibers

4.1 Materials

The term composite could mean nearly anything whenever taken at face esteem,
since all materials are made out of divergent subunits whenever analyzed at close
enough detail [14, 15]. In any case, in present-day materials designing, the term
for the most part alludes to a “lattice” material that is strengthened with strands.
For example, the term “FRP” (Fiber-Reinforced Plastic) normally demonstrates a
thermosetting polyester grid containing glass strands, and this specific composite
has a lot of the present business advertise [7, 16]. Numerous composites utilized
today are at the main edge of materials innovation, with execution and costs proper
to ultra-requesting applications, for example, rocket. Yet heterogeneous materials
joining the best parts of divergent constituents have been utilized commonly for
many years. Old society, impersonating nature, utilized this methodology too: the
Book of Exodus talks about utilizing straw to fortify mud in block making, without
which the blocks would have no quality.

As found in Table 1, [17] the filaments utilized in current composites have qual-
ities and stiffness’s far over those of customary mass materials. The high qualities
of the glass strands are because of preparing that stays away from the interior or
surface imperfections which regularly debilitate glass, and the quality and solidness
of the polymeric aramid fiber is an outcome of the about great arrangement of the

Table 1 Comparative study of various parameters

Parameters Glass ionomers Resin ionomers Composite
materials

Amalagam

Durability Holds good record
in non-load bearing
but bad in
load-bearing
mechanisms

Switches from
moderate to good in
non-load bearing

Good in
non-load
bearing

Excellent in
non-load

Leakage Low process Low having proper
bonding issues

Low in proper
bonding

Moderate in
bonding

Recurrent
delay

Same as other
materials have

Same as other
materials have

Have tooth
material like
bond

Similar like other
materials

Wear
resistance

Mostly low on
occlusal surfaces

Usually low Usually
moderate

High

Operator
skills

Materials are
unpredictable and
unforgiving

Materials are
unpredictable and
unforgiving

Materials are
mostly
predictable

Materials are
unpredictable and
unforgiving

Clinical
conditions

Very well
controlled
operational fields

Very well controlled
operational fields

Strong range of
tolerance

Very well
controlled
operational fields
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sub-atomic chains with the fiber hub. Obviously, these materials are not commonly
usable as strands alone, and ordinarily they are impregnated by a lattice material
that demonstrations to move burdens to the filaments, and furthermore to ensure the
strands from scraped area and ecological assault. The grid weakens the properties
somewhat, yet even so high explicit (weight-balanced) properties are accessible from
these materials.

Metal and glass are accessible as grid materials, yet these materials are more
expensive and are mainly used for research activities.

4.2 Fibers

The essential capacity of the support in composites strengthenedwith nonstop strands
is to give quality and solidness and to help the auxiliary burden. The motivation
behind the grid is to give shape and structure, to shield the filaments from basic
harm and unfavorable concoction assault, to circulate stress and to give sturdiness.
Strands, otherwise called fibers have limited lengths of in any event multiple times
their distance across and are set up by drawing from a liquid shower, by turning, or by
concoction fume affidavit on a substrate, for example, tungsten or carbon. They are
assembled into packages or strands of 500–12 000 fibers. The packs or strands might
be hacked into short filaments or contorted into yarns appropriate for the weaving of
textures or three-dimensional performs, utilizing an assortment of weaving designs.
The strands might be further joined to shape tows, with upwards of 40,000–300,000
fibers each. Woven textures and tows can be prepared into slashed texture squares or
cleaved fiber tows. In the plain weave design, yarns are intertwined in exchanging
style over and under each and every other yarn to give greatest texture steadiness and
solidness, and least yarn slippage. At the hour of their arrangement, the filaments or
yarns are measured, to secure the surface and help the procedure of further dealing
with, for example, weaving. Before the strands are at last utilized in the creation of
a composite, the size is normally expelled by heat cleaning or washing. Strands are
additionally now getting accessible as blends. An propelled maker of composites,
Textron Specialty Materials (TSM), has begun to advertise a consistent fiber epoxy
gum prepreg tape that contains a blend of enormous boron strands and littler width
carbon strands,with a fiber thickness of 70–80%.While carbon is acceptable in strain,
it needs great compression properties. This insufficiency is defeated through the
utilization of boron filaments that display their best properties in pressure. The joined
material has great flexural properties, which are of significance to the assembling of
submersible structures, outdoor supplies and restorative gear [18].
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5 Types of Composites

5.1 Continuous Phase (Matrix) Material

5.1.1 Metal Matrix Composites (MMC)

There are metal lattice of different materials that are being formed by the fortification
process of metal penetrations. After fortification process, the strength of the material
is being increased up to several levels. Remelting is also a process of converting
or melting down the materials in some form or the other. Metal matrix composites
consist of several types of matrix materials resulting in different types of hybrid
materials.

In spite of the fact that the grid is liquid, such MMCs are precisely steady up
to around 850 °C (Burkhard 1995) and can be dealt with. The respectability of
such MMC rings can be affirmed by nondestructive testing and embedded again
into the throwing of a cylinder, which has just to accomplish holding between
the composite and the grid, as the essential throwing process had just penetrated
the preform. Reusing of MMC areas of characterized shape can be imagined for
alumina fiber fortified aluminum (or magnesium amalgams gave that recovery of the
composite from the liquefy is sufficiently quick to limit interface responses), SiC
strengthened aluminum–silicon compounds, carbon fiber strengthened magnesium,
and, with certain reservations, for monofilament fortified titanium combinations. In
Fig. 2, different composite materials have been categorized into different parts as
shown below.

A few properties like higher quality, break sturdiness and firmness are offered by
metal networks-based compositematerial.Metal framework can hold up under raised
temperature in destructive environment in contrast with polymer composites [19].
Titanium, aluminumwhat’s more, magnesium are the well-known frameworkmetals
as of now in pattern, these materials, especially utilized in airplane applications [20].
On account of these attributes metal framework, composites are getting looked at for
wide scope of uses like burning chamber spout (in rocket, space transport), lodgings,
tubing, links, heat exchangers, auxiliary individuals and so on.

Molecule fortified metals with particulate volume portions more noteworthy than
40%are additionallymuch of the time arranged by liquefying invasion of powder pre-
forms. It might be imagined to reshape straightforward geometries of these compos-
ites somewhat by shaping procedures; if remelted, the volume portion of support
may be expanded if a portion of the network is crushed out during auxiliary weight
throwing (Burkhard 1995). On the other hand, these composites could be utilized
as a reason for the creation of lower volume portion composites by remolding and
weakening by a framework soften (Klier et al. 1991).
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5.1.2 Ceramic Matrix Composites (CMC)

These composites are basically one of the sub-domains of composite materials and
also of ceramics. There is a ceramic matrix which contains ceramic fibers in it. A
ceramic material can be composed of both the matrix as well as different fibers. Basi-
cally, the concept of ceramic matrix composites (CMC) came in picture in order to
overcome the problems of different materials like silicon nitride and silicon carbide.
Major disadvantage of suchmaterials is that thesematerials get fractured easily under
any kind of thermo-mechanical loads due to cracks or scratches. To overcome such
problems, thesematerials are being embedded intomatrices called asmatrix compos-
ites. The parameters used in ceramic matrix composites (CMC) generally help in
enhancing the toughness of the materials and also help in increasing the strength of
the material. It also enhances the value of Young’s Modulus of the ceramic material.
The major functions of using ceramic matrix composites (CMC) are given below:-

• To increase the stress value of the cracks obtained in the material which leads to
increase in the energy of the crack propagation.

• After formation of little cracks, the CMC helps in recovering these cracks with a
high ultimate tensile strength (UTS) value.

Majorly used materials in ceramic composites are carbon metals, alumina mate-
rials, silicon carbide, etc. Artistic network composites (CMCs) are a subgroup of
composite materials just as a subgroup of earthenware production. They comprise
of earthenware filaments implanted in an artistic grid. The lattice and strands can
comprise of any fired material, whereby carbon and carbon filaments can likewise
be viewed as a clay material.

This sort of compositematerials comprises of earthenware strands/fillers strength-
ened in a clay network. Models and silicon carbide strands fixed in a grid produced
using a borosilicate glass. One of the principle goals, in creating earthenware grid
composites, is to improve the sturdiness of material. Normally, it is normal and
certainly.

Found that there is a concurrent improvement in quality and solidness of
earthenware network composites [21].

5.1.3 Polymer Matrix Composites (PMC)

The polymer-based matrix composites are basically composed of various types of
short fibers which are continuous in nature, and these are bound together by some
means of organic matrix of polymers. PMCs are generally designed in order to
transfer and manage the loads between the various fibers of matrix. There are various
advantages of using polymermatrix composites as they are very lightweight in nature,
have high toughness and stiffness and also have high strength to deal with typical
metals. Also, they have good corrosion resistance property and better abrasion resis-
tance quality. In this, the materials generally form bonds with one another and then
transfer the loads with each other. Polymer matrix composites are generally divided
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into two main parts as thermosets and thermoplastics. Thermosets are predominant
type in today’s usage, and they are further classified into resin systems like polymides,
polyurethanes and epoxies. There are various types of disadvantages also of using
such structure of composite materials as given below:

• Environmental degradation is one of the harnessing factors of degrading qualities
of composite materials.

• There is a phenomenon known asmoisture absorption bywhich swelling is caused
in the surface of the polymers leading to a decrease in the Tg value.

• There can be a thermal mismatch between various bonds of the polymers like in
polymer and fiber which can cause cracking or debonding in the surface of the
polymers or materials.

• Due tomoisture absorption, sometimes, there is a great increase in the temperature
affecting the bonds in the composite materials. This may degrade the quality of
the composite materials.

In first kind, fibers are the fortification and the principle wellspring of solidarity
while framework sticks every one of the strands together fit as a fiddle and moves
worries between the fortifying strands. In the subsequent sort, particles are utilized
for strengthening and to expand themodules and to diminish the pliability of the grid.
Particles utilized for strengthening incorporate earthenware production and glasses,
for example, little mineral particles, metal particles, for example, aluminum and
nebulous materials, including polymers and carbon dark. These kinds of composites
have application in airplane fabricating, space industry, really taking shape of outdoor
supplies and so forth [22].

5.2 Reinforcing (Fiber/Filler) Material

5.2.1 Fibrous Composite

Stringy composites are materials comprising of lightweight, high modulus filaments
embedded in an encompassing material called the lattice. These composites have
properties that change with the course of intrigue [5]. Filaments are partitioned into
two gatherings, engineered strands and characteristic strands. Engineered strands
are man-made filaments which are an aftereffect of investigation by researchers to
improve common happening plant and creature filaments. First engineered fiber was
nylon. Strands produced using plant, creature and mineral sources are known as
natural filaments. It very well may be additionally characterized by their beginning,
for example, organic product strands, best filaments and leaf strands. Natural product
strands are removed from the products of the plant; they are light and bushy and
permit the breeze to convey the seeds [6]. Best strands are found in the stems of
the plant. Strands separated from the leaves are unpleasant and strong which are
called as leaf filaments. As the normally inferred filaments are ease, inexhaustible
and biodegradable in nature, so frommost recent couple of decades, zone of building
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furthermore, explore has been moving toward the utilization of these filaments as
fortifying material in the polymer lattice. Most recent couple of decades different
examines led on mechanical properties of normal fiber-based polymer composites
with extraordinary unmistakable quality on wood/polymer composites. A point-by-
point writing overview is done to discover the extent of composite with the present
work [23].

5.2.2 Particulate Composites

A particulate composite is described as being made out of particles suspended in
a network. Such composites are utilized for some applications in which quality is
definitely not a critical part of the plan. Composites allude to amaterial comprising of
at least two individual constituents. The fortifying constituent is installed in a lattice
to frame the composite. One type of composites is particulate fortified composites
with concrete being a genuine model. In such kind of composites, the support is
of molecule nature fit as a fiddle, for example, circular, cubic, tetragonal, a platelet
or then again of other customary or unpredictable shape. They upgrade the solid-
ness of the composite to a constrained degree, are used to improve the properties of
framework materials like warm and electrical conductivities, improve execution at
raised temperatures, lessen grinding, increment wear and scraped area obstruction,
improve machinability, increment surface hardness and decrease shrinkage [24]. In
[23], authors have given so many parameters study about the composite materials
relating with different domains. Along with this, the composite materials have great
stiffness and strength so these materials can be used for designing various types of
Iot-enabled [12] devices for developing the robotic arms, hardware equipment, etc.
Various kinds of research progressions have been discussed in [25] about advance
aluminum matrix composites including various manufacturing aspects and applica-
tions. In [26], the authors have discussed various sustainable copper matrix compos-
ites. In [15], processing and characterization of pine epoxy-based composites have
been discussed. Each particular methodology has its own significance and relevance
by which the composite materials are being manufactured. In Fig. 3, various types
of parameters like production cost, efficiency of process, and quality of the product
which plays a major role in the manufacturing industry of composites has been
discussed.

6 Comparative Study

The composite materials have a lot of things in commonwith other materials but they
show greater results when applied and used over different parameters [24]. These
parameters include tensile strength, roughness, toughness, stiffness, throughput etc.
other types of parameters resulting in developing and designing such hard composite
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Fig. 3 Division of materials
into different sectors

Building And Commercial 
Construc�on  Avia�on

2.8% 75%

High Speed
Rail 
4.8%

Automo�ve
0.4%

Marine
17%

materials. Below given is a comparative study table which is based on different
parameters and is compared with other materials as given below:

7 Applications of Composites

On the basis of the various types of composites, there are numerous applications of
composite materials that are used in various domains as discussed below:

• Bear high strength for developing hard materials like for weight ratio.
• Resist high level of toughness and improved fatigue.
• Highly stiff in nature.
• Better corrosion and resistance power.
• Components like shafts, rotors and brakes which are manufactured using

aluminum matrix composites [28].
• Wings and the components used in airline industry are made from composites.
• Various components of materials are manufactured are marine industry [29].
• Has low maintenance cost.
• Highly durable for long terms.
• Have improved electrical insulation properties.
• Great anti-friction properties.
• Prone to corrosion.
• Highly resistant and reactive [30–32].
• Light weighting with composite materials [33].
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8 Research Challenges

Nowadays, a lot of disadvantages are there for structuring any resistive material
because of their different chemical and physical properties. Below given are some
of the recent research challenges in the domain of composite materials [34].

• Since, the composite materials are somewhat very hard, so they are not broken
easily, and hence, it becomes difficult to mold them easily in the required internal
structure.

• Fiber defects may lead to poor structure and quality of various materials being
used for the development purpose [27].

• Breakage of materials causes poor design and development of real composite
materials rising difficult in managing the overall structure of the materials.

• Voids and interface defects may lead to incomplete and deteriorated structure of
composite materials [35].

• Various failures in multi-axial fatigue.
• Advanced level of design concepts is required for sustainable composite designs

like for recycling of materials and reassembling the materials.
• Cost factor is one of the major research challenges in the domain of composite

Materials which need to be expanded to life cycle cost.

9 Future Scope

The recent tradeoffs between various parameters in the composite materials can lead
to different domains in different sectors like manufacturing, cost analysis and perfor-
mance analysis [36]. In Fig. 4, different future scopes of applicability of composite
materials has been discussed. Below listed are some of the major future scopes of
design and development of composite materials as:

• There are several current models which are needed to be improved for the
better development of composite materials by incorporating other manufacturing
defects.

• In future, the cost analysis parameter should be expanded to other forms life cycle
cost methods.

• Other engineering domains like lightweight engineering should be incorporated
with composite materials for improving performance, throughput, cost, etc.

• Design and development of composite materials should sustain effective condi-
tions for good conditions for human and environment both.



90 A. P. Shahi et al.

Manufacturing:
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resistant etc.

Materials 
Characteriza�on : 
Strength, quality, 

toughness, s�ffness 
etc.

Fig. 4 Various future scopes of composite materials

10 Conclusion

Analysts have done a great deal of research on normal fiber strengthened polymer
composites; however, SCB dust molecule has never been utilized in manufacture and
utilization of epoxy-based composite requiring little to no effort. There is distinct
degree on investigation of mechanical conduct under diverse testing states of SCB
dust strengthened polymer composite. Cost and quality control of regular filler
strengthened composite is the significant stone to use as elective material side effect
creator and producers. Other than all these, the primary thought process is not to
create a monetary normal fiber-based composite material for business utilization.
Right now, use of composite materials and their effectiveness in airplane industry
and different cases were considered. Several unmistakable highlights of composite
materials make them to be basic materials in aviation and car and make them more
viable than metals. The materials arrangement dependent on their properties and
characters was clarified, and the effect conduct on various sorts of material has been
explored. The methods of sway harm got to go from network cracking and delimita-
tion through to fiber disappointment and infiltration. Harm modes association, sorts
of speed and impact of different factors on sway conduct must be considered and
comprehended to foresee any disappointment in composite materials.
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An Overview of Proteus: The world’s
First Man-Made Non-cuttable Material

Dinbandhu, Ashish Thakur, E. Venugopal Goud, Kumar Abhishek,
and Jay J. Vora

1 Introduction

Since the beginning, the developments in science and technology are focussed on
two major fields. One is the advancements in effective and economical power units,
and the second one is to attain the highest feasible driving force from the accessible
power. The second advancement largely depends upon the attributes ofmaterials used
in engineering fields. For instance, the aviation sector needs materials with greater
stiffness attributes besides lightweight. Similarly, there is a demand for corrosion-
resistant materials with high strength attributes for the effective functioning of pres-
sure vessels. In such conditions, there are no alternatives for engineers other than
composite materials. Simply by modifying the arrangement, several attributes can be
improved, hence, causing the composites to multipurpose and dependable and also
an alternative for the traditional engineering materials [1–3].

Nature has its hierarchical framework to protect the ecological system from outra-
geous loads. For example, the freefall of grapefruit from a certain height does not
harm the mash since pomelo peel comprises of vascular packs, and an open-pored
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cell-like arrangement with the trusses made up of parenchymatic cells. Similarly,
pirarucu, a species of arapaima gigas in the Amazon River, oppose the assault of
piranhas’ three-sided teeth arrangement through the hierarchical structure of their
scales. Organic shells additionally obligate their hardness to a hierarchical frame-
work, which developed over a decade. The formation of nacre in the abalone shell
occurs due to the development of hard aragonite tiles with a natural, adaptable inter-
layer. It has extremely high fracture toughness, which is 3000 times greater than that
of a single aragonite crystal [4–7]. Gao et al. [8] recommended a one-dimensional
model to examine the interplay between a substantial volumeportion ofmineral slates
and adaptable protein layers. Metals that need processing temperatures more than
300 °C are essentially missing in organic structures. It shows that nature has merely
been proficient to fabricate materials and structural designs liable to transformations
at terrestrial ecological conditions [9].

Multiscalematerial fabrication engineering has beenprofited byongoing improve-
ments, namely self-engendering photopolymer waveguides to accomplish excep-
tional attributes. Pham et al. [10] interpreted the noted advantages of local imper-
fections (dislocations) in metals into three-dimensional printed, polymeric crystal
lattices with unit cells at mm extent. In this work, an emphasis has been given to
the consideration of system-level interactions. But these interactions focus only on
a monotonous unit cell which might be self-restricting. Shape reconfigurable mate-
rials (SRMs) were fabricated to sustain significant morphological changes upon little
loading and retain back their ideal shape upon unloading. Novel designs were intro-
duced to transform the power of the inboundmechanicalwaves into a local resonance.
Examples of that concept vary from the atomistical level, through 3D printed frame-
works up to infrastructural scale-like seismic meta barriers. There are certain mate-
rials patterns, produced by topology optimization algorithms, are fit for centering,
turning, or scattering of impact waves [11–14].

In this context, a group of researchers and scholars from Germany’s Fraunhofer
Institute and the UK’s Durham University have created the world’s first mankind-
manufactured uncuttable material. The nature-inspired material has been named
“Proteus” after the evasive and shape-changing mythological Greek god. The tough
cell flesh of the Citrus paradisi and the hard rupture-resistive aragonite carapace of
the ormer (a marine creature) has inspired the team of researchers for this novel inno-
vation. The shells of the abalone sea creatures are exceptionally flexible and tough,
with a hard external lamina, and an internal lamina made up of fibres disposed over
one another in a helical stairway structure. This distinctive arrangement permits for
an amalgamation of characteristics that are rare in artificial materials: flexibility and
strength [15–17].

These sea creatures are built from biological materials, namely aragonite stones,
found in molluscs carapaces, which are interconnected with a bio-polymer mate-
rial that fabricates them resilient to ruptures. Similarly, the team of researchers has
replaced such combinations by implementing aluminium and ceramics materials
to withstand the extremely powerful aggressive admission of cutting tools in the
material. Thus, the Proteus is a structural material in which diminutive spheres of
alumina ceramics are embedded within the laminae of aluminium-made flexible
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Fig. 1 Structural details of Proteus material: a sandwich panel specimen, b arrangement of ceramic
spheres, c ceramic spheres not touching each other as well as parted by aluminium cells, d the lower
magnitude of foam cells as compared to ceramic spheres [15]

cellular metallic foam at the inner side (core) and a coating of steel alloy on the outer
surface as shown in Fig. 1. The ceramic materials reinforced in the flexible matrix
structure are also made up of incredibly fine grains that toughen and withstand the
cutting tools at a higher speed in a similar manner as a sandbag repels and stop a
high-speed bullet fired from a gun. Due to this arrangement, the material becomes
harder and denser but still 85% lighter than steel (just 15% the density of steel)
[18–20].

2 Materials and Methods

The composition of Proteus includes ceramic and metallic ingredients, and hence,
metallurgical processes were incorporated to obtain the final product. Figure 2 illus-
trates the steps involved in the making of Proteus. First, the aluminium powder and
foaming agent (titaniumdihydride)were blendedproperly through a rotating impeller
to ensure uniform mixing. Then the blend was compressed (cold compacted) in a
compressor and extruded in terms of dense rods. These rods were chopped off to size
and thereafter placed with the tiny spheres of ceramic in a laminated grid, as one
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Fig. 2 Steps involved in the manufacturing of Proteus [15]

metallurgical lasagna. The laminated grid was spot-welded into a box-like structure
made up of steel and then kept in a furnace at 760 °C for 15–20 min. Within the
furnace, hydrogen gas discharges from the foaming agent that creates voids into the
aluminium foam and offers it a cellular arrangement [15, 21].

3 Result and Discussion

This section discusses the significant mechanical characteristics of Proteus. It also
reviews the effect of a variety of cutting tools employed for cutting this novelmaterial.

3.1 Mechanical Characteristics

To evaluate the mechanical characteristics of the material, compression tests were
performed on the cylindrical specimen (Fig. 3). From the loading–unloading test, the
tensile stiffness (E) of thematerial wasmeasured as 5.5 GPa, whereas the yield stress
(σy) was measured according to ISO/DIS 13314 standards as 8.1MPa. The Poisson’s
ratio (v)was almost 0.0 initially upon loading and started rising towards 0.5 from10%
engineering strain onward. This novel material exhibited considerable deformability,
surpassing 20% of engineering strain as compared to the existing cellular materials
with the densification strain of εd ≈ 0.25. Table 1 lists the important outcomes of
the tests.
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Fig. 3 Evaluation of mechanical characteristics of Proteus a quasistatic compression test of the
cylindrical specimen, b the stress–strain curve showing deformability up to 25% [15]

Table 1 Important mechanical characteristics of Proteus [15]

Mechanical characteristics Values

Young’s modulus (E) 5.5 GPa

Yield stress (σy) 8.1 MPa

Poisson’s ratio (v) 0 (initially), but ascends towards 0.5 from 10% engineering strain
onward

Deformability above 20% of engineering strain with the densification strain of
εd ≈ 0.25.

3.2 Resistance to the Cutting Tools

A few different cutting tools such as a power drill, waterjet cutter and angle grinder
were employed to cut the newly developed material, but none of them were able to
perform the thorough cutting. When a power drill or angle grinder impinges on the
material, it cuts the outer layer. But once, the tool reaches the embedded ceramic
spheres, their interaction causes high-frequency vibrations. These vibrations blunt
the tool’s sharp edges. As the cutting tool infiltrates the material, the spheres deliver
fine ceramic powder particulates that behave like sand paper, dulling the cutting edges
of the tool again. These fine particulates also refill the gaps in the aluminium foam,
making the material ever harder and denser to cut-off. In other words, the larger
the cutting force is implemented, the stronger and tougher the material becomes.
Furthermore, an attempt was also made to cut the material using a high-pressure
waterjet cutter, but no significant cutting effect was observed by the researchers.
This happened due to the coiled surfaces of the ceramic spheres which broaden the
waterjet, leading to a substantial reduction in the cutter speed yielding a poor cutting
capacity. Figure 4 illustrates the impact of the angle grinder tool on the Proetus
material. X-ray transmission images were also taken for better visualization and
understanding of the cutting effect (Fig. 5) [15, 17, 19–21].
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Fig. 4 Cutting effect of angle grinder tool on Proteus material [15]

Fig. 5 X-ray transmission image for better visualization and understanding of cutting effect [15]

3.3 Advantages and Applications

Proteus is lightweight (just 15% the density of steel), strong and non-cuttable making
it a well-suitable material for security and safety industries. As per the research team,
this newly developed non-cuttablematerial will have exciting and useful applications
in safety industries. The material can be useful in making lightweight armour, inde-
structible bike locks, high-security doors, protective equipment for the personnel
working in cutting operations, work boots and elbow pads. It can be also used as
a structural material for columns and beams. As per the researchers, the mass level
production of the material is possible once it becomes commercially available as the
raw materials used in it are abundant [15, 16, 19].
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4 Conclusion

Proteus is a nature-inspired, newly developed uncuttable material which is strong
and much lighter than steel. The ceramic spheres embedded in the aluminium foam
matrix destroy the cutting tools and do not allow them for further penetration. Such
arrangements enhance the mechanical characteristics of the Proteus making it suit-
able for structural applications. This material can have very effective and useful
applications where it can be employed in making security equipment and items,
namely lightweight armour, indestructible bike locks, high-security doors, protec-
tive equipment for the personnelworking in cutting operations, work boots and elbow
pads. Once the material becomes commercially available, it can be easily produced
at a mass level because of the abundant availability of its raw materials.
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Multiresponse Regression Modeling
in Face Milling of Al6061 Using Design
of Experiments

Y. K. Mogal, S. K. Mahajan, S. B. Rane, and Rajeev Agrawal

1 Introduction

Aluminum and its alloys are utilized in an assortment of uses, for example, making
vehicle and aviation segments, rocket parts, stockpiling compartments, marine appli-
cations, storage containers, etc., as a result of its low density, fantastic corrosion
resistance, and better thermal and mechanical properties. These metals are easy to
machine as compared to other metals. With the addition of various kinds of metals,
properties of pure aluminum can be enhanced [1]. Nowadays, Al6061 is one of the
most significant and widely used materials in the industries from Al 6xxx series
alloys. It is created in 1935 and contains Mg and Si as its major alloying parts [2].
It is an easily available metal and has good mechanical properties, exhibits good
weldability, commonly extruded. It is mostly used in aircraft, automobiles, boats,
and packaging of food and beverage industries [3].

2 Literature Survey

Nowadays due to industrials rivalry, the utilization of reasonable improvement
strategies for the right choice of process parameters is amazingly important to
stay away from non-esteem included costs. The advancement of process param-
eters requires deliberate methodologies [4]. As indicated in literature, different
conventional methods, for example, geometric programming, goal programming,
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and dynamic programming have been viably applied to improve process parame-
ters [5]. Among the different strategies, the Taguchi-based methodology has created
exceptional and remarkable control that appears differently with customary prac-
tices. It has demonstrated a wide extent of present-day applications for making the
item obtuse toward any wild factors [6].

Niranjan et al. [7];Rajendra andDeepak [8] streamlined speed, feed rate, anddepth
of cut in the turning of Al 6061 for surface finish and material removal rate. Kishore
et al. [9] considered the impact of cutting parameters on cutting force and surface
quality performingCNC turning onAl6061-4wt%TiC composite.Ugrasen et al. [10]
determined the ideal process parameters concerning ultimate tensile strength (UTS)
and hardness of the weld joint utilizing the Taguchi technique. Kandpal et al. [11]
proposed a multiresponse improvement strategy utilizing the Taguchi approach and
utility idea for electrical discharge machining (EDM) of Al6061/10%Al2O3 MMC.
MisbahNiamat et al. [12] enhanced electrical discharge machining parameters for
electrode wear rate (EWR) and material ejection rate of Aluminum 6061 T6 Alloy
utilizing Taguchi plan of assessment. Adalarasan et al. [13] enhanced lesser cutting
parameters using the Taguchi-based response surface method.

Shaik and Srinivas [14]; Kumar et al. [15], built up a coordinated framework
to demonstrate and improve the processing parameters during end milling of Al
6061. Nghiep et al. [16] examined the mechanism of deflection error, and Tomadi
et al. [17] introduced the forecast model in the end milling process. Kondayya and
GopalaKrishna [18] introduced a non-dominated sorting genetic algorithm-II for
modeling and multi-objective optimization of the CNC end milling process.

NiknamandSongmene [19] utilizedTaguchi andANOVA investigation to stream-
line burr size and surface finish parameters similarly Palanisamy et al. [20] utilized
genetic algorithm by considering machining time as a target for slot milling activity.
Shinge and Dabade [21] explored the impact of preparing factors in micro-milling
of Al 6063 T6 utilizing Taguchi L16 orthogonal array. Hwan and Sang-Heon
[22] endeavored to obtain ideal cutting conditions for burr minimization in face-
processing tasks. Response surface methodology (RSM) has been utilized by Prem-
nath [23] for finding the idealmachining parameters whilemillingAl6061/Al2O3/Gr.
Baharudin et al. [24] utilized the Taguchi strategy to locate the ideal surface rough-
ness for Al6061 face milling. Sukumar et al. [25] utilized an artificial neural network
(ANN) model and Taguchi S/N ratio examination for getting the ideal blend of
parameters to accomplish a decent surface finish in face milling activity. Nguyen
[26] investigated the effects of milling type and various cutting conditions on the
surface roughness using Taguchi and ANOVA analysis.

3 Research Gaps and Problem Definition

Al 6061-T6 is a typical alloy that is utilized in different modern applications for
some reason since it has prevalent mechanical properties. At present, numerous
endeavors are being attempted to improve different handling parameters utilizing
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the genetic algorithm, response surface methodology, regression analysis, neural
network, grey relational analysis (GRA), Taguchi strategy, etc. In the present date,
necessity of industry is to make items having high quality at low cost as well as
high productivity, less machining, and production time. This paper will fulfill the
industries need to deliver excellent items with minimal effort. Problem definition of
underlying paper is to improve the processing parameters, for example, speed, feed
rate, and cutting depth on surface roughness (Ra) and material removal rate (MRR)
in the facemilling process by utilizing Taguchi plan of experiment andmultiresponse
regression analysis.

4 Research Objectives and Research Methodology

The main objective of this paper is to investigate the optimum setting of machining
parameters (speed, feed rate, and depth of cut) in face milling of Al6061-T6 alloy to
accomplish the minimal surface roughness and high material removal rate utilizing
the Taguchi plan of an experiment. Figure 1 shows the research methodology
flowchart. Experimentation is done according to the L27 orthogonal array with 03
control factors and 03 levels for each factor. Further examination is completed using
signal-to-noise (S/N) ratio investigation and analysis of variance (ANOVA), to figure
out which process parameters are measurably noteworthy. At long last, a confirma-
tion test is done to examine the improvement in optimization. Finally, a multire-
sponse regression examination is performed to study the combined impact of the
two responses.

Fig. 1 Research
methodology flowchart
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Table 1 Chemical composition of Al6061 T6 alloy

Elements Cr Fe Si Mg Mn Cu Zn Ti Al

Percentages 0.1 0.35 0.5 0.08 0.04 0.28 0.02 0.01 Balance

Table 2 Levels of input
parameters used in this study

Input parameters Level 1 Level 2 Level 3

Spindle speed (RPM) 1000 1500 2000

Feed rate (mm/min) 200 400 600

Depth of cut (mm) 0.4 0.8 1.2

5 Experimental Work

5.1 Material

In this paper, blocks of Al 6061 T6 alloy with a size 50 mm * 60 mm * 50 mm are
used for experimentation. The chemical composition of the Al 6061 T6 alloy is given
in Table 1.

5.2 Machining Parameters

Cutting speed (v), feed rate (f ), and cutting depth (d) are chosen as input parameters
similarly surface roughness and material removal rate are chosen as output factors
for the examination. According to suggestions of the cutting instrument maker and
the limit of the machine device, the levels of these input parameters were chosen as
appeared in Table 2.

5.3 Experimental Setup and Procedure

For performing face milling, a Cosmos 05-axis vertical milling machine with a rota-
tional speed of 8000 rpmandmotor power of 11 kWwas utilized as appeared in Fig. 2.
A carbide facemilling cutter having a diameter 63mm, 05 inserts, and sixteen cutting
edges for each insert manufactured by Tungaloy has been used as cutting tools. The
impact of the selected milling input parameters on output factors and ideal settings
of the parameters has been practiced utilizing Taguchi’s L27 orthogonal array.
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Fig. 2 Setup of vertical
milling machine

5.4 Measurement of Output Factors

Surface roughness (Ra) is estimated by surface roughness analyzer SRT-6210. Three
readings for surface roughnesswere taken for every surface, and its average is consid-
ered as afinal value, tominimize the error.Material removal rate (MRR) is determined
with the help of formula, [Material Removal Rate = Width of cut (mm) * Depth of
cut (mm) * Feed Rate (mm/min)].

5.5 Taguchi Signal to Noise Ratio Analysis

Analysis of experimental data of surface finish (Ra) andmaterial removal rate (MRR)
is finished by utilizing the Taguchi plan in Minitab-19 software and the estimated
S/N ratio values. From Fig. 3, it can presume that as rotational speed and cutting
depth builds, surface roughness value diminishes, while feed rate diminishes at first
up to 400 mm/min, over that it is incremented. Smaller the better trademark was
utilized to decide the surface quality. Table 3 shows that speed at position 1, feed rate
at position 3, and cutting depth at position 1 are the best estimations of parameters for
surface finish. In Table 3, position 1, position 2, and position 3 are given to feed rate,
cutting speed, and depth of cut, respectively, which demonstrates that the feed rate
is having a most elevated effect on the S/N proportions of surface quality because of
its delta worth and rank, and later, this is trailed by the cutting speed and depth of
cut, respectively. Table 4 shows that speed at 1000 rpm, feed rate at 600 mm/min,
and depth of cut at 0.4 mm ideal values of parameters for surface finish.

Larger the better trademark was utilized to determine the material removal rate.
From Fig. 4, it can be seen that as feed rate and cutting depth build MRR increments,
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Fig. 3 Main effect plot of S/N ratios for surface roughness

Table 3 Surface roughness
S/N ratio for each level of
control parameters

Level Speed (Rpm) Feed rate (mm/min) Depth of cut (mm)

1 5.785 6.186 5.517

2 4.312 -2.161 3.947

3 1.371 7.443 2.005

Delta 4.413 9.603 3.512

Rank 2 1 3

Bold values are the highest values, which shows the intensity of
particular level on the effect of parameters

Table 4 Optimum control
parameter values for surface
roughness S/N ratio analysis

S. No. Parameters Optimum value

1 Speed (Rpm) 1000

2 Feed rate (mm/min) 600

3 Depth of cut (mm) 0.4

whereas MRR is consistent for all estimations of speed. Table 5 shows that feed rate
and depth of cut at level 3 are the best values of cutting parameters for MRR. From
Table 5, feed rate and depth of a cut have an equivalent impact on the S/N proportions
of MRR because of its delta worth and rank. Cutting speed has no impact on the
material removal rate because to calculate the MRR we have consider the formula,
MRR= Depth of cut * Width of cut * Feed rate. Table 6 presumes that any value of
speed, feed rate at 600 mm/min, and cutting depth at 1.2 mm is the ideal benefit of
preparing parameters for MRR.
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Fig. 4 Main effect plot of S/N ratios for material removal rate

Table 5 Material removal
rate S/N ratio for each level of
control parameters

Level Speed (Rpm) Feed rate (mm/min) Depth of cut (mm)

1 84.00 78.81 78.81

2 84.00 84.83 84.83

3 84.00 88.35 88.35

Delta 0.00 9.54 9.54

Rank 3 1.5 1.5

Bold values are the highest values, which shows the intensity of
particular level on the effect of parameters

Table 6 Optimum control
parameter values for material
removal rate S/N ratio
analysis

S. No. Parameters Optimum value

1 Speed (Rpm) Any value

2 Feed rate (mm/min) 600

3 Depth of cut (mm) 1.2

6 Analysis of Variance (ANOVA)

ANOVA is performed on the surface roughness and material removal rate to explore
the impact of process parameters.

From the F-value shown in Table 7, it is clear that the commitment of feed rate
is high for the surface finish, and later, this was trailed by cutting speed and cutting
depth, respectively. P-estimation of feed rate is under 0.05, so this parameter is
noteworthy to get the best quality surface, while the P-estimation of other parameters
is more prominent than 0.05, so these are not critical.
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Table 7 ANOVA table for surface roughness

Source DF Adj SS Adj MS F-value P-value

Speed 2 1.5153 0.7576 1.58 0.230

Feed rate 2 3.5400 1.7700 3.70 0.043

Depth of cut 2 0.5951 0.2976 0.62 0.547

Error 20 9.5648 0.4782

Total 26 15.2152

Table 8 ANOVA table for material removal rate

Source DF Adj SS Adj MS F-value P-value

Speed 2 0 0 0.00 1.000

Feed rate 2 1,658,880,000 829,440,000 60.00 0.000

Depth of cut 2 1,658,880,000 829,440,000 60.00 0.000

Error 20 276,480,000 13,824,000

Total 26 3,594,240,000

From Table 8, it is clear that for material removal rate, the involvement of feed
rate and cutting depth is large, and cutting speed has no impact on it. P-value of feed
rate and depth of cut is under 0.05, so these parameters are critical to getting the high
material removal rate, while the P-value of cutting speed is more noteworthy than
0.05, so this is not huge.

7 Confirmation Test

A confirmation test is a critical and last piece of the Taguchi strategy. In this paper,
optimal combination of parameters and their levels coincidently coordinate with one
of the investigations in the orthogonal array (OA), in this manner confirmation test
is not required.

8 Multiresponse Regression Analysis

After analyzing the effect of machining parameters on a single response individ-
ually, multiresponse regression analysis is carried out; for this purpose, response
optimizer is utilized to recognize the combined impact of input variables on a single
or a many output factors and draws an optimization plot. Response optimizer also
permits the statistician to perform sensitivity investigation and enhancement in the
previous solution. While performing the analysis with a response optimizer, make
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ensure that stored models should meet the assumptions of the main investigation and
setting of variables should be inside the scope of the information that you used to fit
the model else it gives erroneous outcomes.

Table 9 demonstrated that the objective for material removal rate is to expand it,
and the objective for surface roughness is to limit it. Target value, upper and lower
cutoff points, weight, and importance for both responses are also shown in Table 9.
The weight decides the distribution of desirability on the interval between the lower
(or upper) limit and the objective. The importance decides the impact of each response
on the composite desirability. The values of weight and importance are considered
from 0.1 to 10 which depict the shape of the desirability function and comparative
significance of the response variable, respectively. As per the significance of one
response over another, importance values are to be assigned. Higher values related
to the most significant responses, lower values to less significant responses. Here
both responses have the same importance value. Accordingly, both responses have
an equivalent effect on the composite desirability.

Table 9 Responses and its boundary conditions for multiresponse regression analysis

Response Goal Lower Target Upper Weight Importance

Material removal rate Maximum 4800 43,200 43,200 1 1

Surface roughness Minimum 0.1 0.1 2.7791 1 1

Fig. 5 Optimization plot of individual and composite desirability for surface roughness andmaterial
removal rate
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Table 10 Multiple response prediction table

Solution Speed Feed rate Depth of cut Material
removal rate fit

Surface
roughness fit

Composite
desirability

1 1000 600 1.2 38,400 0.727724 0.819154

The optimization plot (Fig. 5) shows the impact of all three input factors on the
output parameters or composite desirability. The individual and composite desir-
ability survey how well a blend of factors fulfills the objectives of the output factors.
Optimized parameter settings of one andmore than that response are assessed by indi-
vidual and composite desirability, respectively. The value of desirability lies between
0 and 1. One indicates the perfect case; zero demonstrates that some responses are not
lies within their adequate cutoff points. An engineer can adjust the values of param-
eters from the plot to accomplish bigger individual desirability for the response as
per the requirement.

Table 10 shows the composite desirability (0.8192) is near to 1, which shows the
settings appear to accomplish good outcomes for all responses in general. However,
the individual desirability indicates that the settings are more effective at maximizing
MRR (0.87500) than at minimizing surface roughness (0.76687). The present vari-
able settings are speed = 1000 rpm, Feed rate = 600 mm/min, depth of cut =
1.2 mm.

Perceptions from the above optimization plot are as per the following:

1. Speed: Optimization plot shows thatMRR is independent on speed and as speed
increases Ra increases.

2. Feed rate: As feed rate builds, MRR increments and Ra diminishes.
3. Depth of cut: Increasing Depth of cut increments both responses.

9 Conclusion

This research is governed by the Taguchi method to identify the optimal set of
parameters such as rotational speed, feed rate, and cutting depth on surface roughness
and material removal rate in the face milling process. From Taguchi S/N proportion
investigation, it can reason that speed at 1000 Rpm, feed rate at 600 mm/min, and
depth of cut at 0.4 mm are the ideal qualities for better surface roughness and any
value of speed, feed rate at 600 mm/min, and depth of cut at 1.2 mm are the ideal
qualities for material removal rate.

ANOVAexamination is recognized that the commitment of feed rate is high on the
surface quality then by speed and depth of cut, respectively. On account of material
removal rate, the feed rate and depth of cut both are similarly contributed, and cutting
speed does not have any impact on MRR.

Multiresponse regression analysis concludes the speed at 1000 rpm, feed rate at
600mm/min, and depth of cut at 1.2 mm is the ideal characteristics for multiresponse
investigation.
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10 Limitations and Future Scope

This research is restricted to optimize a couple of parameters including two response
factors only. In the future, tool wear rate, tool life, cutting forces, energy consump-
tion, etc., can be considered as a response factor, also tool material, type of workpiece
material, type of coolants, coolant flow rate, tool geometry, machine condition, oper-
ator skill, environmental condition, costing, etc., can be considered as processing
parameters. At the same time, validation and multiple objectives can likewise be
accomplishedbyutilizingother techniques such as genetic algorithm, neural network,
etc.
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Computational and Experimental
Methods to Investigate Fracture
Behavior of Functionally Graded
Material Structures—A Critical Review

Manish Bhandari and Kamlesh Purohit

1 Introduction

Heterogeneous compositematerials are very popular in engineering applications. The
constituents of heterogeneous compositematerials can be two ormore differentmate-
rial phases and compositions. One of the recently developed heterogeneous mate-
rials is Functionally GradedMaterial (FGM). FGM is a typical composite material in
which thematerial properties vary gradually in one ormore directions in space. FGMs
have extensively been used because of their attractive properties, reduced residual
stress, enhanced thermal properties, etc. Functionally graded materials (FGM) are
a class of composites that allow a gradual variation of material properties from one
surface to another. These novel materials were proposed by the Japanese in 1984
and are projected as thermal barrier materials for applications in space planes, space
structures, and nuclear reactors, to name only a few. As conceived and manufac-
tured today, these materials are isotropic and non-homogeneous. The grades can be
continuous on a microscopic level as shown in Fig. 1a, or they may be laminated
composed of metals, ceramics, polymers, or variations of porosity and density as
shown in Fig. 1b.

In a composite material when two dissimilar materials are bonded together, there
is a very high chance that crack will occur at some extreme loading conditions, be it
static, dynamic, or thermal loads. Cracks are likely to initiate at interfaces and grow
into the weaker material section. Another problem is the presence of residual stresses
due to the difference in coefficients of thermal expansion of two dissimilar materials.
These problems can be resolved by gradually varying the volume fraction of the
constituents. The gradation in properties of the material reduces thermal stresses,
residual stresses, and stress concentration factors. Stress Intensity Factor (SIF) is
a predominant fracture parameter in graded materials and subsequent prediction of
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Fig. 1 a Continuously graded FGM. b Discretely layered FGMs

SIF values for various loading and gradient conditions has been the major area for
research work regarding FGMs so far. Both experimental work and numerical work
have been carried out to investigate fracture behavior of FGMs. The determination
of SIFs expressions via numerical methods for various crack positions in FGMs has
been carried out by various researchers. Typically the problem of crack is presented
in a system of integral equations with appropriate boundary conditions. Integral
equations are solved using transforms and numerical methods. The finite element
method (FEM) has been used exhaustively in fracture modeling, including fracture
in graded regions. Often experimental results are combined with FE models to yield
further information.

The present review concentrates on the various computational and experimental
methodswhich are important for the study of fracture behavior of functionally graded
materials. An attempt has been made to classify various numerical methods used for
the crack and fatigue analyses of FGMs. Finally, some vital suggestions for future
scope of research in the area of FGMs are presented. It is hoped that this review paper
will serve the interests of all the academicians, researchers, and engineers involved
in the analysis and design of FGMs.

2 Finite Element Analysis of Cracks in FGM

The numerical methods exhibit better adaptability and application areas as compared
with analytical techniques. Various numerical approaches such as the conventional
finite element method (FEM), 2-D and 3-D FEM, Extended finite element method
(XFEM), Element-free Galerkin method (EFGM), and Cohesive volumetric finite
element (CVFE) have been used to study the fracture behavior of FGMs. The Finite
element method (FEM) is the most popular method in computational mechanics
because of its high accuracy and ability to deal with various complex shapes.

2.1 Finite Element Method (FEM)

Conventional FEM has been applied to calculate SIFs and design parameters in for
various crack positions in FGM objects subject to different loading conditions. FEM
has been used to simulate FGM for various locations and positions of crack to obtain
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fracture parameters such as complex SIFs and energy release rate [1], fracture tough-
ness [2] and energy release rates of kinking of surface crack subjected to the initial
strain resulting from stress relaxation [3]. FGM and homogeneous cracked beams
are examined using FEM to evaluate crack tip responses to impact loading [4–6]
and SIFs are obtained using regression analysis alongwith FEM. [7] FEM is used
to simulate dynamic crack propagation in elastic–plastic graded double cantilever
beam model [8]. Orthotropic FGMs have been presented by FEM, for mode I and
mixed-mode crack problems considering plane elasticity and arbitrarily oriented
crack [9, 10], for mode I and mixed-mode 2D problems [11] and for evaluating
mixed-mode SIFs and T-stress [12]. Crack propagation is investigated in graded
materials under monotonic and cyclic loading using finite element for linear elastic
FGM [13]. Remeshing algorithm in conjunction with the FEM performed automatic
simulation of crack propagation in FGMs [14–16]. The FE models are utilized in a
parametric study of various elastic gradients in core on mixed-mode fracture perfor-
mance of FG sandwich structures [17]. FGM specimen with local singularity and
fracture characterization is studied with combination of optical caustics technology
and FEM and SIF, material constants, graded index, and characteristic size are calcu-
lated [18]. FEM and the displacement correlation technique are used to evaluate the
fracture parameters for orthotropic FGM coatings considering an embedded crack
[19]. The concept of fast running crack in FGMs is investigated through the FEM
under impact loading and obtained the DSIFs during the crack growing process [20].
Plane strain buckling problem is solved using FEM of an orthotropic graded coating
with a crack embedded in FGM layer [21]. P-version of FEM is presented to estimate
location and size of an open edge crack in a beam made of FGM [22]. The Muskhe-
lishvili complex potential method with FEM is formulated to evaluate the model of
an FGM beam [23]. Embedded crack problem accuracy is modeled using FEM in
graded coating [24]. Capabilities and limitations of numerical modeling in fracture
problems of FGMs are investigated by means of FEM and is recommended when
the crack is not perpendicular to the direction of the material property variation [25].
Numerical modeling of crack propagation path in FGMs under mixed-mode loadings
is presented to evaluate the direction angle as a function of SIFs at each increment
of propagation [26]. A phase field formulation is presented for fracture in FGMs and
a model is built using homogenization theory [27]. Two-dimensional mixed-mode
crack propagation in FGMs is investigated using the finite element method (FEM)
[28].

2.2 Two-Dimensional and Three-Dimensional FEM

2-D FEA is performed to calculate the stress field surrounding an edge crack in an
elastic FGplate [29]Dynamic fracture of FGMs ismodeled using an explicit cohesive
volumetric finite element (CVFE) scheme that incorporates spatially varying consti-
tutive and failure properties [30]. Quasistatic crack initiation under mixed-mode
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loading in planar (2-D plane stress) FGMs is considered to evaluate the applica-
bility of the maximum tangential stress (MTS) criterion using FEA [31]. Fracture
behavior of an arbitrarily oriented crack located in 2-D FGM is modeled under anti-
plane shear stress by discretizing the domain into finite elements [32]. 2-D plane
strain FG finite element within the ABAQUS software environment is developed to
model a crack growth under dynamic loading [33] and thermal loading [34] with
virtual crack closure technique (VCCT).

3-D surface crack problems in FG coatings are examined using collapsed 20-node
isoparametric 3-D finite elements to calculate SIFs in the thermal and structural
problems [35]. Mixed-mode SIFs and the non-singular T-stress are evaluated in
FGMs under steady thermal loads [36] and transient thermal loads [37] with the 2D
and 3D finite element analyses. 3-D enriched FEmethodology is applied to FGMs to
compute fracture parameters, i.e., SIF, for elastic 3-D cracks in FGMs [38, 39]. 3D
FEM is presented for mixed-mode fracture analysis of an FGM coating-bond under
transient thermal loads [40], mechanical loads [41] and fatigue crack propagation
[42] containing an inclined elliptical crack at the free surface. Strain singularity
around the crack front is simulated by utilizing collapsed wedge-shaped singular
elements. Mixed-mode SIFs for three-dimensional cracks in FGMs subject to mixed
mode loading are computed using 3-D enriched finite elements [43].

2.3 Extended Finite Element Method (XFEM)
and Element-Free Galerkin Method (EFGM)

Element-free Galerkin method (EFGM) is presented to evaluate the TSIFs 2-D
thermo-elastic cracked functionally graded orthotropic medium [44]. Interfacial
crack problems along with crack interactions are modeled by EFGM and XFEM
under both mode-I and mixed-mode loadings. The extrinsic partition of unity enrich-
ment technique has been successfully used to model both material and geometric
discontinuities [45]. Fatigue crack growth is simulated using extended finite element
method (XFEM). [46] and thermo-mechanical loads [47] of alloy/ceramic FGMs
[48]. XFEMmethod is used to analyze and simulate thermal shock and transient heat
conduction problems in a strip made of FGM for crack propagation [49]. Coupled
dynamical system of equations are obtained from the extended finite element method
(XFEM) and solved by the Newmark method in the time domain to calculate the
DSIFs at each time step [50]. Transversely isotropic FGMs with discontinuity are
modeled using XFEM and employed interaction integral method to evaluate the
SIFs [51]. TSIF of an FGM (Al-Al2O3) plate under cyclic thermal load in presence
of multiple discontinuities (cracks, holes, and inclusions) is simulated by employing
XFEM formulation and domain-based interaction integral approach for calculating
the TSIF at the crack tip [52, 53]. The fatigue crack growth problems in FGM are
modeled using generalized Ramberg–Osgood material model and simulated using
XFEM [54]. Both EFGMandXFEMare utilized tomodel and compare crack growth
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in fatigue loading. Partition of unity is used to track crack path in XFEM and a new
enrichment criterion is proposed to track the crack path in EFGM [55]. Life of an
FGMmade of Al alloy and Alumina (ceramic) subject to cyclic/fatigue mixed mode
loading is computed using both EFGM and XFEM [56]. The complex 3-D crack
with delamination and transverse cracks pattern of FGM is simulated in direction of
thickness and displacement discretization (in-plane) of XFEM [57]. An edge crack
in 3D elastic FGM is solved by XFEM [58].

2.4 FEM in Thermal Loadings

Thermal crack propagation [59, 60] and thermomechanical loading on FGM cracked
plate in FGM plate [61] is modeled using FEM when it is cooled from high temper-
ature and curved or straight crack paths are observed on the ceramic surface. The
axisymmetric crack problem for thermal barrier coatings is solved using FEM [36].
The effects of the thermal residual stresses and TSIFs are calculated by employing
FEM for cracks developing from the surface [62]. Multiple surface cracking of
thermal shock resistance [63] and transient temperature field in FGMs [64] are
studied using FEM. Inclined cracks [65] and embedded cracks [66] located in FGMs
subjected to thermal loading are investigated by developing a numerical procedure
based on the FEM to evaluate J-integral components, I mode and II mode SIFs and
the T-stresses at crack tips. Mixed-mode hygrothermal loading on orthotropic FGMs
with cracks are analyzed by integrating the developed technique into a finite element
analysis software [67, 68]. A set of analytical and numerical techniques combined
with interaction energy integral method, a perturbation method, and FEM are devel-
oped for analyzing problems of cracked FG plate subject to mixed-mode thermal
shock loading [69, 70]. A weight function method is introduced to analyze circum-
ferentially cracked FG hollow cylinder under transient thermomechanical loading
[71].

3 Experimental Studies of Cracks in FGM

Various experimental techniques have also been used to validate theoretical predic-
tions of stress fields and SIFs in cracked graded materials. Often experimental results
are combined with FE models to yield further information.

3.1 Static Loading

The 4-point bending test, for a short precrack at the machined notch in FGM beams
allows accurate J-R measurements which is useful in fatigue [72, 73]. Complex SIF
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is determined by conducting static fracture experiments on epoxy-based FGM. Elec-
trical strain gages are used to measure strains and homogeneous field equations are
used to convert the strains to SIF [1]. Optical measurements near quasi-statically
growing edge cracks in FGM beams made of glass-filled epoxy have been under-
taken under static four-point bending [4, 6]. Single edge notch fracture tests are
conducted on FG ethylene carbon monoxide copolymer (ECO) to find out the frac-
ture parameters such as SIFs and fracture toughness [2]. The distribution of fracture
toughness or R-curve behavior with stable crack growth in a three-point-bending
FGM specimen is evaluated. The FGM specimen is fabricated by powder metallurgy
using partially stabilized zirconia (PSZ) and stainless steel (SUS 304) [74]. Coherent
gradient sensing (CGS) to interpret experimentally obtained fringes has also been
utilized and developed specific relations for out-of-plane deformation and stress field
near crack tips with the optical method [75]. The influences of material gradient vari-
ation on crack initiation, singularity field, and SIFs at the crack tip were analyzed
using three-point-bending of FGM beams with crack location on both the stiff and
the compliant sides [18].

3.2 Dynamic Loading

Various experimental research has been carried out on cracked FGM structure under
static and dynamic loading. These are tabulated and shown in Table 1.

3.3 Thermal Loading

Bending test is done for delamination crack propagation taking into account
TBC shrinkage [91]. Thermal cracking has been depicted experimentally in a
ceramic/metal FG plate. Curved or straight crack paths are observed on the ceramic
surface when it is cooled from high temperature [59]. An experimental study is
conducted for the thermal fracture behavior of plasma-sprayed yttria stabilized
zirconia-NiCoCrAlY bond coat alloy compositionally graded thermal barrier coat-
ings (TBC) when subjected to a thermal shock loading using a continuous CO2 laser
[92]. Thermal shock fracture behavior of metal/ceramic FGMs is evaluated by a
controlled burner heating method using a H2/O2 combustion flame [93]. Resistance
to crack growth is investigated using Laser thermal shock experiments in conjunc-
tion with crack arrest principles to estimate [94] and record response of multiple
surface cracking [95] in a FG yttria stabilized zirconia (YSZ) -bond coat (BC) alloy
(NiCoCrAlY) TBC. Failure of graded TBCs is modeled under cyclic surface heating
by laser irradiation on the basis of fracture mechanics. Performance of heat insu-
lation and fracture behavior of thermal barrier-type FGM coatings is studied [96].
The experimental and analytical investigation are presented on the thermal fatigue
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Table 1 Cracked FGM structure under dynamic loading

Experimental techniques Result parameters

One-point impact loading Crack growth resistance behavior [7, 76]

Digital image correlation technique Real-time displacement field [77],
R-curves for crack growth [78]
SIF KI, KII, and T-stress are obtained [79]

Four-point bending test Effect of grading on increase of interface
fracture toughness and a decrease due to aging
modified by a stiffening layer [80]

Compact tension specimen test Maximum circumferential stress theory is
justified [81]

Low-velocity impact loading with reflection
coherent gradient sensing technique

Mode-I crack initiation and growth behaviors
are studied [82]

Constant load amplitude conditions by a
Shimadzu servo-hydraulic testing machine

The crack growth paths and fracture surfaces
[83]

Impact loading Feasibility of introducing compositional
gradients to the core [17]

Dynamic photoelasticity coupled with
high-speed photography

Crack tip velocities and dynamic stress fields
[84]

Mixed-mode dynamic fracture experiments
under the conditions of low-velocity impact

Transient crack tip deformations for pre- and
post-crack initiation periods [85]

Monotonic and cyclic bending loading Propagation trajectory [86]

Multistep infiltration technique under
monotonic and cyclic four-point bend loading

Crack initiation and propagation [13] and
fatigue crack propagation [87]

Four points bending tests on notched beams The fracture processes in quasi-brittle FGMs
[88]

Dynamic fracture experiments Transient mode I crack growth behavior [89]

Optical experiments reflection-mode CGS
and high-speed photography

Mixed-mode dynamic crack growth behavior
[20]

Photoelastic visualization DSIFs [23]

Tensile cyclic load Fatigue life increased for central notched
specimens [90]

fracture mechanism of three types of FG composites which were fabricated using
squeeze infiltration process [97].

4 Conclusion

FGMs have revolutionized the field of material science by involving graded
microstructure and have signified to be a multi-functional material in handling
extreme conditions effectively. The flexibility in design and its performance under
thermomechanical environments are the main reasons for its potential applications in
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various areas. The recent progress in the numerical analysis and experimental studies
of fracture behavior of FGM have been reviewed in this paper. In spite of the variety
of methods used to date of analysis of fracture behavior of FGMs, several common
themes have emerged. Many of these works provide a fundamental understanding
of the basic fracture behavior of the material. Therefore, modeling and analysis of
FGMs are vital for the development of this emerging new material.

The work which may require more exploration and future work is as follows:

1. It has been observed that the work has been mainly focused on modeling, both
analytical and FEM, and has mainly focused on estimation of SIF for cracks in
graded regions.

2. Experimental studies have been limited because of processing difficulties,
though some experiments have provided validation to theory.

3. Three-dimensional elasticity solutions were found to be the most accurate
solutions for crack analysis under thermal environment of FGM.

4. Although significant research has been made recently in the investigation of
fracture in graded materials, a consolidated understanding may require more
work.

5. 3D solutions for geometric nonlinear effects require more exploration.
6. The computational effort for 3D analysis is very high and hence approximate

methods/2D theories is gaining more attention.
7. Among several numerical methods, EFGM, and XFEM were found to consider

the effect of inclusions which may be further extended.

An effort has been made to include most of the important contributions in the
current area of interest highlighting the most pertinent literature available to research
engineers studying FG plate structures.
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Investigation on the Machining
of Inconel-718 Using EDM

Niteen Patil, M. R. Patil, Rakesh Chaudhari, and Praveen Kumar Loharkar

1 Introduction

In recent years, applications of materials with inferior machinability characteristics
are gaining wide importance in industries such as aviation, aerospace, and several
other engineering industries. This is primarily due to the material’s high strength for
a given magnitude of weight, superior heat resistant capability and large hardness.
Inconel 718 is one such alloy based on nickel that is characterized by superior yield
strength, ultimate tensile strength, and creep strength even at high temperatures. It
is an important alloy in various engineering applications owing to its slow-paced
response to age –hardening. This allows the application of heat in processes such as
annealing and joining without “spontaneous-hardening”. In addition, the weldability
of Inconel-718 material is better than other nickel-based super-alloys which are
hardened using aluminum and titanium. However, it possesses poor machinability
and requires non-conventional machining to get the required shape and geometry.

Non-conventional machining overcomes the limitations of conventional machine
tools to machine the advanced materials. Electrical discharge (ED) machining is
one of those non-conventional methods which has proven merits such as lesser
stresses during processing, reduced work-hardening effects, and very little damage
at microstructural level [1]. Therefore, EDM process was chosen to perform the
parametric study on the machinability of Inconel 718.

The electrical discharge (ED)machining process is a significant non-conventional
material removal process. It is quite precise in terms of the quality of the product.
Quite a few optimization studies are published which have discussed the role of
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“machining parameters” that significantly affect the response parameters. Choudhary
and Jadoun [2] carried out a review on various approaches used by researchers to
augment the efficiency of EDmachining and enlisted the relevant process parameters
which are either electrical or non-electrical based and electrode-based and powder-
based. The outcome of a few related research studies is presented subsequently.

In one of the earlier parametric studies on EDM, an investigation on precision
drilling of “micro holes” in the borosilicate glass was performed by Yan et al. [3]. In
this research, micro EDM was combined with micro-ultrasonic vibration machine.
The experiments demonstrated the criticality of choosing machining parameters.
In a similar context, Diver et al. [4] produced tapered holes using micro EDM
based on newly proposed technique. The work presented in this article showed that
high-quality tapered holes (reverse) can be produced exhibiting superior geometrical
features with cycle times same as that for machining of straight holes using the same
process. Further studies on “deep micro-holes” drilling were done by Tai et al. [5].
The authors investigated drilling to the depth of 320µm inmicro-electrical discharge
machined tool steel. The holes were characterized using microstructural imaging
using “optical microscope”, “scanning-electron microscope (SEM)” and “co-focal
laser-scanning microscope” to evaluate the correlation between multiple process and
output parameters including enlargement of the hole, wear rate of the electrodes
used, MRR, wear-ratio. Consequently, the settings of most suited parameters were
revealed, which could improve the quality of micro-ED machining. Reduction in the
wear rate can be attributed to grain refinement due to localized heat treatment of the
material caused due to friction [6].

As far as machining of metals is concerned, Singh et al. [7] studied the variable
“pulsed current” and found its effect on MRR, diametral overcut, wear of the elec-
trode, and surface finish in ED machining of EN-31 steel. The output parameters
were found to be synergistically affected by the “pulsed-current” while copper and
aluminum electrodes led to superior machining rates.

Machining of ceramics is also reported in the published literature. Puertas et al. [8]
determined the effect of ceramic machining on the “surface roughness”, “electrode
wear (EW)” and MRR. The ceramic used in this study was a cemented carbide. The
work confirmed the efficacy of the using a combination of techniques such as design
of factorial experiments and “multiple linear-regression”, in developing the functions
affected by multiple variables. The advantage of combining different techniques was
further established through the research performed by Luis et al. [9]. In a similar
study, the effect of “electrical pulse duration” on the micro-EDM parameters was
investigated by Seong-Min et al. [10]. The primary focus of the study was MRR.

Kanlayasiri et al. [11] studied the machining variables’ effect on the “surface
roughness” of wire-ED machined die-steel. The developed model for surface rough-
ness was validated using experimental values. The model had very less prediction
error (7%). It was identified using the ANOVA technique.

Anapproachbasedonutilizinghybrid combinationof techniques such as “Taguchi
method (TM)” and “PCA- principal component analysis” was employed for opti-
mization based on multiple objectives in pulsed Nd: YAG laser beam cutting (LBC)
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Table 1 ED machining factors and their levels

S. No. Factor Unit Levels

1 2 3

1 Current (A) Ampere 20 30 40

2 Pulse-on duration (B) microseconds 200 300 400

3 Pulse-off duration (C) microseconds 100 150 200

[12]. The material used as a workpiece was nickel-based alloy. It resulted in supe-
rior cut qualities. Similarly, Rajmohan et al. [13] explored the effect of ED machine
parameters on theMRR in the machining of SS 304 using L9 orthogonal array-based
experimental design.

In this paper, optimization study on the parameters, which have a critical influence
on themachining of Inconel 718 using ED is presented. The objective of theworkwas
to evaluate the process efficacy in terms of material removal rate (MRR). “Taguchi
method” was used as a technique for optimization. The values of parameters that lead
to signal-to-noise ratio of larger the better type have been used to find the optimum
value of response parameter, that is, MRR.

2 Materials and Method

Electrode is the most critical component of Electrical discharge machine. Therefore,
the selection of a suitable electrode for the EDM process is important. Based on the
literature reviewed [1], copper electrode was used while Inconel-718 was selected
as the work-piece material for the present study.

The experimental trials were carried out using an experimental design based on
“Taguchi method”. In this experiment, the three input parameters that were used are
“current”, “pulse- on duration” and “pulse-off duration”. The corresponding levels
of the factors used in the investigation are shown in Table 1.These are based on the
study carried out by Ahmad and Lajis [14].

5mmdiameter holes were drilled on Inconel-718 plates of sizes 5× 76× 240mm
and 5 × 53 × 220 mm based on the randomized experimental trials. The MRR is
evaluated andmeasured inmm3/min. The experimentswere performed onECOLINE
200 EDM (C.P. SERIES) is shown in Fig. 1. The dielectric fluid used in the study
was commercially available EDM oil.

3 Results and Discussion

The drilled holes on plate of Inconel are as shown in Fig. 2. Table 2 shows the
experimental results for EDM of Inconel Alloy 718 by using copper electrode.
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Fig. 1 ECOLINE 200 EDM

Fig. 2 ED machined
Inconel 718 plate

Table 2 Experimental results of ED machined Inconel-718

S. No. Current (C), A Pulse-on
duration (Ton),
µs

Pulse-off
duration (Toff),
µs

MRR, mm3/min

1 20 200 100 19.44

2 20 300 150 16.82

3 20 400 200 15.11

4 30 200 150 33.01

5 30 300 200 31.67

6 30 400 100 30.41

7 40 200 200 35.08

8 40 300 100 32.16

9 40 400 150 30.74



Investigation on the Machining of Inconel-718 Using EDM 133

3.1 Signal to Noise (S/N) Ratio for ED Machining

S/N was calculated using “Minitab Software”. The response parameter material
removal rate should have a larger value. Hence, the study corresponds to “Larger
is better”. In graphical representation of the main effects plot for means, “A” is taken
as “current”, “B” is taken as “pulse-on duration” and “C” is taken as “pulse-off dura-
tion”. The corresponding tables of S/N calculation (Table 3), table for “means” (Table
4) and table for “S/N” (Table 5) are as follows. It is clearly evident from the Table 3
that the maximum S/N ratio was obtained for the levels 3, 1, 3 for the factors A, B, C,
respectively. Refer to Table 1 for the coded levels. Tables 2 and 3, that is, response
tables for means and signal-to-noise ratio, respectively, signify the ranking of the
factors with “current” being the highest-ranked factor and the “pulse-off duration”
being the least ranked.

Figures 3 and4 show theplots ofmain effects formeans andS/N ratio, respectively.
From these two plots, it is clearly evident that the larger magnitude of MRR

corresponds to third level of factor A that is “current”, first level of factor B (“pulse-
on duration”) and first level of factor C (“pulse-off duration”), respectively. The
results are comparable to the findings of earlier researchers which have revealed the
dominance of “current” on the EDM process.

Table 3 S/N ratio calculation

A B C MRR S/N ratio Mean

1 1 1 19.44 25.7739 19.44

1 2 2 16.82 24.5165 16.82

1 3 3 15.11 23.5853 15.11

2 1 2 33.01 30.3729 33.01

2 2 3 31.67 30.0130 31.67

2 3 1 30.41 29.6603 30.41

3 1 3 35.08 30.9012 35.08

3 2 1 32.16 30.1463 32.16

3 3 2 30.74 29.7541 30.74

Table 4 Response table for
means

Level A B C

1 17.12 29.18 27.34

2 31.70 26.88 26.86

3 32.66 25.42 27.29

Delta 15.54 3.76 0.48

Rank 1 2 3
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Table 5 Response table for
signal-to-noise ratios: larger
is better

Level A B C

1 24.63 29.02 28.53

2 30.02 28.23 28.21

3 30.27 27.67 28.17

Delta 5.64 1.35 0.36

Rank 1 2 3

Fig. 3 Main effect plot for means

Fig. 4 Main effect plot for S/N ratios

4 Conclusion

Drilling experiments were successfully performed on a 5 mm thick Inconel-718
plate using copper as the electrode for evaluating MRR at different combination of
the process parameters. For optimization of parameters of EDmachined Inconel-718,
relatively high magnitudes of “current”, i.e., 20, 30, and 40 Awere used with varying
“pulse-on duration” and “pulse-off duration”. Taguchi L9 orthogonal array was used
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for designing the experiments. Following conclusions have been made based on the
study.

• It has been found that at higher “current”, MRR had increased and maximum
material removal was obtained at 40 A.

• In case of “pulse-on duration” and “pulse-off duration”, the material removal rate
had increased initially. However, it was found to be decreasing at higher values
of corresponding parameters.

• It is quite evident from the study that “current” is the most critical parameter for
MRR as compared to the other two parameters considered for this experimental
investigation.

• Based on the results obtained, the maximum material removal rate corresponded
to the experimental combination of 40 A “current”, 200 microseconds “pulse-on
duration” and 200 microseconds “pulse-off duration”.
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Multi-objective Structural Analysis
of Kevlar Fiber Reinforced Polymer
Composite

K. Kesavan, P. Kiran, M. Sivaguru, S. Indira Prasanth, R. Sudharsan,
G. Raj Kumar, and R. Vijayanandh

1 Introduction

Structural failures occur because of forces acting on the structure. These can be
weight or the load that it is carrying or dynamic forces by the external moving fluids
[1]. Structural failure is initiated when the material in a structure is stressed to its
strength limit thus causing fracture or excessive deformation [2]. The major problem
in structural engineering is sustainability. The sustainability of structures is affected
by environmental issues [3] such as high aerodynamic loadings, external artificial
loads, etc. Structurally, these issues are been affected thematerial’s strength and load-
carrying capability [5]. Composites are mainly used in structural engineering for the
construction of bridge structures, aircraft structures, automotive structures, etc. [6].
Also, they are popularly used in construction because of high stiffness to weight ratio
and strength to weight ratio when compared to reinforced concrete and steel [7]. But
comparatively, KFRP (Kevlar Fiber Reinforced Polymer) is fit to handle peak load
than other composites therefore the same material is selected as major platform of
this work [8].

1.1 Kevlar Fiber Reinforced Polymer [KFRP]

Kevlar fiber comes in the Aramid family and it is a type of synthetic fiber. It is widely
used in all the material makings as the replacement of alloys and composites [9].
The fibers of Kevlar are made up of long molecular chains, which are highly linked
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with strong bonding. Kevlar fiber having the major notable structural advantages
such as low elongation, high structural rigidity, low conductivity, high resistance,
low shrinkage, high toughness, high dimensional stability, and high flame resistance
[10]. Kevlar fiber has 0.60 of fiber volume expansion, 1.38 of specific gravity, its
Young’s modulus is about 87 GPa and its shear modulus is about 2.2 GPa. Kevlar
fiber has a high tensile strength of nearly about 1280 MPa. Kevlar has a compressive
strengthof 335MPa, shear strength is 49MPa [11].Nowadays, the real-timeproblems
due to the complexity are arising. To reduce it, learning about the integrational effect
of the respective fibers should be made. This work deals with the systematic analysis
of Kevlar fibers’ optimization by applying tensile and bending loads. The primary
properties of Kevlar fiber are not affected anywhere and undergo the aforesaid tests
with the arrangement of fibers from one another [12].

1.2 Problem Identification and Its Solution Technique

Material science is a kind of physics field, which can able to provide a solution for
any kind of engineering problems [12]. Comparatively, in structural engineering,
the material need is quite high to fulfill the requirements such as high mechanical
loading conditions, ultra thermal loading conditions, high electrical loading condi-
tions, etc., In this work deals with a similar kind of problem, which is nothing but,
provide the suitable suggestion for high complicated loading environments through
composite material [13]. Relatively, Kevlar can withstand abnormal loading condi-
tions so it is analyzed for the purpose to understand its structural performance. In
this regard, the main elemental study is conducted in Kevlar composites to get the
best fiber orientational angle, which can have the capacity to withstand high loading
conditions under tensile environments. The advanced numerical tool, i.e., ANSYS
Workbench has solved the structural conditions of various Kevlar’s test models [14–
19]. The targeted applications of this work are aerospace-relevant structural domains,
so the handling of aerodynamic loading conditions itself generates a major problem.
Generally, the working environment of the aerospace application is affecting the
components in a non-linear manner. The non-linearity of the working environments
are reacting in an object in two ways, which are non-linear in aerodynamic pressure
loading and non-linear structural loads such as fluttering, ‘g’ force variations, etc.

1.3 Literature Survey

This paper [1] dealt about the material’s performance to stimulate the honeycomb
Deployable Energy Absorber [DEA] by nonlinear dynamic finite element code. The
prototype was manufactured by Kevlar/epoxy composite with the orientation of +
or − 45° with respect to the loading axis. Once the structure was expanded, DEA
becomes amore efficient structure, stiffness, and high strength. The cell wallwas 0.01
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thick Kevlar-129 fabrics that were impregnated with reinfusion 8601 Epoxy resin. To
get accurate results of Kevlar/epoxy, the LS-DYNA computational tool was used, in
whichprimarily a three-point bending testwas conducted.Highfine structuralmeshes
were implemented in this computation. ForMAT 24, Kevlar/epoxy composite was an
isotropic elastic–plasticmaterialwith an orientation of+ or – 45°. Therefore, twoLS-
DYNAmodels were used for the prediction of the behavior of material Kevlar/epoxy
[1]. Through this work [1], the computational procedures were learned. This paper
[2] provided the mechanical properties of the Kevlar KM2 single fiber. Three types
of experiments such as longitudinal tensile tests, transverse compressive tests, and
torsional testswere conducted.All experimentswere performedwith the standard test
method described in ASTM D3379-75 tested on MTS 810 servo-hydraulic material
testing machine. This model proposed various kinds of properties of a single fiber of
a Kevlar composite like ultimate tensile strength, failure strain, etc., From this paper
[2], design inputs, mechanical properties were attained. In this paper [3], the author
used kevlar aluminum alloy as the fiber and the polymer as the resin and thereby
formed polymer composite. The author modeled the polymeric fiber composites
and finite element simulation and mechanical properties were examined. FEA was
computed and the displacement field is suited to identify and quantifying stress
intensities in the local region of the composite to determine parameters critical to
the performance of the composite. By creating a fiber-matrix interface the given
stress was uniformly distributed inefficient manner. In this simulation, the surface
region and inner fiber matrix identified as zones that support more stress during the
deformation by bending since one surface was extended and while the other surface
is compressed. The interior was partially compressed to create low-density impact-
resistant composites [3]. In the study of FEA of fiberglass uni-directional E-type was
analyzed in the Framework of ABAQUS software. The simulation was run twice, for
ply-1 with an angle of 45°, ply-2 with an angle of − 45°, and ply-3 with an angle
of 90°. In the second simulation, the orientation angle is 0° for all the plies. Both
simulation and experimental analyses were made. The composite plate was made of
6 layers of uni-direction E-glass and each layer had the thickness of 0.25 mm. The
dimension of the specimen was 250 mm × 25 mm × 1.5 mm, which was one side
fixed and the other side was given concentrated force and 20 kN. In experimental
the tensile test was undertaken using a material test system (MTS) machine. The
maximum stress obtained from the experimental result was 0.23 and the maximum
stress obtained from the analysis method was 0.46 [4].

2 Structural Optimization—Methodology Used

2.1 The Geometry of the Model

In this paper, entire analyses of tensile tests are completed with a simple design
by ASTM D3039 Model. Kevlar fiber is an emerging one and a simple change
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in orientation may give high property variations. Thus, the ASTM standard gives
accurate dimensions of 10 mm thickness, 25 mm breadth, and 175 mm length. Aside
from tensile test, the bending test also incorporated in this optimization. In bending
test, D790 based ASTM test specimens are used for the construction of all the 38
models. The composite numerical tools, i.e., ANSYS ACP pre/post processors are
unique facilities, which are used for composite constructions. The physical model of
dog-bone shape specimen is drawn inANSYSDesignModeler, inwhich the standard
dimensions are used. The different models and their angle details are provided as
follows:

In all the 38models, the ten layers used, inwhich one layer is given at the thickness
of 1 mm and a 10 mm thickness is constructed for the test specimen. The structural
analyses are executed for all the 38 models and the results are listed in Table 1.

Table 1 Comprehensive report of model numbers versus orientational angles

Model No. Orientational angles Model No. Orientational angles

Model-1 0-15-30-15-0-0-15-30-15-0 Model-20 90-0-75-0-90-90-0-75-0-90

Model-2 15-0-30-0-15-15-0-30-0-15 Model-21 0-45-90-45-0-0-45-90-45-0

Model-3 30-15-0-15-30-30-15-0-15-30 Model-22 45-0-90-0-45-45-0-90-0-45

Model-4 30-0-15-0-30-30-0-15-0-30 Model-23 45-90-0-90-45-45-90-0-90-45

Model-5 0-30-45-30-0-0-30-45-30-0 Model-24 90-45-0-45-90-90-45-0-45-90

Model-6 30-0-45-0-30-30-0-45-0-30 Model-25 90-0-45-0-90-90-0-45-0-90

Model-7 45-30-0-30-45-45-30-0-30-45 Model-26 0-90-45-90-45-0-90-45-90-45

Model-8 45-0-30-0-45-45-0-30-0-45 Model-27 0-0-0-0-0-0-0-0-0-0

Model-9 0-45-60-45-0-0-45-60-45-0) Model-28 15-15-15-15-15-15-15-15-15-15

Model-10 45-0-60-0-45-45-0-60-0-45 Model-29 30-30-30-30-30-30-30-30-30-30

Model-11 60-45-0-45-60-60-45-0-45-60 Model-30 45-45-45-45-45-45-45-45-45-45

Model-12 60-0-45-0-60-60-0-45-0-60 Model-31 60-60-60-60-60-60-60-60-60-60

Model-13 0-60-75-60-0-0-60-75-60-0 Model-32 75-75-75-75-75-75-75-75-75-75

Model-14 60-0-75-0-60-60-0-75-0-60 Model-33 90-90-90-90-90-90-90-90-90-90

Model-15 75-60-0-60-75-75-60-0-60-75 Model-34 15-30-0-30-15-15-30-0-30-15

Model-16 75-0-60-0-75-75-0-60-0-75 Model-35 30-45-0-45-30-30-45-0-45-30

Model-17 0-75-90-75-0-0-75-90-75-0 Model-36 45-60-0-60-45-45-60-0-60-45

Model-18 75-0-90-0-75-75-0-90-0-75 Model-37 60-75-0-75-60-60-75-0-75-60

Model-19 90-75-0-75-90-90-75-0-75-90 Model-38 75-90-0-90-75-75-90-0-90-75
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2.2 Discretization

The conversion of the physical model into the Finite Element Model (FEM) is
executed in the ANSYS Mesh Tool, in which the sub-components of FEM are over-
loaded with the character of reactions with respect to the applied load. The fine
structural mesh facilities are implemented in entire analysis. The overall maximum
nodes are recorded as 258,749 and the maximum elements are noted as 745,821. The
maximum quality is obtained as 0.9745. In addition to that, the grid convergence
study also organized, in which five different mesh models are implemented. The
coarse mesh with proximity and curvature, the medium mesh set-up with proximity
and curvature, the fine mesh set-up with proximity and curvature, face mesh set-up
and overall refinements are the five different mesh facilities implemented in this grid
convergence investigation. Finally, the fine with proximity and curvature is mesh
case fulfilled the criteria of grid convergence test so the same one is used for all other
76 tests.

2.3 Construction of Composite Computational Model

After the discretization, the furthermore construction of a composite test specimen is
needed, which must be constructed from the base physical model. So, the composite
numerical tool, ANSYS ACP is used in this work for the construction of Kevlar
composite. In which, epoxy resin is used as a matrix because of its low delamination
property with Kevlar fibers. Also, the composite test specimens are constructed in
an organized manner with the help of unique facilities such as rosette, solid model,
and orientational set-up. In addition to these facilities, this composite numerical tool
has the facility to change the orientation of the fibers without affecting other facil-
ities. Therefore, through this fiber orientational flexibility, the angles of the Kevlar
fibers are modified and the test specimens are prepared for comparative analysis.
Based on the angle modification, a total of 38 different models are generated and the
comparative structural analyses are executed.

2.4 Boundary Conditions and Discussions

The FEA tool, ANSYS Structural Analysis platform is used for the solution and
results compilation. The standard experimental tests were organized to estimate the
ultimate load, which are used in this comparative analysis as boundary conditions.
The common tensile load of 1000 N is applied at one end of all the 38 models. The
other ends of 38 models are arrested with fixed support. The structural results of best
model (M-27) are revealed in Figs. 1, 2 and 3, in which three different structural
outputs such as deformation, normal stress, and equivalent stress are computed. The
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Fig. 1 Displacement variations in the test specimen

Fig. 2 Normal stress variations in the test specimen

comprehensive test results of 38 models are revealed in Figs. 4, 5, 6 and 7. From
the comprehensive analysis, it is observed that M-27–M-33 models are reacted low
stress forces than all remaining models. Also, M-27 model is reacted very lower
deformation than others so M-27 is fit to handle tensile test in an effective manner
and M-27–M-31 models are capable to withstand tensile load.
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Fig. 3 Equivalent stress variations in the test specimen
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Fig. 4 Variations of total deformation under tensile load

3 Computational Structural Results and Its Discussion

Common external loads are given to all the models for comparative purpose. The
orientational angles are picked from the literature survey and field works. From the
comparative results, it is understood that low reacted geometrical setup can able
to withstand high amount external loads. Thus this work precisely concentrated on
low deformed orientational setup, low stresses setup, and low strain energy setup.
Under this perspective M-27 and M-31 orientational angles are shortlisted to handle
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Fig. 5 Variations of strain energy under tensile load
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Fig. 6 Variations of normal stress under tensile load
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Fig. 7 Variations of equivalent stress under tensile load
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high amount real-time tensile loads. The model finalizations are clearly confirmed
in Figs. 4, 5, 6 and 7. The same perspective is extended for bending load and its
optimization too. Under the bending loads, the Model 27 performed well in low
deformation and strain energy, Models 13 and 20 are induced low stresses than other
models. Thus these three Models are shortlisted as best orientational angles to with-
stand high amount of flexural loads. The model finalizations are clearly confirmed
in Figs. 12, 13, 14, 15, 16 and 17.

3.1 Tensile Test Results—M-27 Model

3.2 Tensile Test—Comparative Results

3.3 Bending Test Results—M-20 Model

These optimizational studies are also incorporated the bending load-based behavioral
effects on KFRP. The bending load of 537.09 N is given at mid of all the models.
The comparative flexural results are revealed in Figs. 12, 13, 14, 15, 16 and 17. From
the comparison, it has been strongly observed that M-20 and M-27 models and its
corresponding orientational angles are performed well. Especially, M-20 model is
reacted lower equivalent stress than all other models. Figures 8, 9, 10 and 11 are
revealed the structural outcomes of M-20, in which displacement, normal stress,
shear stress, and equivalent stress are projected. Apart from that, M-27 model is
reacted lower deformation than all other models. Thus M-27 and M-20 are selected
as best bending test withstanding models.

Fig. 8 Displacement variations in the test specimen
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Fig. 9 Normal stress variations in the test specimen

Fig. 10 Shear stress variations in the test specimen

3.4 Bending Test—Comparative Results

3.5 Validation Study of Methodology Used

In this work, conventional analytical formula-based outcome is obtained, which
is used for the validation. The stress-induced sample KFRP’s test specimen is
120.41 MPa under the computational structural analysis. Thus the same sample test
results are compared with Eq. (1) outcome.
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Fig. 11 Equivalent stress variations in the test specimen
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Fig. 12 Variations of total deformation under bending load
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Fig. 13 Variations of strain energy under bending load
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Fig. 14 Variations of shear stress under bending load
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Fig. 15 Variations of normal stress under bending load
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Fig. 17 Variations of equivalent elastic strain under bending load

Flexural Strength σ = 3 ∗ P ∗ L

2 ∗ b ∗ (t)2
(1)

where ‘P’ is the maximum applied load, ‘L’ is the length between two supports, ‘b’
is the width of the specimen and ‘t’ is the thickness of the test specimen.

σ = 3 ∗ 537.09 ∗ 0.1

2 ∗ 0.02 ∗ (0.00555)2
⇒ 161.127

0.0000012321
⇒ 130.77MPa

The error percentage is obtained as 7.9, which is comes under the allowable
limit therefore it is clearly confirmed that the proposed methodology is capable
to provide reliable outcomes. Finally, through the verified computational structural
analysis outcomes are validated, which will be suggested to implement in real-time
applications.

4 Conclusions

Owing to the great need for high strength to weight ratio material in structural
engineering, the Kevlar-based composite material is proposed. So in this work, the
internal elemental study is conducted and the structural results are noted for the
given boundary conditions under tensile and bending loads. The internal element
selected for this optimization is fiber, in which the angle orientations are modified
and thereby 38 different test models are created. An advanced numerical tool, i.e.,
ANSYSWorkbench has been used to solve the structural analyses on all the models.
In which, the total deformations, strain energy, shear stress, equivalent stress, and
normal stress are played the top role in the selection process of best orientational
angles. To enhance the reliability of the structural outcomes, the grid convergence



150 K. Kesavan et al.

study and conventional analytical formula-based validations are executed. Finally,
the fiber optimizations are executed with the help of predicted structural parameters.
The model 27 is performed excellent in both the loading conditions. The model 20 is
short listed to withstand high flexural load than other models. Also, it is observed that
the model 31 is performed well by reacted low structural outputs than others under
tensile load. Therefore the orientational angles of 60-60-60-60-60-60-60-60-60-60,
90-0-75-0-90-90-0-75-0-90, and 0-0-0-0-0-0-0-0-0-0 are more suitable to withstand
high structural loads.
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Generation of Tool Path in Fused
Filament Fabrication

Krishnanand, Shivam Soni, Ankit Nayak, and Mohammad Taufik

1 Introduction

Additive manufacturing is the method of manufacturing in which product is made
by layer over layer addition of material using the digital data in form of CAD model
of the part to be made. As normal printers print the letters on a page by depositing
ink in two dimensions, say x and y only, but in additive manufacturing, including x
and y dimension, the material is also deposited in z dimension to form a physical
three-dimensional product. That is why it is also termed 3D printing. There are
various methods of 3D printing, all these methods could be categorized into three
categories based on the form of build material used—liquid-based, powder-based
and solid-based [1]. In liquid-based, build material is in liquid form like stereo-
lithography (SLA) [2]. If buildmaterial is in powdered form then it is powdered-based
3D printing like selective laser sintering (SLS), selective laser melting (SLM), etc.
Similarly, laminated object manufacturing (LOM) and fused filament fabrications
(FFF) are examples of solid-based 3D printing, because build material used is in
solid form [3].

3Dprinting uses aCADmodel as raw information formovement of nozzle/laser or
material deposition tool to deposit the material in layers. The additive manufacturing
process can be divided into three phases [4]. Process of 3D printing starts with
making the CAD model of the part to be manufactured, then this design data in
form of CAD model is transported to 3D printing process planning tool where it is
converted into manufacturing data and finally, this manufacturing data is used by
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a

b

Fig. 1 Three phases in additive manufacturing process (a) and Tessellated CAD models in STL
file format (b)

additive manufacturing or 3D printing system to manufacture the part in physical
form (see Fig. 1a). Kulkarni et al. [5] divided process planning into two domains—
model domain and layered domain. In model domain build orientation of part and
support generation is decided, while in layered domain slicing, tool path planning is
performed [6, 7].

STL (Stereolithography) file format is the bridge between CAD modeling tools
and additive manufacturing process planning tools. STL file is the data of CAD
model in form of tessellated (triangulated) surface model (see Fig. 1b) [6, 8]. It is
de facto industry standard as the raw data for any 3D printing system. However,
there are various other file formats like—IGES, STEP, etc. but STL file is simple to
generate and having capability of defining any shape with any number of edges [9].
During tessellation, CAD model is converted into triangulated surface model. These
triangles are called facets. Each facet is represented by its coordinates of vertices and
unit normal vector (see Fig. 2).

In process planning of additive manufacturing build orientation, support structure
generation, slicing, and tool path generation are performed. Build orientation affect
the support generation, mechanical properties, certain shrinkage tolerances, and time
for manufacturing [5]. Suitable tool path planning improves the precision, surface
quality, strength and also reduce build time and material wastage [10]. In this study,
tool path generation process and factor affecting the amount of material extrusion
for fused filament fabrication (FFF) process have been presented.
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Fig. 2 Example of facet representation in STL file in ASCII format

2 Tool Path Generation in Fused Filament Fabrication
(FFF)

STL file is transported from CAD modeling tool to some additive manufacturing
process planning tools like—Cura, Slicer, etc. In these tools build orientation of the
tessellated surface model is decided such that it would be optimum for the build time,
part quality, and support material. Then tool path generation starts with the slicing
process.

2.1 Slicing

Slicing is the process in which a plane parallel to build surface, called slicing plane
or cutting plane, will cut the STL model at distances equal to layer height along the
build direction (z-axis) to form a 2D contour. Slicing may be uniform or adaptive.
If intersection planes are at equal distance, then they will slice the part at uniform
intervals and hance this named as uniform slicing. If the distance between planes
varies according to model curvature then it will result in adaptive slicing. [5]. STL
file is used as input by slicing tool and follows an algorithm (see Fig. 3a [12]) to
output a list of line segments in random order. Since STL model containing distinct
facets, orientation of these facets is used to differentiate between the interior and
exterior of the object to be created.



156 Krishnanand et al.

a

c

b

Fig. 3 Slicing algorithm in FFF (a) [12]; cases of the intersection of slicing plane with facets
(b) [11] and different in-fill pattern affects the amount of material extrusion (c)

Finding Intersection Points of Facets with Cutting Plane. The algorithm finds the
points where facet vertices and cutting planes are intersecting. These facets can be
represented by F and as mentioned in Sect. 1, facet is represented by coordinates of
its vertices and normal vector. There is total of 10 cases of the intersection of facets
with cutting plane (see Fig. 3b [11]). As in case I, facet intersect the cutting plane
at point P1 and P2, these are the point which will be joined to form a line segment
to form a closed polygon as a contour of the slice (2D layer). In cases IV and V,
only one vertex of the facet is touching the cutting plane, these two cases result in
redundant information. In case VI and VII, two vertices of facet are on cutting plane,
so information obtained during this case, is value of these two vertices along with
Z coordinate value of third vertex of the facet. This Z coordinate value is used to
decide whether to keep or discard this information. In case VIII and IX, there is no
intersection between facet and slicing plane, so these facets are ignored by algorithm
and move to the next value of slicing plane. In case X, facet is parallel to slicing
plane, all three vertices are the intersection point with cutting plane.

Generation of line segments. Output of this slicing algorithm are the points of
intersection of a particular facet with slicing plane. Two points of intersection from
same facet are linked together to form a line segment. Once all the facets have been
checked by the algorithm, then output will be number of line segments in random
order; so next step is to arrange these line segments to form a closed contour.
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2.2 Contour Construction

Line segments generated by the slicing algorithm are in random order. To make
a closed contour out of those line segments, these need to be sorted and arranged
in appropriate order. An algorithm is followed to arrange these line segments in
sequence (see Fig. 4a [9]). A line segment has two ends, one is called head and
another one tail. When two lines segment joined together then joining point is head
for one line and tail for the second line. This head-to-tail approach is used to connect
the line segments by comparing the head of one line segment to the tail of another
line segment. Slicing file is opened and first line segment is transferred to contour
file. Then next line segment is read and compared with line segment in contour file.
If it is neighboring to line segment in contour file then it is also transferred to contour
file otherwise next line segment is checked from slice file. This process repeated
for all the line segments in slicing file to check them. This comparison process to
join line segments results in a closed contour. Closed contour will define the outer
boundary for the material deposition for respective layer. After obtaining contour of
particular sliced layer, next step is to generate tool path to fill that contour.

a b

Fig. 4 Algorithm for contour construction (a) and Contour filling algorithm (b) [9]
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2.3 Contour Filling

After getting closed contour next goal is to obtain a path that can provide suitable
fill pattern for it. The product fabrication quality and time depend on the tool path
and type of fill [13].

The raster angle, their overlapping, and distance between the two consequent lines
are user-dependent. Raster angle and density will affect the build quality and time
of the product. Party check algorithm is used when the contour is defined in polygon
and interior region of the contour has to be found (see Fig. 4b [9]). This algorithm
is based on the fact that a straight line intersects any closed curve at even number of
times.

2.4 G-Code Generation

After generating the tool path in fused filament fabrication, the next step is to send
the signals to motors of FFF machine to move the nozzle on that path for depositing
the material as per the part geometry to fabricate a 3D part. Rate of material extrusion
from nozzle should also be controlled as per need. The microcontroller uses standard
G-Code instructions. G-code are commands used in CNC code; each G-code has
a special function. The tool path is converted into G-code by slicing tools of 3D
printers. There are statements in G-code starting with G, M, F, S, T, etc., followed
by some numeric values. Each of these alphanumeric values has a special meaning.
Generally, a statement starting with M is used for the preparation and setup of 3D
printers, similarly, statementswithG aremotion command, F for feed, S for assigning
target values of temperature, and T for choosing the extruder. An example of G-code
used in FFF 3D printers is given below (see Fig. 5a). In case of dual extruder 3D
printers there is some extra code to set the temperature of the nozzle, selecting the
extruder, and changing the extruder during the printing process (see Fig. 5b).

3 Factor Affecting the Amount of Material Extrusion
in FFF

A microcontroller of FFF 3D printers calculates the amount of filament required for
printing. FFF printers used calculations based on the volume of material consumed
during the part fabrication. Also, for printing the same object, amount of filament
required could differ as there are several parameters on which it depends i.e. (i) Layer
height, (ii) Infill density, (iii) Infill pattern (see Fig. 3c).

Layer height is defined as the thickness or height of the single printed layer. Using
smaller layer height, the print quality increases, the amount of material extruded per
layer decreases, increases the resolution of print and the time required to print the
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Fig. 5 Example of G-code for single extruder (a) and dual extruder (b) 3D printers
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object increases. Infill density is the amount of material or filament required to print
the internal structure of the object. Increase in the value of infill density increases the
amount of material extruded per layer and this will increase the strength of the object.
Usually, 20% infill density is preferred. Infill is the internal structure of the object
and it provides strength and stability to the object. Some infill types require less
material and are used for objects having less strength. For higher-strength object, the
material required will be more. The diameter of the nozzle, the diameter of filament,
and layer height are the factors used in the calculation of extruded filament. For
example, one has to print a line of 100 mm length with 0.3 mm layer height using a
nozzle of 0.4 mm diameter then amount of extruded material can be calculated. The
volume of the line, V is 100 × 0.3 × 0.4 cubic mm or 12 cubic mm. The diameter
of filament, D is 1.75 mm. Cross-section of filament, A will be π( 1.752 )

2
sq.mm or

2.40528 mm2. So, the length of filament required for printing 100 mm line= volume
of print/cross-section of filament = 12/2.40528 or 4.9890 mm.

4 Conclusion

Tool path generation is a critical step in the fused filament fabrication process. In this
study, a detailed discussion on STL files and slicing along with basic algorithms for
slicing, contour construction, and contour filling have been presented. Suitable tool
path planning improves the precision, surface quality, strength and help to reduce
build time and material wastage. Hence, it will directly lead the productivity. Layer
height, infill density, infill pattern, and number of layers are the factors which affect
the material extrusion during fused filament fabrication. A pellet extruder could also
be integrated with existing FFF 3D printers and as future scope, a suitable tool path
planning could be performed for the best performance of this pellet aswell as filament
extrusion system.
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A Study on Mechanical Attributes
of Epoxy-Carbon Fiber-Terminalia
bellirica Embedded Hybrid Composites

Dinbandhu, Kumar Abhishek, Ashish Thakur, M. Nagaphani Sastry,
K. Devaki Devi, and Anshumali Nishant

1 Introduction

The advancements in engineering applications have been centered around two signif-
icant fields, since inception, i.e., developments in efficient and cost-effective power
units and attaining themaximumpossible driving force from the available power. The
latter essentially relies on the attributes of materials utilized in engineering fields. For
example, an aeronautical engineer wants materials with superior stiffness qualities
as well as lightweight. Likewise, an engineer with thermal engineering background
needs corrosion-resistant materials with high strength features for the successful
functioning of pressure vessels. Such situations are creating an ambiguity in the
material’s selection and letting the engineers think beyond the regular materials.
Recent advancements in composites are providing a solution to engineers in terms
of quality as well as cost. Essentially by changing the structure, multiple qualities
can be enhanced henceforth, making the composites multipurpose and trustworthy
and a substitute for the conventional designing materials [1–4].
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Machining of composite materials plays a significant role in their possible appli-
cations in engineering fields. During the initial days, composites were machined
through conventional machining processes due to simple adaptability as well as to
minimize the capital costs. But later, as substantial innovations in tool materials
and tooling design took place, the conventional manufacturing techniques became
obsolete in terms of productivity and quality. These days, several nonconventional
machining processes namely abrasive water jet (AWJ) machining, laser machining,
spark erosion machining, ultrasonic-assisted machining, wire electrical discharge
machining, and electrochemical spark machining are recommended by scholars and
fabricators for the machining of composite materials to meet the ongoing global
demand. But still, there is a need for a high level of automation for the mass manu-
facturing of composite components to cut down the processing costs and compete
with other materials. Developments in the nonconventional machining processes
propose a prospect to deal with these materials cost-effectively, thus recognizing the
broad potential of the composites [5–9].

Owing to their several advantageous attributes namely lightweight, corrosion
resistance, and high fatigue strength, composites have become an essential part of
today’s developments. Their widespread application areas include aircraft, automo-
biles, sports items, electronic packaging, medical equipment, space vehicles, and
homebuilding. Composites are structural materials that consist of two and/or several
constituent elements. These elements, knowns as the matrix phase and reinforcing
phase, are amalgamated at the macroscopic level and are mutually insoluble. The
reinforcing materials, such as flakes/fibers, or particles, are embedded in the matrix
phase, which is usually continuous. The matrix phase, which is more in terms of
volume, holds the entire system of composite material and maintains its integrity.
The most common composite materials include polymer matrix composites (PMC),
metal matrix composites (MMC), ceramic matrix composites (CMC), and carbon–
carbon composites (CCC)s. PMCs are further categorized into three sub-categories
namely aramid fiber-reinforced polymer (AFRP) composites, carbon fiber reinforced
polymer (CFRP) composites, and glass fiber reinforced polymer (GFRP) composites
[10–13].

In recent times, more attention is given to natural fiber composites (i.e.,
biocomposites) by several researchers and academicians. Biocomposites comprise
natural/synthetic resins with the reinforcement of natural fibers. These fibers demon-
strate lots of beneficial attributes. As these fibers are low dense, comparatively
lightweight composite materials are produced that reveal applications specific
attributes. They are also cost-effective and their easy processing, besides being an
extremely renewable source, reduces the reliance on overseas and domestic energy
products. The latest developments in using natural fibers (for instance coir, jute, wax,
straw, cellulose, switchgrass, hemp, bamboo, and kenaf) in composites are studied
by several researchers. Effortless accessibility and economical existence caused the
natural fiber an ideal option. In the meantime, a new trend has been observed among
the researchers where hybrid natural fiber composites are developed by incorporating
two or more than two reinforcements. These reinforcements can be either natural or
synthetic or both [14–16].
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Ashok et al. [17] evaluated the mechanical attributes of luffa/carbon fiber hybrid
composites. For the preparation of composites, the epoxy matrix was used with
varying percentages of luffa and carbon fibers. The outcomes of the study reveal
enhancement in the mechanical performance of the composites. Failure analysis was
also done through a scanning electron microscope. Bakshi et al. [18] employed an
injection molding technique for the development of a sustainable composite mate-
rial. Calcium-rich marble waste with varying concentrations (by weight) has been
utilized as reinforcement in polypropylene resin. Mechanical and thermal attributes
of the samples were examined, and it was observed that the developed composite
is technically feasible and can be used in civil structural works. Oliveira et al. [19]
utilized the fibers of sugarcane bagasse and particulates of disposed rubber for the
preparation of a new hybrid composite. They have also evaluated the impact of afore-
said reinforcement by implementing the full factorial design of 25. An observation
was drawn from the work that these particles have a severe effect on the mechanical
performance of the materials. The size and quantity of the rubber particles affect
the physical and mechanical attributes whereas the presence of sugarcane fibers
influences the toughness, strength, and stiffness. Prabhuram et al. [20] studied the
chemical and mechanical attributes of the developed hybrid composite made up of
wood powder particles alongwith the fibers of coconut coir. The technique employed
for preparing the material was hand layup. Water absorption capability along with
impact, tensile, and flexural strength were evaluated for the said composites and it
was found that the reinforced particles highly influence chemical and mechanical
performances. Akash et al. [21] evaluated the water-absorbing capability and several
othermechanical attributes for hemp/sisal fiber hybrid composites. The sampleswere
prepared in the varying composition of the resin and reinforcements with the cold
pressing method. Fracture analysis of the composites was also performed through
a scanning electron microscope. The outcomes of the work recommend using the
aforesaid fibers in preparation for inexpensive biocomposites. Chowdhary et al. [22]
conducted a review on the degradation ofmechanical attributes of the hybrid compos-
ites. The work also explores the features of failure and wear analysis done by several
researchers. Sinha et al. [23] reported the recent advancements in the mechanical
performance of hybrid composites. The authors suggested using fly ash and red mud
along with the fibers of bamboo, ramie, pineapple, coir, and abaca, as the reinforce-
ment in the preparation of polymer composites. An emphasis is also given on the
optimization of mechanical performances of the hybrid polymer composites.

The current work is an endeavor to make a novel composite material by dispersing
Terminalia bellirica + carbon fibers in the epoxy resin with their varying weight
percentage. The work also focuses on assessing the mechanical attributes namely
hardness, flexural, and tensile strength of the developed composite models.
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2 Materials and Methods

Preparation of this novel composite was done using the following raw materials:
epoxy resin (LY556), fibers of T. bellirica, carbon fibers, and hardener (HY951).
The bark of T. bellirica was extracted from a village, Sohagpur, Gopalganj, Bihar.
Procurement of hardener and epoxy material was done from Chemicote Engi-
neers, Bengaluru, Karnataka. Carbon fibers were collected from Bhaskar Exports,
Kakinada, Andhra Pradesh. The properties of epoxy resin and hardener have been
illustrated in Tables 1 and 2, respectively [24].

The epoxy-hardener mixture is taken at the ratio of 1:10 (1 g of hardener is mixed
in every 10 g of epoxy). Then the mixture is completely mixed for some time and is
utilized for preparing laminates. Initially, the fibers were extracted from the bark and
treated with NaOH solution (10gms of NaOH with 1 L of water). These extracted
fibers were soaked in the solution for about 1 h (Fig. 1). After that, they were taken

Table 1 Properties of epoxy
resin [24]

S. No. Features Description

1 Density @ 25 °C 11.15–1.20 g/cm3

2 Viscosity @ 25 °C 10,000–12,000 mPa s

3 Chemical composition Bisphenol-a-based epoxy
resin

4 Product type Epoxies—Bisphenol-A
based

5 Visual aspect Clear, pale yellow liquid

Table 2 Properties of
hardener [24]

S. No. Features Description

1 Viscosity @ 25 °C 10–20 mPa s

2 Specific gravity @ 25 °C 0.95–1.05 g/cm3

Fig. 1 Processing of T. bellirica’s fibers before composites preparation
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Table 3 Composition of the
prepared composite
specimens

S. No. Name assigned to the
samples (%)

Composition of the
samples

1 0 00 gm CF + 20 gm
Terminalia

2 5 05 gm CF + 15 gm
Terminalia

3 10 10 gm CF + 10 gm
Terminalia

4 15 15 gm CF + 05 gm
Terminalia

5 20 20 gm CF + 00 gm
Terminalia

out, cleaned with the distilled water two to three times, and placed under the sun for
getting dried. This treatment was done to avoid pull out of the fibers during composite
preparation. Using hand-layup techniques, the composite specimens were prepared.
To do this, a glass mold of 200× 200× 03 mm3 was utilized where the treated fibers
were dispersed into the epoxy matrix. Carbon fibers with varying percentages (by
weight) were also dispersed with the purpose of enhancing the tensile strength, stiff-
ness, temperature tolerance, and minimizing the thermal expansion of the prepared
composites. A solidification time of 24 h was given and after that, composites were
extracted from the mold and cut down for further evaluation. By keeping the epoxy
percentage fixed (80% by weight) along with the varying fiber percentage of carbon
and T. bellirica, a total of five sampleswere prepared. Table 3 depicts the composition
of prepared composite samples. One of the prepared specimens is shown in Fig. 2.

Fig. 2 Prepared composite
specimen
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Table 4 Tensile strength of
the composite samples

S. No. Composition of the samples Tensile strength
(MPa)

1 00 gm CF + 20 gm Terminalia 13.96

2 05 gm CF + 15 gm Terminalia 26.77

3 10 gm CF + 10 gm Terminalia 35.48

4 15 gm CF + 05 gm Terminalia 79.35

5 20 gm CF + 00 gm Terminalia 95.50

3 Result and Discussion

Evaluation of mechanical properties specifically the tensile test, flexural test, and
hardness test was accomplished for the prepared specimens. For that, the samples
were ready based on theASTM standards. Flexural strength and tensile strengthwere
inspected on a universal testing machine (UTM) for the prepared samples whereas,
for hardness tests, a Rockwell hardness tester was employed. The outcomes of these
testing have been discussed in the subsequent section.

3.1 Tensile Test

The tensile test evaluates the potential of a material to endure applied forces before
rupture. The experiments have been carried out on a UTM and the outcomes were
recorded as shown in Table 4. The outcomes are evident in increasing tensile strength
with the varying percentage of carbon and T. bellirica’s fibers. The highest value of
the tensile strength (i.e. 95 MPa) has been obtained for sample 5 (having 20 gm CF
+ 00 gm Terminalia). This is due to the addition of carbon fibers in reinforcement.
The graphical conclusion of the obtained outcomes has been exhibited in Fig. 3.

3.2 Flexural Test

When a material is having some structural applications then it becomes compulsory
for an engineer to examine its flexural strength and for that flexural test is supposed to
be conducted. The flexural test evaluates the performance of a material subjected to
simple beam loading before rupture. The tests were performed on a universal testing
machine with a special setup of three-point loading and the outcomes were recorded
as shown in Table 5. Sample 3 (having 10 gm CF + 10 gm Terminalia) yields the
best result (i.e. 41,230.23MPa) among all the samples being tested. This is due to the
increasing percentage of carbon fibers in reinforcement which makes the material
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Fig. 3 The graph depicts the tensile strength of the composite samples

Table 5 Flexural strength of
the composite samples

S. No. Composition of the
samples

Flexural modulus (MPa)

1 00 gm CF + 20 gm
Terminalia

8577.87

2 05 gm CF + 15 gm
Terminalia

16,342.71

3 10 gm CF + 10 gm
Terminalia

41,230.23

4 15 gm CF + 05 gm
Terminalia

37,276.62

5 20 gm CF + 00 gm
Terminalia

19,829.41

brittle. The graphical conclusion of the obtained outcomes has been exhibited in
Fig. 4.
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Fig. 4 The graph depicts the flexural strength of the composite samples

3.3 Hardness Test

The hardness test evaluates the capability of a material to resist wear and tear against
the applied forces. The tests were performed on a Rockwell hardness tester and the
outcomes were recorded as shown in Table 6. The outcomes depict a descending
trend in Rockwell hardness number. The highest hardness value (i.e. 99) has been
obtained for sample 1 (having 0 gmCF+ 20 gmTerminalia). This happened because
the carbon fibers were not continuous, and thematrix phase was not able to hold them

Table 6 Harness of the composite samples

S. No. Composition of the samples Rockwell hardness number (HRC)

1 00 gm CF + 20 gm Terminalia 99

2 05 gm CF + 15 gm Terminalia 95

3 10 gm CF + 10 gm Terminalia 90

4 15 gm CF + 05 gm Terminalia 86

5 20 gm CF + 00 gm Terminalia 80
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Fig. 5 The graph depicts the hardness of the composite samples

properly. The graphical conclusion of the obtained outcomes has been exhibited in
Fig. 5.

4 Conclusions

In thiswork, hybrid polymermatrix composites havebeenprepared and theirmechan-
ical properties have been evaluated. The study uncovers the following conclusive
findings:

i. An epoxy-based composite reinforced with natural fiber and carbon fiber is
effectively made using the hand lay-up technique.

ii. The tensile strength of the composites increases with an increase in the weight
percentage of the reinforcements.

iii. The increasing weight percentage of carbon fiber makes the composite brittle
which is not recommended for structural applications.

iv. The descending trend of Rockwell hardness number shows that there is a lack
of interaction between the reinforced materials and the epoxy resin. Hence, the
material is not recommended for applications subjected to wear and tear.
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Development and Analysis of Sustainable
and Innovative Surface Finishing Process
Through Combined Effects of Ball
and Roller Burnishing

C. S. Jawalkar

1 Introduction

Burnishing is a sustainable (no-chips are produced) machining process, widely used
in improving the surface roughness and surface hardness of metallic surfaces [1,
2]. It is an effective technique as there is no material wastage, and it improves the
performance of ferrous and non-ferrous metals [3]. It can be done on the same
work setting such as on lathes, without work-changeovers. Burnished surfaces have
higher wear resistance and improved fatigue behaviors [4]. Surface finish and surface
micro hardness of components play vital roles in improving the product quality since
it introduces compressive residual stresses, produces accurate finely finished and
densely compact surfaces which can resists wear [5]. In burnishing process, the tool
used is a hard ball or a roller; which deforms the surface layers by means of point
contact, which concentrates and deforms the peaks into adjacent valleys plastically
using varied tool materials [6]. The surface roughness in burnishing process can
be varied through optimization of the process parameters [7]. The roller burnishing
process uses hardened rollers as the tool; thereby producing accurate, well-finished
and compact surfaces. Figure 1 schematically illustrates burnishing phenomenon,
resembling the road-rolling process.

The conventional burnishing process has over the last few years, been further inno-
vated and hybridized using various combinations for different applications. Some of
these processes are illustrated along with the major findings in Table 1.
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Plastically deformed material after burnishing

(a)

(b)

Fig. 1 Schematic sketch of a surface. a Before burnishing. b After burnishing

1.1 Burnishing Using Combined Tool

Through the conducted literature review it was found that combining “ball and roller
tools” in a single set-up had not been effectively tried; which would make the study
interesting as well as enhance the utility; hence the objective was to develop such
economic and innovative tooling. It can be used on conventionalmachines like lathes.
Figure 2 illustrates schematic sketch of the developed tool, which had the options to
carry out individual burnishing either by ball, by roller or with combined effects.

The tool consisted of two rollers, two ball elements, square metal casing and
lock nuts. The design of tool was made and fabricated in-house for experimentation
and trial production purpose. The multiple options in tool increased the flexibility.
Mechanism of combined tool is illustrated as follows the subsequent roller and ball
tools generate more work hardening effect into the surface of such hard ductile
materials (low-carbon steel) and also help in deforming material plastically, rather
more evenly (due to multiple action) into adjacent valleys which reduces peaks and
valleys.

2 Experimentation

The process parameters and their range which affect the machining characteris-
tics were carefully selected based on pilot experimental studies. Pilot experiments
confirmed that cutting speeds (from 300 to 550 RPM), tool feeds (from 0.1 to
0.5 mm/rev) and tool passes (from 1 to 3) were ideal for such studies and also
provided useful results. Considering the practical constraints and available cutting
parameters on lathe, final experimentationwas designed on lowC steels (0.05–0.15%
carbon) which is commonly used in making beams, piston rods, vehicle parts and in
making structural shapes for bridges, buildings etc. At each experimental run, depth
of cut (around 10–20 microns) was given. In this study, surface roughness and micro
hardness were response variables. Table 2 illustrates process parameters and their
range.
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Table 1 Recent findings and application in burnishing

Important findings Reported by

Ball burnishing was discussed as a promising
method in initiating stress induced phase
transformation from austenite to martensite on
Nitinol (Ni 50.8, Ti 49.2; a shape memory alloy)

Fu et al. [8]

Analytical modeling studies were reported
using ball burnishing, which could predict
surface roughness of thermally sprayed coatings
through post treatments

Hiegemann et al. [9]

Hardened and highly polished steel rollers were
brought into pressure contact using softer work
piece. As pressure exceeded the yield point of
work material, surfaces were plastically
deformed through cold forming

Murthy and Kotiveerachary [10], Hassan [11]

Roller burnishing, as a cold forming process,
was used on previously machined or ground
external and internal surfaces. It removed
minute surface irregularities produced during
machining or shearing operations and proved to
be a superior process, yielding better results
than grinding

Korzynskia and Pacanab [12], El Tayeb et al.
[13]

In studies on roller burnishing of En-8
specimens, applying DOE, micro hardness
increased, without appreciable change in its
surface micro structures

Walia and Kumar [14]

A study was reported on enhancing the
tribological properties of TaC material at
elevated temperature (≈2501 °C); through laser
surface texturing and burnished WS2 additions,
remarkable increasing the wear life

Jussi et al. [15]

In cryogenic burnishing of Co–Cr–Mo alloys,
through proper selection of burnishing
conditions, improved surface integrity,
refinement in micro structures and
high-hardness helped in getting favorable
structures

Yang et al. [16]

Comprehensive analysis of surface integrity in
ball and roller burnishing were extensively
studied and reported in aluminim and brass with
different compositions

Khaberry and Axir [17]

Ball grinding, ball burnishing and ball polishing
were sequentially used and roughness
improvement was reported from 1.83 to
0.035 mm on STAVAX plastic mold SS
(hardness ≈ 50 HRc)

Shiou and Chang [18]

(continued)
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Table 1 (continued)

Important findings Reported by

Dynamic burnishing process increased the
polishing effect on machined surfaces by an
average of 17% using the non contact type
imagining and analysis LASER methods on
experimented INCONEL pieces

Kapłonek and Nadolny [19]

In studies on optimization of surface roughness
and micro hardness of AZ91D Mg alloys
through ball burnishing; the best surface
roughness of 0.336 µm and best micro hardness
of 102.7 HV was achieved

Buldum and Cagan [20]

The studies have presented an input
factor-based optimization for simultaneously
enhancing power factor (PFB) considering the
speed, feed and penetration depth as its main
factors, while burnishing SKD61 steels

Nguyen et al. [21]

An analytical model based on contact mechanic
theorem was developed and proposed; in this,
surface plastic strain increased by an increase in
static force and vibration amplitude; while it
decreased with an increase in ball radius and
feed rate

Reza Amini [22]

The 3-D explicit nonlinear finite element
analysis model (FEM) of the ultrasonic assisted
burnishing process was established and
calibrated

Liu et al. [23]

Fig. 2 Schematic sketch of
the innovative combined
burnishing tool

Hardened rollers Φ 20 mm

Hardened balls, Φ 8 mm 

Lock nuts

Cover plate

Square base 
(tool holder)
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Table 2 Process parameters
used and their range

No Process parameter Range/levels Unit

1 Spindle speed 325, 420, 550 RPM

2 Feed rate 0.1, 0.2, 0.4 mm/rev

3 Passes 1, 2, 3 Numbers

Fig. 3 Effect of speed on Ra
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2.1 Effect of Cutting Speed and Feed on Surface Roughness

In surface roughness studies, experiments were conducted using ball, roller and
combined burnishing tool on low-carbon steel specimens to analyze the effect of
variation in spindle speeds and feeds. Two readings were taken at each levels and its
average was taken. The variation of surface roughness with spindle speed is shown
in Fig. 3. Optimum value of surface finish was found to be 0.21 (Rain µm, in case of
roller burnishing at second parametric level, 420 RPM). In case of ball burnishing,
optimum value of surface finish (0.72, Rain µm) was found at second level (420
RPM) and in case of combined burnished tool, optimum surface roughness value
(0.5, Rain µm) was found at first speed level (325 RPM). Roller burnishing process
provided optimum surface roughness values (0.21, Rain µm), owing to better line
contact and regularization of deformed peaks into adjacent valleys. Variations in
feed rate also affected surface roughness (Fig. 4). Surface finish improved with an
increase in feed rate for ball and roller burnishing. In feed variation studies, optimum
surface finish was achieved in roller burnishing (Ra = 0.25 µm).

2.2 Effect of Cutting Speed and Feed on Surface Hardness

In surface hardness studies; ball, roller and combined burnishing tools were used
on low-carbon steel to analyze effects of variation in spindle speeds and feeds. Two
readings were taken at each levels and its average was taken. Initial surface hardness
before burnishing was in range of 50–55 HRc. Increase in plastic deformation due to
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Fig. 4 Effect of feed on Ra
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increased surface contact from roller tools resulted in more work hardening effect
(compared to ball tool) thereby increasing surface hardness. As seen in Fig. 5, hard-
ness decreased with an increase in spindle speed for ball and combined burnishing
tools. In roller burnishing, hardness decreased from 63 to 61 HRc from 325 to 420
RPM value and then marginally increased upto 66 HRC at 550 RPM (Fig. 6).

The best results were obtained with a feed rate of 0.1 mm/rev in case of combined
and ball burnishing tools. Roller burnishing tools gave an increasing trend with
respect to the increase in feed rate and the reverse was observed in case of ball and
combined burnishing process. The combined burnishing tool gave best performance
in surface micro hardness (77 HRc), since there are both the elements (roller and ball
tools) which move subsequently and compress the material evenly.

Fig. 5 Effect of speed on
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Fig. 6 Effect of feed on HRC
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3 Parametric Studies on Surface Roughness Using Design
of Experiments

In surface roughness measurements, for precision engineering applications, fine
surface finishes are desired. In order to investigate the effect of surface roughness
using combined roller and ball burnishing tool, further experiments were designed
and conducted on low-carbon steel material. The response characteristics were
surface finish and surface micro hardness. Taguchi parametric design methodology
was adopted in this phase and the experiments were conducted using the standard
orthogonal array L9 [24]. The results are indicated in Table 3 and the results of
ANOVA studies is shown in Table 4, which indicates that feed rate had the highest
contribution (51.94%), followed by number of passes (31.67%) and speed (2.34%).

Table 3 Results on roughness (Ra) studies

Trial No. Parameter trail condition S/N ratio dB

(A) (B) (C) (D)

Speed RPM Feed
mm/rev

Pass Mean

1 325 0.1 1 0.46 6.72

2 325 0.2 2 0.85 14.10

3 325 0.4 3 1.41 29.93

4 420 0.1 2 0.99 0.08

5 420 0.2 3 0.89 9.75

6 420 0.4 1 0.9 9.08

7 550 0.1 3 0.28 10.83

8 550 0.2 1 0.32 9.86

9 550 0.4 2 0.42 7.48
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Table 4 ANOVA studies in Ra

Source SS DOF V P (%) F-Ratio

Speed 0.052 2 0.0258 2.335 0.166

Feed 1.147 2 0.573 51.935 3.693

Passes 0.699 2 0.349 31.669 2.252

Error 0.311 2 0.155 14.060

T 2.208 8 100

SS Sum of squares, DOF Degree of freedom, V Variance, P Percentage effect

In low-carbon steels, it was seen that at 550 RPM (Fig. 7) the surface roughness
value was the best (= 0.3 µRa). At intermediate speed (420 RPM), the value of
surface roughness became slightly higher (≈ 0.92 µRa); a possible reason for this
could be that once the higher peaks get cut-off, a group of smaller peaks adjacent
to one another could generate some deformities, these peaks get can further get
lowered through subsequent burnishing action. As the feed rate increased from 0.2
to 0.4 (mm/rev), the surface roughness increased (from 0.6 to 0.9 µRa). An almost
linear tread was evidenced, the likely reason behind this phenomenon was due to
the continuous rubbing action (compression), the peaks deformed plastically and the
surface gradually got leveled. As the number of passes increased, initially the surface
roughness reduced (due to material flow into valleys); with further increase in passes
(three passes), the surface became relatively coarse. Increases in passes from two

Fig. 7 Main effects on surface
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Fig. 8 Main effect plot for S/N ratio

to three or more can cause more compression, resulting in more plastic flow of the
material and sometimes it may also cause folding, thereby making the surface rough.
The graphs of signal to noise (S/N) ratio are illustrated in Fig. 8.

3.1 Parametric Study on Surface Micro Hardness Using
Design of Experiments

Using the same procedure as illustrated for surface roughness, a detailed study using
Taguchi’s orthogonal array L9 was conducted for micro hardness as it is illustrated
in Tables 5 and 6 illustrates the results of ANOVA studies, which shows that spindle
speed had the highest contribution (34.1%) in surface hardness, followed by number
of passes 31.06% and feed rate as 26.59%. In case of micro hardness studies, in
low-carbon steel specimens; the optimum hardness value (≈ 69 HRc) was seen using
spindle speed of 420RPM.As the feed rate increased, themicro hardness first slightly
decreased and it then increased (≈ 71.5 HRc) at the third level (feed = 0.4 mm/rev).
The phenomenon can primarily be attributed to the work hardening effect, which
makes the surface hard due to atomic level entanglements. The continuous subsequent
pressure of the ball and roller on job increased the surface hardness. As the number
of passes increased, the micro hardness first increased and then decreased (Fig. 9);
the optimum value was found to be ≈ 71 HRc. Figures 9 and 10 illustrate the said
phenomenon along with corresponding signal to noise ratios.
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Table 5 Results on hardness studies

Trial no. Parameter trail condition S/N ratio (dB)

(A) (B) (C) (D)

Speed RPM Feed mm/r Passes Mean

1 325 0.1 1 66 34.577

2 325 0.2 2 65 34.489

3 325 0.4 3 72 35.364

4 420 0.1 2 74 35.619

5 420 0.2 3 65 34.491

6 420 0.4 1 68 34.876

7 550 0.1 3 66 34.616

8 550 0.2 1 64 34.356

9 550 0.4 2 75 35.712

Table 6 ANOVA studies in hardness

Source SS DOF V P (%) F-Ratio

Speed 178.82 2 89.410 34.104 4.137

Feed 139.42 2 69.711 26.590 3.226

Passes 162.87 2 81.436 31.063 3.768

Error 43.22 2 21.611 8.243

T 1063.4 8 100

SS Sum of squares, DOF degree of freedom, V Variance, P Percentage effect

3.2 Micro Structural Studies

In order to gain some insights into the surface micro structure, some studies were
carried out through material testing of the burnished surfaces. The micro structural
results obtained through these tests are shown in Fig. 11. The investigated surfaces
were seen to be uniformly dispersed and they contained fine-equiaxed grains of
pearlite and ferrite. Here were no segregations (Test reference- IS: 7739 (PART
V)—1976 (RA 1996); grain size number was 8) without any noticeable changes in
surface micro-structures.
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Fig. 9 Main effects on µ-hardness

Fig. 10 Main effect plot for S/N ratio
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Fig. 11 Micro structures of a Ball, b Roller and c Combined burnished (400 X)

4 Conclusions

Through the conducted experiments on low-carbon steel specimens, the following
key contributions in the form of conclusions have be drawn:

• The novel-innovated burnishing tool (combination of ball and roller burnishing
tool) was an economic and sustainable approach; being a chip-less (non waste
producing) process, it increased tool interchangeability provisions and provided
improved results.

• In the conducted experiments on low C steel specimens, the best surface finish of
0.21 (Ra in µm) was achieved in case of roller burnishing, at the spindle speed of
420 RPM.

• The concept of combined burnishing action using successive roller and ball
burnishing tools in a single set-up led to an increase in surface micro hardness,
which was found to be maximum (value = 76 HRc at spindle speed of 325 rpm)
in comparison with individually used tools (ball, roller and combination).

• As illustrated through experimental studies, surface finish obtained through
combined tool had a marginal edge of improvement over ball burnished tools.

• The spindle speed was found to be the most significant variable (among speed,
feed and passes) affecting the surface roughness and micro hardness.

• Surface micro structural studies have illustrated valuable insights into texture and
integrity, thereby opening new avenues in the specific field of research.
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Predictive Soft Modeling of Turning
Parameters Using Artificial Neural
Network

N. Gupta and R. S. Walia

1 Introduction

Difficult tomachinematerials as titanium and its alloys and glass-reinforced compos-
ites are widely being used in various industries as aerospace, nuclear, and other
sectors. Their high melting point, electrochemical capability [1], favors the usage.
Titanium-based alloys are very hard having very highmelting point in range of 3000–
4000 °C. Similarly,manyhard composites have beendeveloped for commercial usage
as glass fiber-reinforced plastics [2]. Their machining too is a challenging task.Major
difficulties encountered are enhanced surface damage, rapid toolwear; bouncing back
phenomenon [3]. Previously, grinding was the only available manufacturing process
to machine them; however, many alternates are available today. Their machining
too is very difficult. Hard turning has emerged as a potential machining process
of such hard materials due to its versatility as efficiency, less power consumption,
maintenance of complex shapes, and tolerances. Surface integrity is one of desirable
outcome of any hard turning process. It is indication of surface finish.

The surface integrity is often characterizedby surface roughness values. Prediction
of surface roughness values is an demanding area. The prediction of surface rough-
ness values helps in selecting optimum process parameters as well as improvement
in process capability.

Conventional optimization techniques such as Taguchi-ANOVA, MANOVA,
response surface methodology, full factorial, partial factorial, partial factorial, and
CCD have been widely employed by researchers in optimizing surface roughness
values.

However, nowadays, researchers are often employing Newer and unconven-
tional modeling techniques based on machine learning as artificial neural modeling,
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particle swarm optimization, ant colony optimization, and bootstrap are some of soft
modeling techniques used in prediction of outcomes.

In this analytical study, ANN modeling in optimizing the surface roughness has
been done.

2 ANN Technique in Optimization of Output Responses
in Turning

In research [4], artificial neural network-based feed-forward model was used for
predicting roughness of machined surface. In another research [5], ANNwas used in
determination of tool wear. In a separate research [1], ANN was used for predictive
modelingof surface roughness, force, and temperature.Dave et al. [6] in their research
work applied ANN for prediction of MRR. In yet another research work, ANN was
used in optimization of turning parameters during turning of polymers [7].

In yet another research, prediction of roughness of machined surface and forces
developed during metal cutting was done using ANN [8].

In a researchwork,ANNpredictivemodelingwasused tomodel surface roughness
alongside using conventional optimization methods [9].

Machinability investigation while turning AISI 52,100 steel was done using ANN
in empirical research [10]. In a separate research work, cutting forces were predicted
using ANN-based models and traditional methods of regression analysis while the
turning of red brass (C23000) was done [11].

In a research work [12], AISI 316 stainless steel was machined with PVD-coated
carbide tools. The output responses of Surface roughnesswere optimized usingANN.

In a separate research work, hard machining of AISI4140 was done using ANN
[13]. The statistically determined results were in agreement to the ANN results.

In another experimental study, Inconel 718 was hard turned. The input machining
variables selected were metal machining velocity, feed rate, and cutting depth/depth
of cut.

The output parameters chosen were roughness of machined surface and cutting
force. Among different models selected for modeling, ANN was the most accurate
one [14].

3 Experimental Dataset

The dataset for the present analysis has been taken from research work by Gupta and
Kumar [3]. In their research work, glass fiber-reinforced plastics rods were taken
as raw material. The six different input parameters taken were as shown below in
Tables 1 and 2 [2].
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Table 1 Input parameters
and their levels [2]

Input Level

parameters Level 1 Level 2 Level 3

Tool nose 0.4 0.8 Nil

Radius/mm

Tool rake −6 0 6

Angle/°

Feed rate 0.05 0.1 0.2

(mm/rev)

Cutting rate 420 840 1210

(rpm)

Cutting Dry Wet Cooled

Environment

Depth of cut 0.2 0.8 1.4

(/mm)

Table 2 Experiments using Taguchi L18 O.A

S. no. A B C D E F

1 1 1 1 1 1 1

2 1 1 2 2 2 1

3 1 1 3 3 3 3

4 1 2 1 1 2 2

5 1 2 2 2 3 3

6 1 2 3 3 1 1a

7 1 3 1 2 1 3

8 1 3 2 3 2 1

9 1 3 3 1 3 2

10 2 1 1 3 3 2

11 2 1 2 1 1 3

12 2 1 3 2 2 1a

13 2 2 1 2 3 1

14 2 2 2 3 1 2

15 2 2 3 1 2 3

16 2 3 1 3 2 3

17 2 3 2 1 3 1

18 2 3 3 2 1 2a

aSample data for testing
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Total readings were divided into training and testing data sets. As per 80:20 rule,
out of total 18 data sets, 3 data sets were used for validation and rest 15 for training
of ANN network in MATLAB.

The 80:20 rule is well-known rule. It means that 80% of data set will be used to
train the ANN feed-forward back-propagation model, while the testing will be done
on 20% of data sets.

4 Artificial Neural Network

In this present work, a feed-forward neural network is used. The output parameter
to be predicted was roughness of machined surface. The feed forward propagation
method is used. It has two hidden layer apart from one input and one output layer.
The neural network has six input.

The ANN network selected was comprising two hidden layers, as, one layer
structure has considerable errors [15]. MATLAB software was used for training
this network, and the ANN was trained with the feed-forward back-propagation
algorithm.

The weights of the network connections were decided on the basis of input
machining variables and corresponding output machining variable. It is inbuilt deter-
mined by the software using the training and testing data on application of regression
method.

A code was developed in MATLAB, and the results were obtained. The six inputs
were taken, and one output of surface roughness was analyzed. Feed-forward back-
propagation model was used. Numbers of epochs selected were 100. 80–20 training
to testing rule was followed. No. of hidden layers selected were two, having 10
neurons each.

Levenberg–Marquardt algorithm was used for training of data (Fig. 1).
The selection of epochs was kept at 100 as increasing epochs stopped affecting

output after certain value. In the literature, it had been established that increasing no.
of epochs will not increase accuracy of system. Often too many epochs resulted in
complexity of system. It ultimately leads to slowing of the system.

In Fig. 2, the ANN output graphs from MATLAB were shown. The R value for
all training sets is coming as 0.950, and testing was coming as 0.987. The overall
R value was coming as 0.959, which signifies a very high similarity between the
experimental values of surface roughness and ANN predicted values.

5 Observations

As per Table 3, the ANN predicted values were within +−0.015% of experimental
values. It proved the accuracy of ANN predictive modeling.
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Fig. 1 MATLAB derived ANN architecture

In Table 3, column 2 is experimentally determined values of surface rough-
ness, whereas column 3 gives ANN predicted values of surface roughness. The
column 4 gives MSE corresponding to each of the experimental run. As per the table
above, the MSE was coming out to be 0.051, which signifies agreement between the
experimental results and ANN predicted values.

The MSE is fairly accurate parameter to determine accuracy of neural networks.
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Fig. 2 ANN output graphs

6 Conclusions

The major conclusions are as follows:

1. The foremost conclusion from this research is the utility of predictive modeling
before start of actual experimentation processes. Based on previous researches,
a database could be maintained to explore possibilities of improvement in
processes and machine tool based on predicted outcomes by ANN.

2. Combination of ANN with traditional techniques as Taguchi, etc.
3. ANN can be used as accurate predictive tool in machining and manufacturing

activities.

The utility of machine learning in optimization of manufacturing process is a real-
time application. The benefit is higher levels of accuracy coupledwith reliable results
over researches conducted in different countries. People in mechanical and allied
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Table 3 Experiments output
versus ANN output

S. no. Exp-SR ANN-SR MSError

1 1.397 1.377 0.014316

2 1.453 1.431 0.015141

3 3.076 3.081 −0.00163

4 1.366 1.371 −0.00366

5 1.53 1.541 −0.00719

6* 2.4 2.3381 0.025792

7 1.513 1.5473 −0.02267

8 1.636 1.6362 −0.00012

9 2.263 2.26 0.001326

10 1.547 1.532 0.009696

11 1.606 1.611 −0.00311

12* 1.966 1.947 0.009664

13 1.597 1.582 0.009393

14 1.63 1.621 0.005521

15 2.237 2.221 0.007152

16 1.94 1.951 −0.00567

17 1.486 1.494 −0.00538

18* 1.973 1.968 0.002534

MSE 0.051101

fields are nowmore receptive toward unconventional techniques of data optimization.
The main benefit lies in predicting the optimal set of input conditions in order to
optimize the output responses.
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Welding Performance of Dissimilar AZ91
and AZ31 Mg Alloys Using Developed
Friction Stir Welding Set-Up

Umesh Kumar Singh and Avanish Kumar Dubey

1 Introduction

The lightweight materials reduce the amount of energy consumption and carbon
emission by automobiles which will help in current exigency of energy and sustain-
able development of automotive industries. Magnesium (Mg) alloys are structural
materials which have lightweight, high strength and good vibration damping capacity
[1, 2] and fulfil the requirement of automobile industries. In automobile industries,
many times the fabricated components require their joining to fulfil their function-
ality. But weld characteristics of fusion welded Mg alloys are not very good due to
the presence of pores and cracks in welded zone [3]. These defects are formed due to
the presence of very active chemical elements in their compositions [4] and restrict
their application in automobile industries. These difficulties can be removed by the
applications of solid-state joining processes.

Friction stir welding (FSW) is a solid-state joining process developed in the year
1991 by The Welding Institute, UK [5, 6]. In FSW, heat utilised for welding the
materials is generated by friction caused by high pressure, rotation and translation of
the tool relative to the work material and also plastic deformation of work material.
The main part of the tool is pin which is rotating and flow the plasticised material
from front side of pin to back side of pin along the weld line and causes turbulence,
and after cooling, the material is solidified and formed joint [1, 6].

Its initial application was limited to aluminium (Al) alloys but researchers have
extended its application to other similar [1, 3] and dissimilar alloys such as Al-
Al [7], Mg-Mg [8], Al-Mg [9], steel [10], Al-cupper [11] and Al-titanium [12].
Researchers have utilised forfeited milling machine for FSW but Singh and Dubey
[13] have used radial drilling machine for dissimilar FSW of AZ91-AZ31 alloys.
They observed the joint characteristics and found 85.09% joint efficiency at 850 rpm
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rotational speed (RotS) and 55 mm/min welding speed (WeldS). Microstructure of
welded joint shows mainly two types of grains and joint efficiency decreases with
increasing heat input. Sunil et al. [8] investigated the impact of process parameters
on crack formation in FSW of AZ91-AZ31 alloys. They obtained a sound joint at
1400 rpm RotS and 25 mm/min WeldS with joint strength of 183 ± 15 MPa. The
nugget zone contains finer grains and distributed Al12Mg17 intermetallic compound.
Zhang et al. [14] analysed the impact of two different RotS onmicrostructure, textural
variation and mechanical properties of AM60-AZ31 alloys by FSW. They found
relatively larger grains at higher RotS as compared to lower RotS but RotS did
not have any obvious effects on textural variation. Larger grains support for basal
slip activation and twinning in the region away from the interface of nugget and
thermo-mechanically affected zone.

Available literature survey suggests that the Mg alloys are advance as well as
superior quality materials for automobile industries but there is a need for optimising
the process to obtain the better joint property. In current research work, authors have
tried to investigate the joint strength of dissimilar (AZ91-AZ31)Mg alloys generated
by using developed FSW set-up on drilling (radial) machine. Microstructures just
below the shoulder, i.e. in crown zone of welded joint, have also been observed.

2 Materials and Methods

2.1 Experimental Method

In this research work, two different compositions of AZ series Mg alloys (AZ91
and AZ31) have been chosen for joining. The compositions of samples are listed in
Table 1. The 110 mm length, 55 mmwide and 5 mm thick plates have been taken for
experimentation. The tool having 18mm shoulder diameter and 5mm cylindrical pin
diameter was made of H13 tool steel. AZ91 and AZ31 materials workpieces were
clamped on advancing side (AS) and retreating side (RS), respectively. The tool RotS
and WeldS were fixed at 580 rpm and 55 mm/min, respectively. For producing the
joint, a developed FSW set-up on drilling (radial) machine [13] was utilised. The
working set-up with tool is shown in Fig. 1.

Table 1 Compositions of used parent metals [13]

Alloy(s) Mg Al Zn Mn Si
(max.)

Fe
(max.)

Cu
(max.)

Ni
(max.)

Other(s)
(max.)

AZ91 Bal 8.5–9.5 0.5–0.9 0.17–0.4 0.05 0.005 0.03 0.002 0.02

AZ31 Bal 2.5–3.5 0.6–1.4 0.2 min. 0.1 0.005 0.05 0.005 0.30
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Fig. 1 Working set-up with
tool

Tool

2.2 Testing Method

Samples for tensile test (TT), microhardness (MH) and microstructural observations
were cut using wire cut-EDM. All samples were cut across the weld line. Milling
operation has been used for providing the smoothness (finishing) on TT samples.
TT was carried out at 1 mm/min strain rate using 25 kN capacity BISS, India tensile
testing machine. Microstructural samples were polished by following standard set
methods and then etched with picral reagent for taking SEM images to observe the
joint characteristics. MH was measured in 1 mm regular interval at 1.5 mm depth
(from top surface) across the weld line by using 200 g load and 15 s dwell time on
RADICAL Vickers hardness tester.

3 Results and Discussion

3.1 Microstructure

Materials in FSW process experiences intense plastic deformation and turbulence
in welded zone due to which grains have different features at different locations.
The observation of the types of grains formed after FSW process is very important
because it decides the joint property. The SEM images shown in Fig. 2 were taken at
different locations of AS and RS in crown zone of welded joint. Very fine equiaxed
grains were observed in SEM images just below the shoulder as compared to size of
grains obtained at some distance away from the shoulder bottom surface as shown
in Fig. 2 in marked areas. Since the material which is in direct contact with shoulder
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Fig. 2 SEM images just below the shoulder of crown zone, a, b advancing (AZ91) side; c,
d retreating (AZ31) side

experiences more deformation as compared to the material at some distance away
from the shoulder bottom surface, and also heat losses aremore because of convective
heat transfer from the top surface of welded zone which is at just below the shoulder.

3.2 Microhardness

MH of welded sample is shown in Fig. 3. From Fig. 3, it can be seen that the values
of MH are fluctuating when measured across the weld line. The average measured
value of MH of base materials AZ91 and AZ31 was 71.0 and 65.0 Hv, respectively.
The maximum and minimum value of MH 85.50 and 62.03 Hv, respectively, were
obtained on retreating (AZ31) side. The fluctuation inMHmay be caused by distribu-
tion of secondary strengthening phase (Al12Mg17) and variation in texture of material
in welded zone due to intense deformation (plastic). Also, themetals/alloys generally
contain anisotropic hardness.
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Fig. 3 Microhardness of welded zone across the weld line

3.3 Tensile Strength

TT of welded sample has been done for evaluating the efficiency and strength of
welded joint as compare toAZ91basemetal, and for observing the fracture behaviour,
fractographic image of fractured surface has also been taken as shown in Figs. 4 and 5.
Tensile test sample breaks from AS (AZ91) near the weld centre line with very small
(negligible) quantity of reduction in cross-sectional area. The maximum strength
(tensile) of AZ91 was 246.34 MPa, and AZ31 was 261.79 MPa, respectively, but the
joint has 186.74 MPa (75.80% of AZ91) which means reduction in tensile strength.
The reduction in tensile strength mainly due to the variation in grain size, variation
in texture and distribution of different phases (strengthening). These phenomena

a

b

Fig. 4 Tensile test sample, a initial (before finishing); b after test
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Flat Facet

Dimples

a
b

Fig. 5 a Fractograph fractured surface; b stress–strain graph

are caused by intense deformation (plastic) inwelded zone [15]. The fractured surface
has flat facet as well as dimple-like structure which indicate mixed type fracture.

4 Conclusions

AZ91 and AZ31 dissimilar magnesium alloys can be welded using developed FSW
set-up on drilling (Radial) machine at selected process parameters. From the results
of welded joint, following conclusion can be drawn:

• The welded joint is free from defects which are generally presented in fusion
welding of magnesium alloys.

• The joint has maximum 85.5 Hv microhardness within the welded zone on
retreating side.

• The maximum joint strength obtained is 75.80% of AZ91, and welded sample
breaks from AZ91 (i.e. advancing) side. The fracture surface has mixed type
fracture behaviour.

Acknowledgements Authors wants to acknowledge UGC New Delhi-110002, India and MNNIT
Allahabad, Prayagraj-211004, India through TEQIP-III program for giving research assistantship.
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A Note on Preparation of Electroless
Nickel Coating on Alumina
Micro-particulates as the Forerunner
to Reinforce Al-MMCs

D. Vijay Praveen, D. Ranga Raju, M. V. J. Raju, and T. Nancharaiah

1 Introduction

In Al-based MMCs, the addition of hard ceramic particulates into a base alloy,
which enhances the mechanical properties, becomes more prevalent in the synthesis
and characterization of novel composites [1]. Variation of reinforcement in matrix
material, mechanical and thermal properties of the matrix, as well as particulates
and degree of micro-structural integrity, will influence the strength of the MMCs [2,
3]. However, there exist some challenges viz. wettability, interfacial reactions and
bonding between base material and reinforcements of composites which may lead to
the failure of the composites [4]. Metal coating on ceramic particles can improve the
wettability and bonding between matrix and reinforcements. In addition to that, the
coated surface can minimize the interfacial reaction between the base material and
hard reinforcements, which may improve the mechanical properties [5–7]. Several
routines are available in surface coating processes like chemical vapor deposition
(CVD), physical vapor deposition (PVD), chemical and electro-chemical techniques.
Among all, electroless coating route becomes very famous as the deposit is not
dependent on current distribution, and it is almost uniform in thickness, regardless
of the size or shape of the plated surface. Using this technique, the coating can be
done for both metallic and non-metallic particles and surface [8]. This process finds
wide applications because of its excellent characteristics like abrasion, corrosion and
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wear resistance, lubricity, solderability and hardness. This method has gained good
recognition nowadays in preparing composite coatings [7–9].

Leon et al. have investigated the nickel plating on micrometer-sized alumina
particulates with different in sizes and observed consistent nickel films on the surface
of the alumina particles [4]. DS Kumar et al. studied the effect of sensitization and
activation under different conditions and analyzedmicro-structural characteristics on
electroless nickel coating on nano-sized alumina particles [7]. Chintada and Koona
used EN route for the preparation of nanocomposite coatings of ZnO particles on
mild steel surface further analyzed the effect of composite coating on microhardness
and corrosion resistance [10].

Sudhakar et al. have reported fundamental aspects, characteristics and various
properties of EN composite coatings. They concluded that the incorporation of EN
coated ceramic particles in the various alloy could improve physical and mechan-
ical properties [11]. Vijay et al. have studied hardness and compressive strength of
Ni-coated boron carbide (B4C) particle reinforced 601AC/201AC selective layered
functionally graded materials. Specimens were prepared at three different numbers
of layers at the standard powdermetallurgy route. From the experimental results, they
observed the highest compressive strength and hardness in Ni-coated three-layered
FGM with 201AC as base material [12].

In light of the above literature, it was observed that most of the authors had
explored the optimal procedure and techniques involved in EN coating process on
various reinforcements [13–20]. The main objective of the present work is to prepare
the nickel plating on Al2O3 powder by standard electroless plating procedures and
micro-structural studies, which further can be reinforced into various novel alloying
elements to study the physical, mechanical and machining properties.

2 Materials and Methodology of Electroless Plating

2.1 Materials

Alumina (α-type) particles of 2–20 μm (avg.) size of 99% purity, supplied by M/s
Aarshadhaatu Green Nanotechnologies India Private Limited, Guntur, used in the
present work.

2.2 Electroless Coating Process

In electroless coating route, metal ions are reduced to metal by the action of chemical
reducing agents. The metal ions are electron acceptors, which react with electron
donors. This electroless coatingmethod is an autocatalytic process, which accelerates
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Fig. 1 Basic steps in nickel plating

the electroless chemical reaction allowing oxidation of the reducing agent used. The
basic steps involved in the standard coating process are shown in Fig. 1.

Ultrasonic Cleaning A weighed quantity of 40 g of alumina particles was cleaned
by mixing with distilled water with 20 ml of acetone for a period of 20 min ultra-
sonicator [7]. In this process, volatile compounds like oil and dust particles are
eliminated, which may present on the surface of the alumina particles. Further, the
particles are to be washed with distilled water followed by drying. Now, the surface
of the particles is very smooth and clean.

Etching Upon ultrasonic cleaning, the etching process is to be carried out, for
obtaining microscopic roughing on the alumina particles surface. 10 ml/l of HNO3

is to be taken along with one liter distilled water in a beaker, and stirring is to be
done for a period 15 min using an electromagnetic stirrer. Afterward, particles are
washed with distilled water for 5 min and then dried out.

Sensitization In the sensitization process, the surface of the reinforcements will be
crumbled, which prepares the surface for activation. Stannus chloride hexa hydride
(SNCl2.6H2O) 10 g/l, hydrochloric acid (HCL) 30 ml/l, stirred with the particles for
a period of 20 min followed by rinsing with distilled water and then dried.
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Activation In the activation process, the pores on the surface are activated for plating
on the particles. Palladium chloride (PdCl2) 0.2 gm/l along with HCL 3 ml/l were
stirred for a period of 20 min. Furthermore, the particles were washed and dried.

Plating Process The plating process is carried by stirring the palladium-activated
alumina particles in a freshly prepared coating bath. Nickel chloride, hexahy-
drate (NiCl2.6H2O) 30 g/l, ammonium chloride (NH4Cl) 50 g/l, trisodium
citrate (Na3C6H5O7. 2H2O) 40 g/l and sodium hypophosphite monohydrate
(NaH2PO2.H2O) 25 g/l were incorporated in one liter of distilled water. In addition
to this, sodium hydroxide was used to maintain pH value 8. The bath temperature
was maintained 85 ± 2 °C. Pretreated alumina particles were stirred in the prepared
coating bath for a period of 20 min. Subsequently, the coated alumina particles were
cleaned once again in distilled water and dried up.

After the coating process, it was observed that the microparticles, which were
initially in white, were turned to black color. It is the preliminary indication of
the successful coating on the alumina particles. Microstructural studies, using XRD
analysis, SEM and EDAX, were carried out for further confirmation of the nickel
coating on the alumina particles.

2.3 Microstructural Studies of the Alumina Powders

Surface morphology of alumina particles, both uncoated and coated, was studied
using Scanned electronmicroscope (FEI-Quanta FEG200,USA)with energy disper-
sive spectroscopy attachment. Partical phase analysis was done using X-ray diffrac-
tion (XRD) method (D8 Discover, Bruker, US), at step size of 0.1° per step, scanning
rate one step per second with CuKα radiation (λ = 1.54 A°).

3 Results and Discussion

3.1 Densities of the Particles

Density of the nickel-coated and uncoated alumina particles was determined
using standard Archimedean principle. Averages of three readings were taken for
measuring the density. From the results, density of the un coated particles was
observed to be 3.94 g/cc and for the coated particles 4.12 g/cc. The deposition of the
nickel on the alumina particles has increased the density of the particles [4, 7].
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Fig. 2 Particle size variation

3.2 Particle Size Measurement

Particle size was measured using ImageJ (version 1.48) software by considering 50
readings of the uncoated and coated alumina particles SEM images. The sizes of
the particles were observed to be 4.74 ± 1.7 μm for uncoated particles and 6.89
± 2.65 μm for the nickel-coated alumina particles. Variation in size of the fifty
particulates was depicted in Fig. 2.

3.3 XRD Method

The X-ray diffraction patterns of the alumina particles were shown in Fig. 3. The
peaks were identified as per the reported patterns (JCPDS 75–787 and 04-850 for
Al2O3 and Ni). New peaks were observed in the XRD pattern of Ni/Al2O3 at 2 theta
values of 44.505, 51.844 and 76.366, which were related to nickel. The presence of
nickel on micrometer-sized alumina particles was confirmed in XRD analysis.
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Fig. 3 XRD of alumina
particles (uncoated and
coated)

3.4 SEM and EDAX Analysis

As the surface of Al2O3 particles was plated with EN coating process, the existence
of nickel on the surface can be confirmed by observing SEM and EDAX of both
particulates. Figure 4 shows the scanned electron microscope images of both the
particles (uncoated and coated).

Very smooth and clean surfaces were observed on pure alumina particles. After
nickel plating on the Al2O3 particles, the surface appeared to be rough. The
corresponding EDAX confirms the presence of the nickel on the alumina particles.

Fig. 4 SEM images of uncoated and coated Al2O3 particles with EDAX
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4 Conclusion

Micrometer-sized alumina particles were successfully coated by nickel using stan-
dard electroless plating technique. SEM, EDAX and XRD analysis has confirmed
the presence of nickel coating on the surface of alumina particles.

Further, these nickel-coated alumina particulates can be reinforced into different
aluminum alloys to fabricate novel Al-MMCs to assess the role of nickel-coated
alumina particulates on mechanical, tribological and machining properties of the
composites.
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Investigation on Mechanical Properties
of Aluminum-Boron Carbide Metal
Matrix Composites
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1 Introduction

Mixing of different materials, such as ceramics, metals and polymers, opens up
possibilities of an infinite number of variations of the properties in the material [1].
These combinations have been made use of for thousands of years by mankind since
the beginning of civilization. Concrete is a good example of an ancient compound [2].
It is an aggregatemixture of cement and sand. Resistance to squashing provided good
compressive strength [3] to concrete. Addition of metal rods or wires to concrete in
recent times has increased its tensile [4] and bending strength and is now referred to as
reinforced concrete [5]. In simple terms, a composite is a combination of components
[6]. Combining two or more natural or artificial elements having different physical
or chemical properties [7] results in a composite material, wherein the resulting
composite is stronger than its components taken individually [8]. The identity of
each individual component is not lost; the components combine together contributing
their most useful traits, thereby improving the final product.

The study conducted by Mohanty et al. [9] from IIT Madras was focused on
fabrication of aluminum 1100 matrix composite with boron carbide reinforcement
and its properties. Up to 25 wt.% of B4C in Al was prepared at 873 K for the
study. Previous studies provided details regarding the temperature range at which
aluminum reacted with B4C on heating them. It is said that at temperatures above
973 K and below 1173 K, they reacted together to form phases like Al2BC, Al3BC
and a few other complicated phases. Based on such previously established facts,
temperature was controlled to limit it at 873 K for a period of 90 min. It was observed
that there was decrease in density and electrical conductivity while there was an
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increase in hardness by up to 11 times, which was quite significant. But increasing
the percentage of reinforcement resulted in decrease of strength of the composite
[10]. Judiciously heat treating the composite in solid state was recommended for
reduction in embrittlement of metal matrix composite because a tendency of brittle
fracture was observed at higher boron carbide percentages.

Vasudevan et al. [11] worked on aluminum alloy AA5083-based composites
with B4C (7, 9 and 10% composition) ceramic particles as reinforcement. Fabri-
cation of composite was done via stir casting method. Salt fog test (ASTM B117)
was used for investigation of the friction stir welds’ and base metal’s corrosion
behavior, and estimation of corrosion rate was done using weight loss measurement.
The test results indicated that increasing content of B4C particles resulted decrease
in corrosion resistance of the composite. The study by Mehta and Badheka [12–
15] aimed at investigating wear behavior of surface Al-B4C composites fabricated
via friction stir processing. Base metal used was Al-6061-T6, and the reinforce-
ment media used was boron carbide particles (800 mesh). The number of capping
and stirring passes was restricted to 1 pass and 3 passes, respectively, [16, 17].
The direction of consecutive passes for processing was same in specimen-1, and
the direction of passes for processing specimen-2 was reversed by rotating the
sample between consecutive by 180°. Pin-on-Disk (ASTM G99 standard) testing
was used to conduct wear analysis on an as received base metal sample and the fabri-
cated specimen supported by scanning electronmicroscopy imaging, microstructural
characterization and micro-hardness data.

1.1 Metal Matrix Composites (MMC)

In MMCs, the matrix material is metal, and the reinforcement can be either a metal,
a ceramic compound or an organic compound. The reinforcement added may not
always have structural contribution to the matrix. Depending on the requirement,
some may enhance properties such as wear or thermal resistance. The matrix is
monolithic and continuous material. The matrix material could be metals and alloys
based on aluminum, copper, magnesium or alloys with high heat resistance, or even
alloys based on rare earth metals as per requirement.

Demand fromdefense and aerospace industries formaterialswith increased tough-
ness and strength in comparison to currently available materials in the market has
motivated studies in aluminum alloys and composites. Aluminum (Al) metal and its
alloys have amajor drawback in the form of relatively lowmodulus of elasticity when
compared to more widely available structural materials such as steel. Aluminum-
based MMC is among those commonly used for automotive and aerospace compo-
nents. They provide a distinct advantage due to lower density and improved thermal
properties and resistance to wear and corrosion. The matrix is aluminum or its alloy
like aluminum-silicon, aluminum-magnesium or aluminum-copper. Reinforcement
particles are chosen based favorable properties they contribute to the matrix such
as high stiffness and low density. Popular reinforcement materials for aluminum are
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ceramics such as silicon carbide, aluminum oxide, boron carbide, boron nitride or
carbon. Boron carbide (B4C), with a density 2.52 g/cm3 and elastic modulus 460
GPa, is one of the particles that falls in the category of positive reinforcement for an
aluminum MMC.

1.2 Aluminum-Boron Carbide (Al-B4C)

Al-B4C composites retain their low density while combining properties of Al such
as ductility with those of B4C such as hardness resulting in a relatively stiff material
which could find its use in defense industry as an armor plate material and in nuclear
technology as a structural neutron absorber.

2 Materials and Methods

2.1 Powder Mixing

The mass of each material to be taken for a specimen of a particular composition
was calculated using rule of mixture. The volume of compacted specimen was to
be obtained which was taken as a constant with the dimensions of the expected
specimen to be 30 mm diameter and 10 mm thickness. Using the density of Al and
B4C powders individually, the mass of the powder required for each specimen with
the composition of 98% Al + 2% B4C, 96% Al + 4% B4C, 94% Al + 6% B4C and
92% Al + 8% B4C was calculated as in Table 1.

The mixing of powders can be done by various methods like ball milling or
centrifugal mixing. Powders for each specimen were mixed in a mortar and pestle
setup making an “8” patterned motion for even distribution particles in the mix.

Table 1 Theoretically calculated mass of respective elements

Composition (%) Total density
(g/cc)

Total mass (g) Mass of Al (g) Mass of B4C (g)

98 2 2.6964 19.059 18.678 0.381

96 4 2.6928 19.034 18.272 0.761

94 6 2.6892 19.008 17.868 1.140

92 8 2.6856 18.983 17.464 1.518

90 10 2.682 18.957 17.062 1.895
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2.2 Compaction

The compaction of samples was done using a die and plunger setup with a circular
cross section for compacting the samples. An initial load of 80 kN was applied on
pure Al powder specimen, and the loads were increased progressively for the next
samples up to 180 kN. The loading force was fixed at 180 kN for compacting the
composite specimen after observing that the load produced the closest density to the
theoretically values.

2.3 Sintering

Sintering of samples is essential to ensure proper binding of the reinforcement parti-
cles in the matrix by diffusing across the boundaries creating a single solid piece.
Sintering of all the compacted specimen was done in a muffle furnace with thermo-
couples to control the temperature. The temperature was fixed at 793 K for a period
of 1 h.

3 Results and Discussion

The composite casting with Al as basematerial and B4C reinforcements with varying
particles from 2 to 10% was successfully prepared by compaction process. From
Table 2, the hardness values of the developed composite are higher as compared to
the base material.

To ascertain the optimal load value, pure Al samples were compacted under the
following load until desired density was achieved as shown in Fig. 1.

After optimizing the load, the compacted samples’ dimensions were measured
so as to generate a graph between the composition of specimen and the compaction
density as shown in Fig. 2.

Scanning electron microscopy imaging was done to study the microstructure of
the pure Al, B4C powder and the compacted specimen as follows (Figs. 3, 4, 5, 6, 7
and 8).

Table 2 Hardness number
with respect to composition

Composition of specimen Hardness Value (BHN)

100% Al 100

98% Al + 2% B4C 108

96% Al + 4% B4C 116

94% Al + 6% B4C 125

92% Al + 8% B4C 126
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Fig. 1 Compacted density
with respect to load on pure
Al samples

Fig. 2 Compacted density
with respect to composites

Fig. 3 Spherical structure of
Al particles
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Fig. 4 Flake-like structure
of B4C particles

Fig. 5 SEM image (100X)
of 98% Al + 2% B4C

4 Conclusion

Al and B4C metal matrix composites were successfully fabricated by using powder
metallurgy. The compaction load was optimized to achieve the dimension, and the
required density of specimen was recorded to be 180 kN. Increasing the wt.% of
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Fig. 6 SEM image (100X)
of 96% Al + 4% B4C

Fig. 7 SEM image (100X)
of 94% Al + 6% B4C

B4C reinforcement particles in the composite resulted in the marked increase of
hardness of the composite by 20.6%, then the base aluminum standalone specimen.
The SEM imaging further strengthens the above claims with there being no visible
cracks or voids in the bonding of B4C reinforcement particles with the Al matrix and
also shows that there were no unwanted particle inclusions nor the existence of any
unnaturally large voids present in the composite.
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Fig. 8 SEM image (100X)
of 92% Al + 8% B4C
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Research Opportunities in Industry 4.0:
A Literature Review

Shivam and Manish Gupta

1 Introduction

In the year 2011, the term industry 4.0 was coined after an association in Germany,
a European country, made up of corporate, political, and academic representatives.
The term is new to everyone, but very important for the whole world to compete
in the world market and a shift from the Industrial Revolution 3.0, which was the
automation in the industries. Industry 4.0 refers to a new stage in the industrial
revolution based on interconnectivity, machine learning and access to data in real
time.

In the middle of the eighteenth century, the entire journey of revolution began in
the world economy, i.e., in the industry. England is known for being the birthplace of
the Industrial Revolution; in the latter half of the eighteenth century, it represented a
phase of growth that changed largely rural, agrarian societies in Europe and America
into industrialized, urban ones. The IndustrialRevolution started inBritain and spread
to the rest of the world, including the United States, in the 1830s and ’40s, and that
was only possible by the game-changing use of steam power. More often this period
of the revolution referred as the first industrial revolution to set it apart; from the late
nineteenth century to the early twentieth century, the second industrial revolution
took place and saw rapid advances in the steel, electric, and automotive industries.
After the second revolutionwith the use of automation in the industry with the help of
computer and robots, the third industrial revolution came into the picture andwith the
use of technology-like big data, artificial intelligence, Internet of things in the cyber-
physical systems; that forms the concept of industrial revolution 4.0. Industry 4.0 or
smart industry refers to the advancement of technology from embedded systems to
cyber-physical systems (CPS) [1].
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Many authors worked on the topic industry 4.0 and took one of the technologies of
industry 4.0 for their study purpose-like Internet of things, robotics, 3D printing; the
basic definition of these technologies by different authors, IoT includes platforms
that connects multiple sensors and data devices in order to create a full vision of
the behavior of an organization, a system, a business processes or a phenomenon
[1] Big data analytics is characterized as the ability to process extremely large data
sets to identify relationship patterns (correlation, causality) between data to be used
in detecting market trends, customer behavior and preferences [1], 3D printing is a
technology that enables artifacts to be produced by subsequent printing of adhesive
materials, such as polymers, [1] and when technologies associated with the part of
the supply chain-like logistics then it is called logistics 4.0 [2], when associated with
procurement it is redefined and called procurement 4.0 [3] and with human resource
it is called human resource management 4.0 (HRM 4.0) [4].

Smart supply chain management is defined as the practice of the Internet of
Things, advanced robotics, advanced big data analytics in supply chainmanagement:
Position sensors in everything, construct networks everywhere, automate every-
thing, and analyse each and everything to significantly improve productivity and
customer satisfaction and digital supply chain can be defined as DSC is made up of
systems (e.g., software, hardware, communication networks) that facilitate connec-
tions between organizations that are globally distributed and orchestrate the activi-
ties of supply chain partners. These activities include the procurement, processing,
storage, movement, and sale of a commodity.

This paper aims to give some conclusive points and future scope study. What
study lags in industry 4.0 from the journal’s papers submitted between 2010 and
2019 in reputed journals and conferences? Industry 4.0 and its innovations aligned
with it, like the Internet of Things (IoT), radio frequency identification (RFID), big
data, 3D printing, artificial intelligence, and machine learning.

2 Literature Review

Research work was carried out on the journals, conference papers, and white papers
submitted and published by the various authors from2011 to 2019 in reputed journals.
Those open access papers were used in the review process. This review paper has
reviewed 119 articles from 68 different journals and white paper institutions. The
chart showing the number of articles based on the year and also a pie chart showing
the various topics which were used by the authors to show their work are as follows
(Figs. 1 and 2).
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2.1 Internet of Things (IoT)

Many authors discuss the management of the supply chain using the technology
Internet of Things (IoT). IoT works as the connection between computer to the
physical world by transferring real-time data. The author, Yuvraaj et al., proposed
managing the supply chain using IoT and low-power wireless communication
systems. They use RFID tag with the Arduino board for indoor tracking of the
goods and outdoor pursuit using coding. The author creates a platform system based
on IoT technology to provide a full range of customer search services through the
Internet [5].

The authors Mohamed Abdel et al. proposed a framework that systems automate
products’ identification process, globally, trace and monitor goods, achieve trans-
parency, and lowering time and costs for customer satisfaction [6]. Author Bendaya
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et al. discuss the latest developments in the application of IoT and technological
enablers of IoT. He identified the literature gaps concerning the potential of IoT’s
role in addressing supply chain management [7]. In the context of industry, David
Henriques et al. investigated which are the most suitable information technology
enablers that can assist organizations in IoT implications [8].

Luis Hernan Contreras Pinochet attempted to deepen the research on the influence
of the IoT products’ attributes on the functional and emotional experiences and
consumer’s purchase intention. His paper shows the importance of IoT products’
characteristics at the time of purchase [9]. One author worked on how a conventional
refrigerator can be changed into IoT-enabled smart refrigerators without changing
long-standing production lines in the industry. Suvi Nenonen worked on finding
the enablers and hindrances in developing smart services in smart campuses [10].
Authors Zhi Li et al. are proposing an IoT-based monitoring and tracing framework
for the pre-packaged food supply chain using RFID and extensible markup language
(XML) to enable the exchange of information between applications and stakeholders.
[11].

2.2 Big Data

A new intelligent supply chain integration and management framework based on
the cloud of things was proposed by Junwei Yan et al. to provide versatile and
agile approaches to promote resource sharing and participant communication over
the entire life cycle of the supply chain. The framework built by the authors would
make it easier for users to manage each supply chain connection through the real-
time data collected and analyzed from the intelligent perception and network access
convergence subsystems [2].

A hybrid cloud that essentially incorporates the supply chain network with versa-
tility and productivity has been suggested by some authors. To enzure customer
loyalty, a supply chain network must add value, which can be best accomplished by
partnership with the hybrid cloud [3].

2.3 Additive Manufacturing

Cheryl Druehl et al. attempted to determine the technological implications and its
impacts on the supply chain. They took the technologies like 3DP, virtual reality,
and driverless vehicles and tried to find out its impacts on the supply chain and
implications on the industry’s managerial and IT policy [4].

The effect of 3D printing technology on the supply chain is being studied by Lukáš
Kubáč et al. To highlight the effect, he compared the traditional supply chain using
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the AM supply chain and describes the benefits of the AM model over the conven-
tional model over cost savings, speed response, quality assurance, and environmental
impact [5].

2.4 Blockchain

Yassine Issaoui et al. worked on applying blockchain technology to determine its
applications in smart logistics. The application was classified into four clusters and
the four clusters were information, transport, finance, and management [6].

Francesco Lango et al. designed and developed a software connector to connect
an Ethereum-like blockchain with the information systems of enterprises, enabling
companies to share information with their partners with different levels of visibility
and through the blockchain to check data authenticity, integrity, and invariability
over time and thus build confidence with their partners [7].

2.5 Industry 4.0

Technology is the key to growth in today’sworld of development, as technology plays
an enormous role in everyday lives today. Nevertheless, the increasingly connected
culture in which we live also affects the world of industry. The name given to the
growing mix of legacy manufacturing and industrial platforms and the newest smart
technology is Industry 4.0. Many of the authors worked with using various tech-
nologies in their paper-like Lorenzo Ardito et al. provide insightful information
on, which digital technologies can enable the SCM-M integration of supply chain
management-marketing. In particular, by relying on real illustrative examples, the
authors highlighted the part in which these solutions play crucial role in information
acquisition, storage, and elaboration for SCM-M integration [8]. Three paradigms
and six Industry 4.0 principles were identified by some editorials, and also they
discussed five technologies frequently in Industry 4.0 [9].

3 Methodology

3.1 Systematic Literature Review Approach

The steps incorporated for the systematic literature review process are

1. Identification of research
2. Selection of studies
3. Quality assessment of studies



228 Shivam and M. Gupta

Keyword 
search in 
databases  

Removal of 
irrelevant and 
copied articles

Analysis of 
title and     

abstract  

Analysis of the 
full text 
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4. Extraction of data and examination of process.

Upon searching the databases, too many results evolved from the first search
strings, i.e., by identifying relevant literature on Industry 4.0 by the assessment of
Industrial Reports, academics articles, conference proceedings, and guest editorial
published in the right journals, conference proceedings, and white paper websites.
Results from the surveys, books, books chapter were removed from the search results
after that analyzed the search results and rejected the copied ones. In the second step,
papers were analyzed to ensure that the subject under study was addressed in the
selected paper. Those papers were identified based on the keyword identification
associated with Industry 4.0, i.e., smart supply chain, IoT, digital supply chain, big
data, etc. By scrutinizing the titles, keywords, and abstracts of 280 Articles. The
articles with the abstract which do not comply with inclusion criteria were excluded,
with 119 articles remaining. At the third stage of the literature review, analysis of
the articles’ done based on the quality that underwent a peer review (Fig. 3).

3.2 Analysis of the Literature

Literature was analyzed on the basis of latest technologies inherent with industry 4.0
and technology used by the industry. Technology, with the function of the supply
chain and technologies, includedmaking a supply chain smart enough. Table 1 shows
the topic and references used in this literature review to give conclusions of the work
carried out by different researchers and points on future scope of study in industry
4.0 and its related technologies and Fig. 4 is a histogram showing the name of the top
10 journals in which papers related to these topics have been published more.

4 Conclusion

After reviewing the papers, we concluded these points which can be used by the
researchers for further research in the relevant areas of Industry 4.0.

• Several studies conducted by the authors tried to find out which technologies
will benefit in which part of the supply chain, a supply chain, consists of many
functions starting from the procurement to the fulfillment; the author studies
individual function with the association of industry 4.0 technologies.
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Table 1 Table showing topic
and reference of literature
review

Topic References

3DP [5, 10]

Augmented Reality, RFID [11]

Big Data [12–14]

Blockchain [7, 15–18]

Cloud [2, 3]

DSC [4, 19–27]

HRM 4.0 [28]

Industry 4.0 [9, 18, 29–85]

IoT [86–99]

Logistics 4.0 [6, 42, 100, 101]

Procurement 4.0 [76, 102]

RFID [103]

Scheduling 4.0 [104]

SSCM [105–118]
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Fig. 4 Papers published in the top 10 journals

• Some authors focus on industry-specific studies, i.e., in the area of food and
beverages supply chain, agriculture supply chain, and pharmaceutical supply
chain, to know how the technologies will impact the industry on implementing
the technologies.

• Studies focus on creating the methodologies to implement a smart supply chain
in small enterprise among micro, small and medium enterprises (MSME). These
studies were done to analyze the cost-effectiveness, where investing to return in
long terms is unacceptable.

• Some studies focused on the economic aspects, i.e., cost-effectiveness on using
industry 4.0 technologies, i.e., radio frequency identification RFID concerning
micro, medium, and small enterprises.

• Some of the authors studied how to use the industry 4.0 technologies-like RFID
and embedded systems in eliminating the quality defect.
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• Several studies proposed an SCM model considering various factors: Business,
technology, sustainable development, collaboration, and management strategy.

• Several studies were conducted on the supply chain’s particular function and
named them procurement 4.0, logistics 4.0, and scheduling 4.0. Like using the
industry 4.0 technologies in the procurement process and made it smart, the name
coined for this ‘Procurement 4.0’ likewise for using it with the logistics part; it is
named ‘Logistics 4.0’. In the case of the scheduling of machines, it is termed as
‘scheduling 4.0’.

• Studies conducted by authors focus on reviewing the various aspects of the
smart supply chain (SCM) on Enterprise resource planning (ERP) and explored
the potential opportunities to redirect the methods with the use of industry 4.0
technologies.

5 Limitation and Future Scope

Several papers have been studied to analyze the work carried out by different
researchers in the field of industry 4.0 and its technologies, the objective of this
study to give an overview on the work lagging in this field and future work which
can be done on this topic, the limitation of this paper is that there were too many
papers which are not open access, but the papers may be very useful to the research
purpose those papers are not included in writing this review paper, the following
points are describing the future scope study can be done on the industry 4.0 and
using its related technologies;

• The authors researched the effects of digitalization and automation on the supply
chain, but the study of organizational and cultural factors affecting the application
of Industry 4.0 in the supply chain was scarce to the best of my knowledge.

• Authors discussed the business, technology, sustainable development, collabo-
ration, and management strategy perspective to study SCM’s preparedness, but
risks on a human operator, customer perspective not reviewed to date to the best
of knowledge.

• Authors studied quality management through RFID, but many technologies are
still there to be used concerning quality management.

• Industry-specific empirical and qualitative case studies can be established in the
context of Industry 4.0 aided supply chain.

• The economic viability of Industry 4.0 application and its technologies adoption
can be considered for the research purpose.

• None of the authors studied the impact of mobile technologies in working
conditions considering the factors (e.g., safety, ergonomics) to the best of my
knowledge.

• Papers discussed the implementation of Industry 4.0 in small industries, but no
one considered micro-level enterprises, which is equally crucial for our country
like India.
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• Many authors studied the impact of Industry 4.0 on procurement, scheduling, and
logistics part of the supply chain. Still, some other functions can be studied and
not discussed by the other authors to the best of my knowledge.

• Business management processes like ERP discussed by authors considering it
for smart supply chain but, none of the authors thought BPR (Business Process
Reengineering) to the best of my knowledge.
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Effect of Temperature and Humidity
on Tribological Properties of Rail
and Wheel Using Pin-On-Disc

Ajeet Yadav, Sachin, Vineet Dubey, Rabesh Kumar Singh,
and Anuj Kumar Sharma

1 Introduction

Railway transportation is very economic, environmentally friendly relative to another
transportation mode. Friction and wear between railway track and wheel are very
crucial key challenges for the smooth functioning and operation of the railway
network.There are basically three types of frictionmechanism, inwhichfirst is elasto-
plastic deformation which mostly occurs in lubricated interfacing surface (very thin
layer), second is adhesion mechanism of friction which generally occurs in cleaned
interfacing surface, that arises due to the transformation of electrons between two
interfacing surfaces. The third category belongs to viscous drag which generally
arises in thick layered interfacing surfaces [1]. Olofsson et al. [2] performed a sliding
test on the pin on disc set-up (wheel as disc and rail as a pin) to show how the wear
rate was influenced by velocity (sliding) of rail and wheel on room temperature. As
per the result, the wear rate is maximized at a higher sliding velocity in comparison
with lower sliding velocity. Zhu et al. [3] observed that at a lower temperature, an
increment in absolute humidity reduces the value of friction coefficient and investi-
gated the variation friction coefficient with respect to temperature, but temperature
limits within 20 °C. Olofsson et al. [4] has surveyed on the tribology of rail and wheel
in an open environment and showed a variation of friction coefficient with varying
season (onmonthly basis) and also explained the variation of friction coefficient with
respect to temperature in different contact pressure. Hardwick et al. [5] described
that under wet condition wear increases when slip increase between rail and wheel in
comparison of dry condition. To achieve transition between wear for wet and grease
contact, more energy is required and also suggested that the application of grease in
controlled quantity proved to be beneficial for preventing surface damages.Yang et al.
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[6] explain the effect of temperature on the self-lubrication coating of rail and wheel.
The lubricant coatings can be categorized as lower temperature coatings (tempera-
ture range −200 to 20 °C) ex-soft material coatings like Au, Ag, etc and moderate
temperature coatings for temperature range 20–500 °C such asMo, Tungsten, etc. At
lower temperatures, conventional lubricants are become ineffective due to changes
in the properties of lubricants. Lubricants used at a higher temperature also become
ineffective due to properties change. Deters et al. [7] experimented on two roller
method of rail and wheel and gave different conclusions. With increasing creep and
acting pressure, the wear increased (by volume), when circumferential speed (test
rollers) increased, and then, there is a reduction in the volume of wear. High temper-
ature favours the formation of wear protection layer (oxide layer) which prevents the
wear rate [8]. Chen et al. [9] mentioned the importance of relative humidity /water
vapour on two interfacing surfaces and also proved that tribological properties cannot
be predicted on the behalf of mechanical properties of two interfacing surfaces of
metals. Dearden et al. [10] explain the wear of rail and wheel separately and how
wear can be controlled. For better wear resistant, hard steel is suitable but using low
ductile steel is not suitable. Vo et al. [11] used a tool which works on finite element
method (FEM) to examine the temperature variation of wheel-rail contact in dry,
wet and lubrication condition and concluded that there is a minor effect of envi-
ronment on the contact pressure and area of contact, but shear stress is influenced.
The increase in friction leads to the increase in traction forces, which further causes
the generation of shear stress. Maximum surface damage occurs in dry conditions
(higher slip causes the higher temperature led to an increase in friction coefficient).
Khalladi et al. [12] tested these properties having four environmental contaminants,
i.e. sulphur, sand, cement, and phosphate, and described the effect of these contami-
nants on the wear and friction mechanism of the wheel and rail. They conclude that
sand causes more adhesion with respect to the other three. The presence of silica in
these contaminants penetrates the contact surface enforces the surface damage and
increases the abrasive mechanism. Lyu et al. [13] experimented in different envi-
ronmental conditions, with and without oxidation and suggested that adhesive wear
is dominant with low relative humidity (relative) and become a challenging issue,
i.e. rate of wear increases at higher relative humidity (85%) adhesive wear trans-
form into oxidative wear mechanism overall less wear with higher relative humidity
within the temperature range (3–20 °C) and relative humidity range (40–85%). It
was revealed that variation of wear with respect to relative humidity in both condi-
tions, clean and with oxidation. Zhu et al. [14] experimented about friction between
wheel and rail on different temperature, relative humidity, and oxides of iron and
conclude that coefficient of friction become stable on higher relative humidity and
decreases with increasing relative humidity. Knothe et al. [15] argued that the contact
temperature can not exceed 500 °C in normal running conditions. It happens only
in high-speed trains that cross 500 °C and can achieve 600 °C (critical point). Stoff
et al. [16] adhesive wear exists within the relative humidity range of 10–70% and
then after corrosive wear prevails, abrasive wear highly prevails in dry environment
condition. Olofsson et al. [17] proved that by using leaves as lubricant is more bene-
ficial than higher relative relative humidity. Odabas [18] and Singh et al. [19] have
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proved that the frictional coefficient decreases with increase in acting pressure and
loading condition due to formation of surface oxides. This paper contains the study
of friction and wear behaviour of wheel and track interfacing surfaces on different
atmospheric condition like temperature and humidity.

2 Experiment

2.1 Experimental Set-up

For the testing of wear and friction behaviour of rail wheel and track interfacing
surfaces, a pin–disc tribometer has been used. A circular disc of wheel and pin of
the track loaded (controllable) with dead load has been assembled with the machine
as shown in Fig. 1. The experimental set-up is installed in a highly ventilated room,
and Fig. 1a shows the whole set-up including the controller, monitor for data storage,
and analysis. In Figure 1b, the side view of the pin–disc set-up comprises of LVDT
sensor, closed chamber, and thermocouple. Figure 1c shows the pin holder with pin
the top view of the closed chamber in which all the experiments are performed.
Figure 1d shows the top view of the closed chamber in which all the experiments
are performed. Figure 1e shows the top view of the pin holder and disc holder, and
Fig. 1f shows the disc and pin after the experiments are performed. The experimental
set-up has been installed with the proximity sensor to measure the speed/RPM of the
rotating disc, load cells for the frictional force, LVDT for wear measurement, and

Fig. 1 a Front view of pin–disc tribometer set-up, b side view of pin–disc tribometer set-up, c side
view of pin and pin holder, d top view of pin-disc closed chamber, e top view of disc and pin holder,
f disc and pin after getting wear
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Table 1 Properties of test specimen [20]

Specification Grade C % Max Mn % Max P %
Max

S %
Max

Si % Max Al %
Max

Chemical
properties of
the wheel

IRS:
R-34/03

0.57–0.67 0.60–0.85 0.03 0.03 0.15 –

Chemical
properties
railway track

880 0.60–0.80 0.80–1.30 0.03 0.03 0.10–0.50 0.015

Table 2 Mechanical
properties of test specimen
[20]

S. no. Specification Yield strength
(Mpa) Min

Tensile strength
(Mpa) Min

1 Track (Grade
880)

460 880

2 Wheel (IRS:
R-34/03)

50% of ultimate
tensile strength

820–940

K-type of thermocouple for the temperature measurement. All the sensors installed
in the machine have an accuracy of 0.1 ± 1%. A separate humidity sensor and the
humidifier have been used to measure and control the closed chamber humidity. The
accuracy of the humidity sensor is ± 5%. A closed chamber as shown in Fig. 1d
has been used for all the experiments in which the temperature and humidity can be
controlled and a temporary environment can be created for experimentation.

2.2 Material of Test Specimen

The test specimen used in the tribological experiment is arranged from Research
Design and Standard Organization (RDSO), Lucknow. The wheel material has been
used as a disc and track material as a pin. The properties of these materials are given
in Tables 1 and 2.

2.3 Test Procedure

Experiments are performed in two parts, i.e. case 1 and case 2, as mentioned in Table
3; in first case, it is tried to investigate the effect of various temperature on wear and
friction by keeping load and speed as constant. Second case is to absolve the effect of
humidity on wear and friction at constant temperature. The variation of parameters
is tabled in Table 3. Each experiment has been performed thrice to get the accurate
variation of the wear and friction, and after each experiment, it was taken care that no
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Table 3 Variation of parameters for experimentation

S. no. Time (min) Temperature Loading (N) Humidity (%) Speed of disc (RPM)

Case 1

1 5 25 5 60 200

2 5 35 5 60 200

3 5 45 5 60 200

Case 2

1 5 25 10 45 300

2 5 25 10 60 300

3 5 25 10 80 300

dust particle or wear particles are available on the test specimen to be experimented
with by using solvent 0.1 M HCl.

3 Result and Discussion

3.1 Effect of Temperature on Wear and Frictional Force

All the experiments are performed as per the variation of parameters in Table 3, and
the speed is constant at 200 RPM. The behaviour of the wear and friction is observed
by keeping constant acting pressure, speed, and humidity on different temperatures,
i.e. 25, 35 and 45 °C.

At temperature 25 °C, Fig. 2a, b shows that when relative motion starts the wear
and friction rate increases uniformly, and when the contact temperature (sliding

Fig. 2 a Variation of wear with time on different humidity, b variation of frictional force with time
on different humidity
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temperature) rises it results in the decrement of wear and friction rate and reaches
nearby constant rate. When the temperature increases, then the slope of the time–
wear and time–frictional force is lower as compare to at 25 °C. As the temperature
increased, the contact temperature consequently increases at a higher rate than at
lower temperature; hence, the wear and friction both rates become stable sooner.
From these investigations, it is clear that at constant acting pressure, speed, and
humidity, thewear and friction rates are the function of the temperature. The variation
of the frictional force with respect to time is very fluctuating in nature as shown in
Fig. 2b.

3.2 Effect of Humidity on Wear and Frictional Force

In this stage, all the experiments are performed by keeping speed and the acting
pressure constant on different humidity, i.e. 45, 60 and 80%, to investigate the effect
of humidity on wear and friction rate.

Figure 3a shows the variation of wear depth at different relative humidity (45,
60 and 80%) at a fixed temperature of 25 °C. For lower humidity, the slope of the
wear-time is high and uniform; andwhen the sliding temperature increases, it became
constant. At higher humidity, the slope is lower than as at lower humidity. Figure 3b
shows the variation of the frictional force with the variation of humidity at a constant
temperature of 25 °C; from here too, it has been observed that at lower humidity the
frictional force–time slope is higher at lower humidity; and as humidity increases,
the slope also get decreased and lowest at higher humidity though the nature of the
variation of the frictional force is fluctuating. It can also be analysed that at higher
humidity the wear and frictional rates are mostly independent of the other dynamic
condition.

Fig. 3 Wear variation with respect to time a at different relative humidity and temperature 25 °C,
b frictional force variation on different relative humidity and temperature 25 °C
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From these experiments, it is investigated that lower relative humidity and temper-
ature results in the maximum rate of wear and friction rate, and at higher relative
humidity, the wear and friction rate decreases up to saturation level. The rate of wear
and friction is inversely proportional to relative humidity. It is also clear from these
experiments that lower temperatures and relative humidity are not suitable conditions
for the functioning of the railway system and summers with high humidity are the
favourable condition for the functioning.

4 Conclusion

The overall investigations from the above experiments can be concluded as:

• In general condition, the wear and friction in railways are the functions of temper-
ature and relative humidity of the environment; both decrease with increasing the
temperature and relative humidity.

• At higher relative humidity water vapour act as lubricants and hence results in the
decrement of wear and friction phenomenon up to saturation level.

• Wear and friction are mostly dependent on acting pressure and the speed of the
wheel of the railways system at lower temperatures and relative humidity. The
sliding temperature is very essential to the curtailment of the wear and friction.

Further, investigation needs to be carried to find the relation of different types of
wear and friction mechanism under varying environmental conditions and how they
influence the functioning of the railway system.
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State of the Art in Dry Electric Discharge
Machining Process: A Critical Review

Mrityunjaya Chauhan and Gangadharudu Talla

1 Introduction

EDM is one of the non-traditional manufacturing processes used widely in small
hole drilling, mold making, die making, manufacturing complex shapes, etc. EDM
process is preferred over many manufacturing processes because this process helps
to obtain good surface finish, creating complex shapes, low tool wear rate, and also
less heat-affected zone.

The machining principle of EDM is based on the melting and vaporization of
the material due to energy produced during sparking between the electrode tool and
the workpiece. In conventional EDM, dielectric fluid (like kerosene, paraffin oil,
transformer oil, lubricating oil, etc.) is used which makes this manufacturing process
hazardous for the environment.

From the development of the EDM technique in the late 1940s [1], oil has been
used as the dielectric fluid, which is hazardous for our environment. To safeguard the
environment, some researchers have been regularly working on the advancement of
the EDM process by exploring different dielectric fluids and by varying machining
parameters.

In Dry-EDM, oil-based dielectric fluids have been replaced by dielectrics like
air, oxygen, nitrogen, argon, etc. This gaseous dielectric does not produce any toxic
fumes while machining, and hence we call Dry-EDM an environmental-friendly
machining process. In this, high-velocity gases are allowed to flow through the tool
electrode. The high-velocity gases pass through the inter-electrode gapwhich helps to
remove debris particles from the machining zone. Also, the gaseous dielectric helps
to prevent excessive heating of the tool and the workpiece which in turn improves
the life of the electrode tool as well as the workpiece. Heat-affected zone (HAZ) is
less in Dry-EDM as competed to HAZ in conventional EDM.
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2 Dry-EDM Process

2.1 History of Dry-EDM Development

NASA is the first organization to coin the term ‘Dry-EDM’ and published a technical
report on Dry-EDM in 1985 [2]. Kunieda et al. [3] in 1991 manifested their interest
and introducedoxygengas (O2) into the dischargegapwithwater (H2O) as a dielectric
fluid and observed a great improvement in MRR. He revealed the viability of using
air as a dielectric medium in 1997. Till now, several gaseous dielectric fluids have
been explored to achieve optimum input and output parameters.

2.2 Near-Dry-EDM

It is a machining operation in which a gas and liquid mixture is used as a dielectric
medium with the principle of EDM to obtain the desired specification of the work
part. Fujiki [4] investigated different machining parameters with the variation of tool
lead angle (α), tool tilt angle (β), and dielectric fluid flow rate. In the experiment, a
hollow copper electrode with H13 tool steel as the workpiece and a mixture of air
and kerosene oil as dielectric fluids were used. It was found that with the decrease
in α, MRR decreases, TEWR increases, and fluid flow rate reduces. Also, with the
elevation in β, the tool electrode wear ratio increases and MRR decreases. It was
investigated that α is expedient for roughing and β is advantageous to avoid scooping
in finishing EDM milling.

TEWR = �melectrode/ρelectrode

�mworkpiece/ρworkpiece

Masahiro also investigated that the conventional method to control the discharge
gap is inefficient because it allows the renunciation of the electrode in the machining
path only [5]. Later on, he explored a new gap control strategy that helps to increase
the MRR by 30%, while very few effects on TEWR and surface roughness were
found. The proposed controller consists of two different controllers. One is the trajec-
tory mode in which the tool electrode advances along the planned path and the other
being the ancillary axis mode in which the tool electrode moves in its orientation
direction (see Figs. 1 and 2). Taguchi L27 orthogonal array [6] can be used for the
optimization of more than one response for the better functioning of the system.

Dhakar and Akshay [7] experimented with copper tube electrode and a mixture of
liquid glycerin and air as dielectric fluids. The outcome was quite surprising that the
MRR got thrice of the MRR while machining with a combination of water and air as
dielectric fluid keeping all the parameters the same. The viscosity of liquid glycerin is
more than the viscosity of water, and thermal energy produced at the inter-electrode
gap is higher while machining with the glycerin–air mixture as a dielectric fluid.



State of the Art in Dry Electric Discharge Machining … 247

Fig. 1 Retraction of tool in
different directions [7]

Fig. 2 Block diagram of proposed controller [7]

Discharge energy is directly proportionate to the discharge current and voltage.
Hence, MRR increases with a rise in discharge current and discharge voltage [8].
With the surge in air pressure rate, the material removal rate increases as debris
removal increases from the vicinity of the work zone. Air pressure also helps in
establishing direct contact between current and work part by flushing debris from
the inter-electrode gap.
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2.3 Dry-EDM

In this machining operation, only gaseous dielectric fluid is used rather than oil
as a dielectric fluid in conventional EDM. MRR, TEWR, and surface roughness are
affected by the different inputmachining parameters.One of the importantmachining
parameters is controlling the inter-electrode gap between the electrode tool and the
workpiece.

The inter-electrode gap is considerably larger and stable in conventional EDM,
but in Dry-EDM this inter-electrode gap is quite less and unstable which affects
the MRR and makes Dry-EDM an uneconomic machining process. A piezoelectric
actuator was used to control the inter-electrode gap between the tool electrode and the
workpiece [9]. In this, the average gap voltage was matched with the Z-axis servo
reference voltage and the piezoelectric servo reference voltage. A corresponding
output is produced by the diode to control the action of different drivers (see Fig. 3).

The influence of tool geometry on MRR and surface roughness was investigated
by Saha and Choudhary in 2008 [10]. Two different geometrical factors have been
examined named tool external diameter and number of holes available for airflow
through the electrode. The conclusion of the experiment was tool having a smaller
diameter gives better outcomes in terms of MRR and surface irregularities. With the
increase in the number of holes in the tool electrode, MRR increases and later on
decreases after a certain number of holes in the tool electrode. The optimal value of
holes in the electrode for better MRR and less tool wear rate was realized to be three.

The expansion of plasma was controlled by creating a back pressure with the help
of a shield around the electrode [11]. In the experiment, oxygen as dielectric fluid, a
hollow copper electrode with reverse polarity to obtain optimumMRR, and a hollow
cylindrical aluminum shield around the electrode for back pressure were used. The
experiment was conducted on stainless steel 304, and the result was found that the
MRR increases linearly with discharge current and speed of the spindle. With the
rise in discharge current and voltage, the sparking energy increases, and hence MRR
increases. But after a certain value of discharge voltage, MRR falls off because the
gap available for sparking increases. The centrifugal force increases with the speed

Fig. 3 Block diagram of process control [2]
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which helps in easy and efficient flushing of debris from the machined zone. Another
method to control the expansion of the plasma region is, by applying a pulsating
magnetic field tangential to the plasma generation [12]. The pulsating magnetic field
helps in the reduction of magnetic flux losses thereby encouraging an increase in
plasma ionization and it helps to control the expansion of plasma. This magnetic
field influences the flow of major charge carriers (electrons) because Lorentz force
(F) is applied on the charge carriers due to electric field (E) and magnetic field (B)

F = q(E + V × B)

where V is the velocity of charge carrier and q is the amount of electric charge.
The Lorentz force (F) deflects the electrons toward the sparking region, thereby
constraining the motion of electrons which causes a reduction in the mean free
path of electrons. In the sparking region, ionization energy increases because of the
increase in electron density which leads to an improvement inMRR. It experimented
that MRR is high and tool wear rate (TWR) was found to be minimumwith magnetic
field-aided Dry-EDM as compared to without magnetic field-aided Dry-EDM.

The material removal rate in Dry-EDM can also be enhanced by efficient disposal
of debris from the machining area by providing equal-spaced square-shaped (1 mm
× 1 mm) slots on the periphery of the hollow copper electrode at the bottom [13].
Several experiments were conducted by varying the number of slots on the bottom
edge of the electrode. It experimented that when the number of slots is less than 4,
inefficient disposal of debris takes place, and when the number of slots is more than
4, inadequate blowing of plasma takes place by the dielectric medium. Maximum
MRR, maximum depth of cut, and least TWR were obtained with the tool having
four equal-spaced slots at the bottom edge of electrode.

An experiment was conducted using oxygen gas as a dielectricmedium and tipped
copper electrode in the existence of the magnetic field to analyze the dimension
of the crater produced during the machining operation [14]. The experiment was
performed on polished stainless steel 304 workpiece with the least inter-electrode
gap. ‘Quasi-explosion’ condition was maintained by keeping the pulse off time small
and constant. With the assistance of the magnetic field, the utmost reduction in crater
diameter observed was 81% and the average depression in crater depth observed was
27% in Dry-EDM. It was also observed that the crater surface looks smoother and a
more uniform removal mechanism was achieved with the assistance of the magnetic
field.

Liqing andYingjie experimented to advance the functioning ofDry-EDMbyusing
additive mixed dielectric fluid [15]. Oxygen gas was mixed with different gases like
argon, nitrogen, and air to produce additive mixed dielectric fluid. Oxygen gas was
used as additives because of certain reasons:

(a) Very less tool material deposition takes place on the workpiece in the presence
of oxygen.

(b) High electronegativity of oxygen.
(c) Lower ionization energy is required for oxygen.
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The experiment was conducted on a quenched 45 carbon steel as a workpiece
using a hollow copper electrode. It was examined that MRR increases with the rise
in the concentration of oxygen gas with argon, nitrogen, and air. Another experiment
was performed on a cryogenically cooled workpiece and found increase in MRR and
reduction in surface roughness while machining a cryogenically cooled workpiece.

To increase the MRR, Fattahi and Baseri [16] conducted an experiment using a
copper tool having three holes for dielectric flow and used a different combination
of dielectric fluid to machine high-speed steel workpiece. It was observed that MRR
is more with a combination of argon and air as a dielectric fluid compared to a
combination of nitrogen and air as dielectric fluid. Argon has a higher viscosity
and density due to which the discharge gap resistance decreases which cause an
improvement inMRR.Also, high-viscosity fluid restricts the expansion of the plasma
region, thereby focusing discharge to a smaller area.

A hollow graphite electrode and air as dielectric fluid were used to improve the
MRR [17]. The thickness of the electrode was kept sufficient to have a high velocity
of fluid flow through it, which helps in better disposal of debris. It was examined
that MRR is approximately thrice when the workpiece is positive rather than nega-
tive. MRR also increases with the rise in discharge current, fluid pressure, tool rota-
tional speed, and pulse duration time. Relative electrode wear rate (REWR) increases
during the process with the rise in discharge current and pulse duration time. REWR
decreases with an increase in gas pressure and remains approximately constant with
electrode rotational speed.

The arc machine and the EDM machine were compounded to make a hybrid
machine that was used to enhance the MRR and to reduce surface irregularities [18]
with the help of air as a dielectric fluid. The arc machine generates high energy, and
the EDM machine generates the high voltage for the discharge gap which causes an
increase in the discharge gap helping in easy and efficient disposal of debris material.
Hence, dry hybrid machining gives high MRR, low REWR, and good surface finish
than Dry-EDM and dry arc machining. With the rise in the airflow rate, the MRR
increases and REWR decreases. Surface roughness was degraded with the increase
in airflow rate.

A comparative analysis was done by Uhlmann [19] in 2016. A cemented carbide
hollow electrode was used to machine composite ceramic which has high hardness,
high corrosion resistance, and high-temperature resistance. The time required for
the erosion of composite material was more with argon gas, least in oxygen, and
intermediate in water as dielectric fluid. The percentage of REWR was least in
argon gas, highest with oxygen gas, and intermediate with water provided that all
parameters should be the same with a different dielectric medium.

An experiment was conducted by Macedo [20] to explore the dependency of
crater formation on the electrical breakdown mechanism. Conical copper electrode
and a flat-surfaced copper workpiece were employed with two different dielectric
fluids (air and argon) having different breakdown voltages (breakdown voltage of
air = 327 V and breakdown voltage of argon = 127 V). The workpiece was made
anode, and a single electrical discharge in the air mediumwas appliedwith a different
pulse duration. Deeper and larger craters were formed by longer discharge in the air
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compared to craters formed by short pulses. With argon as a dielectric medium, no
craters were formed when the tool was made the cathode. Several small craters were
formed when the tool was made anode with a single discharge.

Macedo investigated the elementary method of tool electrode wear mechanism
with the help of optical emission spectroscopy [21]. Aluminum was used as a work
material because of its less ionization energy with the cylindrical pointed copper tool
in the air as a dielectric medium. Optical emission spectroscopy gives information
about the basic properties of electrical discharge plasma. When the tool was made
anode, the percentage of tool material increases with the increase in pulse duration
in plasma formation. But with the cathode tool, the constituent of tool material in
plasma formation was almost constant.

The dry-EDM process was used for deburring of drilled CFRP composites using
copper tool electrode and oxygen and air as dielectric fluid [22]. The workpiece was
made cathode throughout the process, and a servo-mechanism was used to control
the spark gap between the burrs and electrode. The experiment was conducted in all
mediums for a constant amount of time keeping all the parameters the same for all.
All of the burrs were removed in oxygen dielectric, only 74% of burrs were removed
with air as dielectric fluid, and 42.5%of burrs were removedwith conventional EDM.

2.4 Multi-spark Modeling of Dry-EDM

As multi-spark EDM shots the MRR in conventional EDM, it is possible that multi-
spark can help to increase the MRR in Dry-EDM. In multi-spark, the tool electrode
was divided into several tools to generate multiple discharges by the application of
a single pulse to the circuit. To avoid short-circuiting, each tool was insulated from
the other. Each tool was coupled with a primary energy source with capacitors in
between. The capacitor is used to maintain sufficient discharge current between the
electrode tool and the workpiece. With the increase in capacitance of the capacitor,
the discharge current increases, and hence the MRR increases [23]. Improvement in
MRR was observed with the increase in the number of electrodes [24].

Each electrode in multi-spark Dry-EDM is excited with a separate individual
circuit with the capacitor in series. It is well known that with the increase in discharge
current, MRR and TWR both increase because heat flux increases with discharge
current [25]. TWR can be reduced to a minimum value by controlling the discharge
current having the sameMRRvalue inmulti-sparkDry-EDM. Tomaintain a constant
MRR in multi-spark Dry-EDM, the gap voltage should be equalized by adaptively
changing the polarity of the pulse generator [26]. Transistor-type pulse generator
should be employed to obtain high MRR, and RC-type pulse generator is employed
to obtain better surface integrity [27].
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3 Future Research Scope

As EDM is grounded on the principle of melting and vaporization of material from
thework zone, it is obvious that temperature in the vicinity of the arc zone is about the
melting point temperature of the workpiece. Temperature developed in the arc zone
also depends on the kind of dielectric medium. HAZ of the workpiece will differ in a
different dielectric medium. Hence, the mechanical properties, physical properties,
electrical properties, etc., will differ in a different dielectric medium which affects
the machinability of the workpiece.

4 Conclusion

Different methods were explored to improve the MRR and to reduce the TWR. It
has been found that the best material for tool electrode is copper because very less
electrode wear takes place with optimum MRR. Oxygen gas is used as a dielectric
medium because of low ionization energy and high electronegativity which helps
in better material removal rates. MRR is influenced by the process parameters like
discharge current, discharge voltage, dielectric fluid, gas pressure, tool material, the
polarity of tool electrode, etc. The MRR can also be improved using multi-spark
Dry-EDM with very less TWR by dividing the electrode into multiple electrodes.
Previous literature has primarily focused on the material removal rate and surface
finish of the products. However, the surface integrity of the machined surface which
determines the functional life of the component needs to be thoroughly investigated.
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An Analysis of Critical Success Factors
Using Analytical Hierarchy Process
for Implementation of Lean
with Industry 4.0 in SMEs

Praveen Saraswat, Rajeev Agrawal, and M. L. Meena

1 Introduction

In today’s business competitive environment, small and medium enterprises are
willing to transform their operation strategies and practices to achieve long-term
goals through technological advancements [1]. Lean production is recognized as one
of themost efficient organizationalmodels to enhanceperformances through the iden-
tification of value-added activities and avoiding wastes [2]. But due to the demand
for customised products, lean techniques need to be modified to fulfill the present
challenges faced by the organizations. Lean production has inadequate applicability
in shorter product life cycles and highly customized products [3]. The organizations
are dealing with this high demand for customized products by focusing on digital
manufacturing or smart manufacturing.

Recently, industry 4.0 technologies become more popular to enhance the perfor-
mance of the organizations using the combination of humans and information tech-
nology. Lean production is transforming to lean automation with these advanced
tools and techniques [4]. The process of transforming has been speeded recently due
to cheaper hardware and software systems and various developments in the field of
automation and artificial intelligence [5]. The integration of lean and industry has
emerged as a new area that deals with the potential benefits of both the techniques to
identify the overall supportive environment that recognize the successful implemen-
tation of both the approach [6, 7]. Critical success factors (CSFs) are a management
term that is needed for an organization to attain its goals. CSFs are the focused
areas which are important to deal properly for effective implementation of lean with
industry 4.0 technologies in organizations. The present study will answer these two
research questions:
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1. What are the most common CSFs for the SMEs to implement lean with industry
4.0 technologies?

2. Which are the most significant CSFs to focus more by SMEs in implementation
phase?

Hence, the purpose of this study is to identify the CSFs for lean implementation
with industry 4.0 techniques in SMEs specially focusing on process industries so that
organizationmust focus on these areas to implement lean effectively and successfully.

The paper is organized in five sections. Section 1 discusses the general back-
ground on lean automation and Industry 4.0 topics and CSFs toward their successful
implementation. Section 2 describes literature work based on lean with and industry
4.0 tools and techniques. Section 3 presents the AHP methodology for ranking the
CSFs and find the most noticeable one. Section 4 analyze the results and provide the
key findings. Section 5 concludes the study and provides the main CSFs which can
help other organizations.

2 Lean Manufacturing with Industry 4.0

Lean thinking mainly aims to eliminate all non-value-added activities arises during
the manufacturing of the products. So one can eliminate wastes by using lean princi-
ples and tools, but in some cases, the wastes look to be unavoidable with the current
tools and technologies [8]. There is a need to have more advanced tools and tech-
niques which can integrate with current lean methodology. This gap can be fulfilled
with industry 4.0 technologies primarily Cyber-Physical System (CPS), Internet of
things based control system, cloud-based manufacturing and radio frequency identi-
fication (RFID), etc. The cyber-physical system is the key element which associates
with the dynamic requirements of the production system. Cyber-physical systems
are also used to improve the efficiency and productivity of the organization [9].

Some research studies have been conducted based on the integration of lean and
industry 4.0 Satoglu et al. [10] concluded that Industry 4.0 technologies are not able
to handle all problems of an organization, but it works in a very effective way when
link with lean activities. Tortorella et al. [11] analyzed the survey data got from
Brazilian manufacturing companies to find out the effects of industry 4.0 on lean and
operational effectiveness. The results of their hypothesis tests show that for products
or services there is a positive moderate relationship between operational effective-
ness and lean improvement tools. Khanchanapong et al. [12] investigated the unique
effects of the latest technologies and lean tools on the overall performance of the
manufacturing plants in Thailand. The results showed that a noteworthy interaction
effect occurs between them based on cost, quality of the product, and lead-time.
Riezebos et al. [13] studied the influence of various IT technologies on lean system
through a managerial approach. Mayr et al. [14] employed a real-time condition
monitoring system for a stamping process. The sensor data are stored in the cloud
and warning indications will be sent if the value of stamping force and tool wear
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exceeds the threshold value. They also developed a digital twin- enabled dynamic
method using simulation software. A framework is proposed by Dave et al. [15] for
the integration of IoT tools into the lean constructionmanagement systems to achieve
higher real-timemonitoring of field tasks. They concluded that the framework is very
effective in information flow.

As explained above, the combination of Industry 4.0 technologies and lean
principles proved a higher opportunity to implement them in a combined way
called lean automation. This integration accelerates the organizations to enhance the
performance of the key supplier, customer, process, and control and human factors.

3 Analytical Hierarchy Process Methodology

In the present era, small scale enterprises (SMEs) are looking for strategic decisions to
achieve higher customer satisfactionwith the proper selection of tools and techniques
designed to enhance the enterprise’s effectiveness. These decisions are very much
important for organization performance. The analytical hierarchy process (AHP)
methodology, which was developed by Saaty, is used to solve these types of decision-
making problems. AHP divides the complex problem into various subproblems with
somehierarchical levels andhas its owncharacteristics. InAHPmethodology, various
hierarchy levels are linked pairwise and are assigned comparative based rules that
show the priority level of each factor over others. The local and global priority
weightswill help in identifying and give ranking to the alternatives to achieve the final
objective of the problem [16, 17]. A case study has been conducted by Belhadi et al.
[18] identified 28 success factors critical to lean implementation in SMEs using AHP
methodology and found Policy, leadership, and management most noteworthy CSF
to implement lean production successfully for SMEs. Thanki et al. [19] application of
analytical hierarchyprocess to analyze the effect of lean andgreenpractices onoverall
process improvement. Total productive maintenance was found most important lean
practice factor, while ISO 14001was themost significant green practice factor. Singh
et al. [20] identified and ranked various CSFs for Industry 4.0 implementation using
analytical hierarchy process technique and found cyber-physical system, labor laws,
and Internet of Things are the most significant CSFs.

Many case studies are available to show the potential application of the AHP
method for prioritizing the factors to lean and industry 4.0 implementation [21–28].

In this paper, the AHP technique is adopted to rank the various CSFs for imple-
mentation of lean with industry 4.0 in SMEs. The various steps for implementing
the AHP are categorized below.
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Fig. 1 The proposed hierarchical model of CSFs

3.1 Development of the Hierarchical Structure of CSFs

In this study, the identification ofCSFs has been carried out through literature sources.
The more focus was on the internal factors within the organization. A total 12 CSFs
have been identified which categorized into 4 dimensions. There are three levels in
the hierarchical model of CSFs as shown in Fig. 1.

3.2 Pairwise Matrix of Comparison

After the development of the hierarchical structure of CSFs, the next step is the
development of pairwise comparison matrices of the main dimensions of CSFs. In
this study, a paired comparisonmatrix showing the relative weight is formed after the
discussion of three academics and three industry experts. Table 1 shows the pairwise
matrix between the main dimensions of CSFs. Similar comparison matrices are also
developed for various CSFs under the main dimensions.

Table 1 Pairwise comparison between main dimensions of CSFs

Management Technological Organization Economical

Management 1.00 0.50 5.00 2.00

Technological 2.00 1.00 5.00 4.00

Organization 0.20 0.20 1.00 2.00

Economical 0.50 0.25 0.50 1.00
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Table 2 Normalized matrix

Management Technological Organization Economical Local
weight

Rank

Management 0.27 0.26 0.43 0.22 0.30 2

Technological 0.54 0.51 0.43 0.44 0.48 1

Organization 0.05 0.10 0.09 0.22 0.12 3

Economical 0.14 0.13 0.04 0.11 0.10 4

Table 3 Consistency ratios of each binary matrix

S. No. Comparison matrix Value of CR

1 Comparison matrix of main criteria or dimensions 0.078

2 Comparison matrix of CSFs under the main dimension of management 0.042

3 Comparison matrix of CSFs under the main dimension of technological 0.035

4 Comparison matrix of CSFs under the main dimension of organizational 0.051

5 Comparison matrix of CSFs under the main dimension of economical 0.075

Table 2 shows normalized matrix with the local and global weight of various
dimensions of CSFs, and it is found that technological factor is the most important
criteria with 0.48 weight factor and assigned rank. 1. The next dimension which is
categorized as management got the second rank, followed by organization.

3.3 Consistency Ratio of Criterion

Consistency ratio is used to know the accuracy of the priority weight evaluated by
experts of the comparison matrices. According to the implementation method of
AHP, the consistency ratio must be less than 0.1. Table 3 shows the consistency
ratios of each binary matrix which indicated the consistency ratios of all comparison
matrices are less than 0.1.

3.4 Complete Global Weighting and Ranking of CSFs

From all the above steps, the overall ranking of the main dimensions and CSFs has
been done. Table 4 shows ranking of main dimensions and CSFs based on their
Global weight for implementing lean with Industry 4.0.
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Table 4 Ranking of identified CSFs based on local and global weight

S. No. Dimensions Global
weight

Rank CSFs Local
weight

Global
weight

Rank

1 Management 0.30 2 Top management
support

0.51 0.153 2

Long-term
strategy

0.38 0.114 4

Policy
management

0.10 0.030 8

2 Technological 0.48 1 Digital
manufacturing

0.63 0.302 1

Improved layout
and
configuration

0.26 0.125 3

Standardization
of procedures

0.11 0.053 7

3 Organization 0.12 3 Employee
involvement

0.21 0.025 9

Culture for
change

0.69 0.083 5

Training and
education

0.10 0.012 11

4 Economical 0.10 4 Cost of transition 0.11 0.011 12

Financial plan 0.70 0.070 6

Stable economic
situation

0.18 0.018 10

4 Result and Discussion

In this study, the various CSFs linked with lean and industry 4.0 for SMEs have
been identified and ranked. The ‘Technological’ dimensions identified as the most
important criteria with 0.48 global weight and rank one among all main dimensions,
followed by management with 0.30 global weight. In both the approaches, lean
and industry 4.0, the most advanced technologies are used. Technology needs to be
upgraded concerning time, in smart factories humans need the support of interfacing
devices for communication and data flow at the global level. With the help of AHP,
organizations can set their priorities and focus on these CSFs for further action plan
and implement lean with industry 4.0 in SMEs.
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5 Conclusion

SMEs are willing to integrate technological advancements into their processes with
well strategy and planning. But there are many challenges for adopting lean with
latest IoTs like infrastructure, capital, and technology. This gap can be fulfilled by
identify most significance CSFs that so that organizations can move further step by
step process and in a systematic manner. The priority wise importance of identified
categories of CSFs for lean implementation with industry 4.0 in SMEs stated that
the technological dimension holds the highest significance and thus, organizations
should look into this dimension to establish their goals. Finally, it can conclude that
these types of studies can help organizations to look into the most significant areas
and focus on that first for the successful implementation of new techniques. It can be
summarized that with the right way implementation of lean with industry 4.0, SMEs
can definitely improve their operational effectiveness and sustain in a technological
development environment.
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Sustainability Concerns
of Non-conventional Machining
Processes—An Exhaustive Review

Kiran, H. Tomar, and N. Gupta

1 Introduction

The machining companies can lower the environmental harms and cut down their
production costs, keeping the product the same or less with sustainability principles.
The industrial crises are that the production was increased and was not according
to the customers’ needs. Hence, the produced goods were kept in the warehouses.
Conventionally, companies are aimed at short-term financial goals leading to such
an issue; a long-term view will help overcome this problem. Sustainable goals can
be achieved via long-term vision [1, 2]. The things by which companies can improve
various factors such as environmental, economic, and social are:

a. Reducing waste—Increase in wasted re-usage or recycle by less waste genera-
tion [3],

b. Efficient usage of resources such as material, water, and others.
c. Improved management of lubricating oils, fluids, hydraulics oils, and swarf—

enhanced environment, safety performance, and health,
d. Embracing JIT (Just-In-Time) manufacturing and rest of the sustainable

engineering methods [4],
e. Enhance operating statuses,
f. Utilizing the most acceptable method in machining,
g. Sustainable goal-oriented employees [5]

Non-conventional or advanced processes are those techniques by which hard
materials can be worked, and complex shapes, different size, high-quality finishing
can be achieved quickly. It forms the base of micromachining processes. Electro-
chemical (ECM), ultrasonic (USM), abrasive jet (AJM), abrasive water jet (AWJM),
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electric discharge (EDM), chemical (CHM), and laser beam (LBM) machining are
those non-traditional machining techniques which are in extensive use [6]. Though
they are responsible for some significant harms to the environment [7, 8]. The use of
chemicals that are harmful to human health, environment-affecting flora and fauna,
damaging the soil by increasing, or decreasing the pH level in each of the two later
cases, apart from this the disposal of the harmful byproducts in chemical machining
is incorrect. Some of disadvantages include generation of explosive hydrogen gas,
sludge disposal, and isolation from workers being a hassle, and deadly and eroding
property of the substances in an electrolyte such as nitrite and chromate in ECM.
It leads to production of hazardous smoke, vapours and aerosols, electromagnetic
radiation, difficult disposal of bulky metal waste and noxious liquid, miasma, gases,
and substantial rot due to hydrocarbon root. The refined particle sizes of the aerosols,
recast layer formation, and the high-intensity laser beam used in LBMalso harm both
the labour and the environment [9].

The electromagnetic radiation, ultrasonic noises, and the abrasive slurry are the
significant impacts of LBM. Recycling parameters of sanders and the extraordinary
corruption of abrasives on the use of various abrasive particles as abrasive in AJM
is the foremost hurdle mentioned in discussion.

Figure 1a is showing graphical denotation of increase in use of sustainable
manufacturing. Figure 1b shows the product life cycle and its impact on environment.

In this paper,major sustainability concerns of unconventionalmachining are being
discussed.

Table 1 highlights the sustainability elements. Sustainable machining is in high
demand and is the only key to help in a manufacturing unit’s long run. It asks for
increased investment in the beginning. There are various advancements introduced
in the non-conventional machining trend, which will be discussed in the upcoming
sections, which will conclude these developments and discuss the theoretical level
solution model.

Green machining should be necessary for the environment, and it will be consid-
ered as a need in the upcoming future for manufacturing industries. The dry mech-
anizing benefits incorporate non-pollution of the outer environment or water, no
leftover on the chipping will be displayed in minimized decomposition and sani-
tizing cost, no threat to well-being, and harmless to the skin and is non-allergenic.
It also provides capital reductions in manufacturing. Cutting fluids are decided to
be very important in the manufacturing industry as it has in removing the extra heat
generated because of friction and also provides the lubrication between the tool and
the workpiece. Tool life surface finish also increases, and it stops the formation of
multiple edges and facilitates the transportation chips. Noxious vapours, irksome
smell, smoke vapours, skin infuriation, bacteria, etc., are caused by cutting fluid
that affects the environment and operator. Many environmental problems are arising
because of coolant and waste disposal. Perfect time to start dry machining to save
the environment as green machining is the machining of the future [11].
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Fig. 1 a Graph showing the enhancement in sustainable manufacturing [26], b product and life
cycle in 6R concept [27]

2 Literature Review

Hike of 60% in material removal rate was noted in almost-dry EDM than conven-
tional EDM in work [12]. Mean surface irregularities enhanced till 40% plainly by
the amalgamation of process quantifiers of dry ice machining in contrast with dry
machining [13, 14] showed improvements in MRR and surface finish in almost-dry
EDM with the assistance of a magnetic field. Figure 2 is showing the advantages of
dry and near dry machining.

Taguchi and grey-dependent examination combination technique was efficacious
in severalmethods of parameter hike in greenEDM.Use ofwater faucet as a dielectric
medium resulted in higher material removal rates, safer, eco-friendly, and cheaper
was shown in separate research work [15]. In a research work, a replacement of
hydrocarbon-founded dielectric fluid (kerosene) which was WVO dielectrics was
made [16].
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Table 1 Important constituents that affect sustainability in non-conventional machining [10]

Key sustainability elements Determinants key
operators

Fundamental operators

Environment Hazardous scrap • Utilization of green lubricants,
dielectrics, and electrolytes

• Process optimization
Emission of
electromagnetic rays

Noxious fluid, fumes,
vapours

Power and substantial
inefficiency

Economy Energy and resource
consumption

• Process enhancement and
hybridization

• Reducing power and resource
usage

Low fertility

Lengthy process method

Huge price

Society Well-being • Waste reduction and effective
decompositionSecurity

Product stock and
standards

Fig. 2 Advantages of dry
and near dry machining [10]

In another research work, a matching result was found in case ofWVO dielectrics
where using biodiesel as a dielectric liquid in place of traditional fluids whichworked
more productively and gave better outcomes [17]. Biodiesel, manufactured from
utilized vegetable oils, is sustainable and harmless. The most recent of all is done by
Mishra and Routara [18]; this year they have formulated a new bio-dielectric fluid,
i.e. non edible oil-based Calophyllum Inophyllum (Polanga) which has shown great
results. It was capable of increasing smoothness of the surface, increasing the MRR,
increasing surface hardness, and decreasing aerosol emission rate by 16.64%, 86%,
6.64%, and 17.33%, respectively, than a conventional hydrocarbon-based dielectric
fluid.
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In electrochemical machining, there are many advances in the past six years,
where regular mineral water in place of conventional electrolytes and it was highly
precise, efficient, and inexpensive [19]. In the year 2015, in another research work,
the reverse drilling method for the complete elimination of the machining time was
proposed [20]. The experiment was held using an electrolyte as citric acid and the
whole process and results were examined. In yet another experimental researchwork,
analysing and observing the optimum electrolyte for ECM of stainless steel 304 was
done.A complexing agentwith neutral salt is the researched electrolyte. The calcium-
based electrolyte presents an electrochemical property with high oxidative stability
and high ionic conductivity shown in [22]. The AJM process uses abrasives which
are not decomposable and are non-separable, so in the year 2011, another research
was done in which invention of biodegradable abrasive constitutions consisting of
plant-based inborn abrasive means, calcium carbonate, polymeric substance, etc.
[23].

3 Discussion

Now in this section, an elaborate discussion over the topics of unconventional
machining has been given.

3.1 Non-conventional Machining Process

These advanced processes are responsible for the generation of various hazardous
and noxious products in different forms which can affect the environment and the
well-being of the operators [24].

3.1.1 Electrochemical Machining (ECM)

ECM is the metal removal process by electrochemical process, and it is used for
machining the hard material which are difficult by other machining operations.

Hazards of ECM include [9]:
Hydrogen gas is very explosive, which is released as a product of electrochemical

reactions.

H2O + 2e− ⇒ H2 + 2OH (1)

Fe + 2H2O ⇒ Fe(OH)2 + H2 (2)
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Equations (1) and (2) are showing the chemical reaction. Electrolyte splashmeans
electrolytes are made up of nitrates and chlorides of sodium, which is non-dissolving
in hydroxides and is there as a residue. These are harmful and can cause skin infatu-
ation, so any contact with it must be avoided. A continuous leak proof supply system
must be made, or a closed door locking and leak proofing must be done so that any
leakage is not possible out of the encapsulated working space.

Chromate: Exposure through the inhalation, injection, or direct contact of the
trivalent chromium compounds will affect the skin and organs like kidneys, liver,
etc.

Nitrate: Nitrate and nitrite also have several health effects on the human body,
such as:

(a). They react with haemoglobin in the blood,
(b). Affect the working of the thyroid gland„
(c). Efficiency of vitamin A,
(d). There should be a proper exhaust ventilation system to remove all the harmful

gases so as not to affect the operator.

Recently, a new ECM technology called recycling ECM has been reported. This
technology uses the pulse-ECMconcept for recovering copper, alloy steel, and nickel
alloy in a stable, metallic form without hydroxides, using intermediate electrolyte
processing. Figure 3 gives way to minimize the hazardous effect of ECM process.

Fig. 3 Different methods to minimize the effect of ECM process [10]
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3.1.2 Electrodischarge Machining (EDM)

In EDM, the metal removal process is done by the heat from the spark produced
between the two electrodes with dielectric fluid as a medium. EDM process has
many hazards produced during machining like [9, 25]:

(a) Hazardous smoke, vapours, and aerosols released in the atmosphere,
(b) Decomposed products and heavy metals traces,
(c) Dielectric fluid containing the hydrocarbons can affect the skin of the operator„
(d) Possible fire hazard and explosions,
(e) Electromagnetic radiations.

Various factors onwhich the production of fumes and aerosol depends arematerial
removal process, work material, and dielectric.

(a) Workpieces contain chromium, molybdenum. Nickel is a toxic and health
attacking substance.

(b) The composition and the viscosity of dielectric also affect the amount of fumes
andvapour.Adielectric having lowviscosity produces fewer amounts of fumes.

Using the organic dielectric fluid in EDM generates dangerous vapours such as
hydrocarbons in form of polycyclic aromatic compound aerosols and rest of the
products produced because of splitting of oil and its additives. There is a demand
for finding methods to reduce EDM’S working dielectric exposure. Due to erosion
of electrodes and workpieces, various compounds and elements such as titanium
carbides, tungsten carbides, nickel, chromium, molybdenum, barium, when released
in air, they affect humans who are inhaling them along with air. For reducing the
hazards, we have to follow these measures strictly;

(a) Using suitable filters to reduce the number of fumes released into the
atmosphere.

(b) Maintain the temperature of the medium around 15 °C below the flashpoint.
(c) Stop the electromagnetic radiation from going out into the atmosphere using

proper shielding.
(d) Reduce the chances of a fire in the dielectric fluid.
(e) Use the sensors for monitoring the level of dielectric fluid.
(f) Disposal of waste should be far away from the active area.
(g) Aware the operator about the hazards and risks.

The following are the advancements in the EDM process concluded, a set-up for
the process in which the whole EDM process will be carried out in an enclosed
environment from which the harmful gases will not be released into the environment
directly but will be filtered by a chimney design outlet integrated with another set-up
before releasing into the atmosphere. This set-up will be compounded by a supple-
mentary set-up, which will primarily work to separate the metal from the dielectric
fluid with the magnetic separator’s help and ensure the continuous flow of the fluid.

For the hazardous smoke and vapour, a proper filtration system should be installed
to stop them from releasing into the atmosphere. The magnetic separation method to
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remove the heavy metals from the dielectric can be used. Also, the closed chamber
to stop the radiation from going out of the chamber and hence, not affecting the
operator can be used. Unconventional processes such as EDM consume more energy
than conventional machining, so we should refer to renewable energy sources so
that we can save natural resources like coal used in thermal power plants to produce
electricity for the industrial area.

3.1.3 Abrasive Jet Machining (AJM)

In the abrasive jet machining process, significant hazards are the dust particle gener-
ation, whose source is mainly silica, and the rest are lead, zinc, arsenide, cadmium,
and mercury. The operational status in this type of machining process is the use of
masks, which are significantly less reliable but still being used, which is highly risky
and injurious for health as it is immensely saturated in the atmosphere they work
in and are of different sizes from very small to very large. The major one is silica
dust elements produced at the time of operation on the workpiece and is very small
in size and can cause silicosis (a disease that can cause the lung to get stiff and its
disfiguration). The identifying indication is breath shortening, the cough along with
pain in the chest. These dust particles are the cause of the deterioration of one’s
well-being. There are chances that the worker will be prone to having lung cancer.
For controlling this health hazard, the main issue of silica dust must be aimed to the
filtration of the silica dust is a significantly less effective method, so the use of an
abrasive element in place of silica and enclosure of the whole set-up or a perfectly
safe working condition set-up can help in overcoming this problem. In the current
operatingmanufacturing units, provision of a safety kit to eachworker, encapsulation
of the process, and good dust collection followed by recycling and abrasive water jet
methods must be implemented strictly. The dust must be wetted before the clean-up,
which will reduce the harm. The effect of an abrasive jet involves

Worker—There is a danger to the operator’s health and performance. There are
chances of stress, weakness, fatigue, dissatisfaction, and defect in working. They
must take all the measures strictly.

Product—As the dust particle pollutes the environment, the finished particle
surfaces have a high chance of getting contaminated by the settlement of these dust
particles on it.

Manufacturing unit—All the mechanical set-up and the machines need proper
cleaning and maintenance to work correctly, which will be hindered by the air’s
dust emission. So, there is a need for a silica dust infiltration set-up and air transfer
systems.

Apart from these, the use of biodegradable abrasives will help minimize the
problem of the collection, decomposition, and filtration of these abrasives.

The need for high oxidation stability increases as operating temperature increases.
Some of the desirable characteristics of cutting fluid are:
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(a) Viscosity: The level of dielectric’s viscosity is not constant for all applica-
tions, but low viscosity helps provide a more comfortable pump and enhanced
flushing characteristics.

(b) Acid number: Oil with low levels of acid is preferable for corrosion and cost
consideration.

(c) Colour: Dielectric colour has no such significant effect.
(d) Odour: There is no standard measure for the smell, but generally, dielectric oil

with minimum odour is preferable to reducing health-related consequences as
a factor of sustainability.

4 Future Scope

(a) Use of liquid nitrogen as a dielectric fluid in electric discharge machining,
which is being practised yet, and we will continue the experimentation of this
hypothesis as our future goal, i.e. to make advancements in liquid nitrogen to
be used as a dielectric fluid.

(b) Ca-based fluid can be used as an electrolyte in the ECM process, which has
recently been proposed for batteries that can be implemented in ECM.

(c) The experimentation of the solution model will also be carried out.

5 Conclusions

From the discussion above, we can conclude that there are many sustainability
issues that affect the environmental conditions and the health of a worker. Need
for advancement in various machining operations so that these significant issues can
be solved.

ForEDM, an enclosed set-upwith an integrated solution systemwhich can provide
a check at each step of the process to minimize the chances of any harm or hazard
to the surroundings. These step-by-step measures are an enclosed chamber with a
chimney exit. Similarly, for ECM, the electrolyte must be replaced with a newly
harmless alternative along with insulating set-up and real time monitoring systems.
And, for AJM, the abrasives need to be replaced with biodegradable and less harmful
replacements.

All the processes involve very high power consumption, so we are wasting a lot
of non-renewable resources such as coal used in thermal power plants to produce
electricity for the industries. So these machining industries should be set-up near the
power plants which run on renewable sources like hydropower plants, wind mills,
solar energy, etc.
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Progression of EFQM and Deep-Dive
into EFQM 2020

M. A. Narasimha Murthy, Kuldip Singh Sangwan, and N. S. Narahari

1 Introduction

Over the years the International community and national industrial bodies are
focussed on driving the companies towards Business or Organisation or Service
Excellence. The word “Excellence” has posed questions and challenges in the mind
of academician, senior executives, practitioners and Industry at large. Due to this,
the construct of the model or framework of excellence models is changing and
getting evolved. As per the Shewhart Cycle applied for improvements in manage-
ment practises, it drives home the concept of learning and improvement. Plan-Do-
Check-Action-Next Plan is relevant for all aspects of quality including Quality of
the organisation through business excellence journey. Even though the EFQM has
completed 30 years of journey as a forum and still it is evolving, the look and feel
of the model structure and branding were same till 2019, in a newer version of 2020
model announced by EFQM the basic motive itself has changed. During 1992, the
EFQM Excellence award was called European Quality Award. In the year 1992, the
First Excellence Award of EQA was awarded to m/s Xerox Corporation Limited.
The objective of the award was to identify role model organisations, to share their
experience and the practises so that others could adopt from such practises. The
award process was able to drive the competitiveness of the European region and
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helped in economic improvement as well. The good practise has since evolved,
tested and started yielding the desired results and has become part of the practise
and the norms in many organisations world over. The advances in Organisational
excellence achieved by one organisation would inspire other organisations and there
was a quality movement globally to record achievements and embrace the excellence
Journey. This helped in developing a product, services offerings to the market and
business competitive spirit in the whole region.

2 Key Terms and Definitions

It is important to understand the definition of excellence before one can take a deep-
dive into the subject of business excellence. Few such examples of these definitions
are discussed below;

• The excellence definition provided by Michaela et al. [1], In the dictionary of
neologism of the Romanian Academy, the excellence is defined as an “honorary
title granted to individuals or a high degree of perfection; the quality of being
excellent, very good, exceptionally admirable, wonderful”.

• Business excellence models are frameworks that when applied within an organ-
isation can help to focus the thoughts and actions in a systematic and structured
way to increased performance.

• Business excellence, as described by Mann et al. [2], refer to “Outstanding prac-
tises in managing the organisation and achieving results, all based on a set of eight
fundamental concepts”.

3 Background of the EFQMModel

Even though officially, EFQM was formed in 1989, Jacques Delors, the president
of the European Commission enlightened about the TQM Movements in Japan and
introduction of MBNQA in the US and triggered a thought of institutionalising the
recognition programme of Quality for Excellence of an organisation. As a part of the
EFQMForum, the leaders in the forum felt the need to building competitiveness in the
European Region. With Jacques Delors who led the leaders of 14 European compa-
nies, the leaders agreed to establish the European response to the global movement
of Quality and Excellence competitiveness in the region. In 1988, the foundation of
EFQM signed the agreement and tabled the formation of EFQM.
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4 Literature Studies

In the current research, the author’s carried out the literature study focussing on a few
key papers and reviewed the findings of these papers. These findings are briefed here.
Tan and Khoo [3] and Miguel’s study [4] deliberated on a worldwide comparison
of quality and business excellence programmes in the world. Later, one more key
research undertaken on behalf of NIST by Mohammad and Mann [5] highlighted 95
national and quality awards adopted across the globe. Nenadál [6] highlighted the
research of newModel EFQM 2020 and the description of certain recommendations
by way of guidance points is seemingly superficial and are confusing. From the
literature studies, it was evident that researchers have not focussed on the progression
of the EFQM model from its stage of infancy to being a more mature model as of
today. In this paper, the author focusses on the progression of three cornerstones
of the model and other key elements of the EFQM model from its inception to the
EFQM model as in 2020.

5 Progression Mapping of EFQM—A Research Study

5.1 Overview of Three Concern Stones of the Model

The philosophy of the framework is based on the three cornerstones of the model:
The fundamental concepts, the criteria and the RADAR. This forms the basis for
model construct and deployment.

The fundamental concepts define the founding principles which help the organ-
isations to achieve sustainable excellence. The criteria and sub-criteria provide a
framework to convert the fundamental concepts and RADAR thinking into prac-
tise. RADAR, which stands for result, approach, deployment, assess and refine, is a
simple, systematic and structured approach yet powerful tool for driving systematic
improvements in all areas of the organisation and it also improves the transparency
in the organisation.

5.2 Deliberation on Evolution of EFQM Model Over Three
Decades

The research study of the evolution of the EFQM model has been carried based on
tracking the changes in the model overtime periods. The authors have phased the
model at a broad level into five periods. The initial phase is 1991–1999 and the
second phase is the period between 2000 and 2002. The third phase is the period
2003–2010, the fourth phase is defined as the period between 2011 and 2018 and the
fifth phase is reckoned from 2019 and period further on.
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Fig. 1 Initial construct of
the model (1991–99). Source
Nabitz [7]

5.3 Construct of the Model—Criteria

5.3.1 Initial Construct

To facilitate the identification of the Business Excellence organisation in 1991, the
forumcreated a framework consisting of five enablers that represented these under the
practises of leadership, policies, processes, resources and people that an organisation
uses to develop and deliver their strategies, and the four results criteria track the
progress of the organisation against the needs and expectations of the stakeholders. To
emphasis organisational role on society, the forum included the “Impact on Society”
become a part of the Awards process. This initiative set the tone for expectations
from an excellent organisation and formed yardstick formeasuring the organisational
excellence and the organisational mechanisms that drive excellence and considered
society as the key stakeholder. Figure 1 shows the initial construction of the model.
In this period, it was realised that the recognition was missing amongst a large part
of the public sector organisations.

5.3.2 The Second Phase of the Model

Considering the inputs of award cycle and based on the various academic, research
and professionals experiences, the forumstarted focussing on revamping the structure
of the model. During 1997, the model was extended to public sector and in 1999;
Formal Release of Fundamental Concepts of Excellence took place and led to the
creation of Network of National Partners to associate with a forum for strengthening
the adaptability, improvement and enhancement of the EFQMmodel. In this period,
the model got more popular and the forum team size got enhanced. In this period, the
resource criteria strengthened and were renamed as “Partnership and Resources”.
All the result category got relabelled and moved from satisfaction to full-fledged
result section. The result categories were termed as customer, people, society and
key business results. The changes from the initial version to the second phase are
marked in the red-colour font in Fig. 2. To encourage the award process learnings
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Fig. 2 Second phase
construct of the model
(2000–02). Source Eskildsen
[8]

and internal mechanism, innovation and learning got added in the model to focus
across the enablers and result category.

5.3.3 The Third Phase of the Model

In this phase, themodel started reaching amature state and the popularity significantly
increased, the national network started co-operating well, the model created a great
image in themarket place. The award process started becomingmore competitive and
this started putting pressure on the organisation to win the coveted EFQM award. In
2001,EFQMLevelExcellence awardwas introduced anewaward category.There are
three recognition levels, 3 stars to 5 stars, depending on the maturity observed during
the assessment. This step helped thousands of organisations to move toward EFQM
Levels of Excellence to support their quality journey. The Criteria-5 got relabelled
and enhanced to cover products, processes and services. In the result category, the
key business results relabelled to key results. Apart from Learning and Innovation
across results and enable category, creativity also added as one of the key ingredients
in the model. Figure 3 shows the construct of the model in this phase.

Fig. 3 The phase-3
construct of the model.
Source EFQM 2010
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Fig. 4 The phase-4
construct of the model.
Source EFQM 2012

5.3.4 Fourth Phase of the Construct

In this phase, the model got major penetration and acknowledgement from senior
management and executives to adopt this model as a vehicle for an organisational
improvement journey.Model and fundamental concepts revised to meet the demands
of the changing organisation and business environments. Fine-tuning of the model
at sub-criteria and guidance point improvised. However, there are no major drastic
changes that happened to the construct of the model. Figure 4 shows the construct
of the model in this phase.

5.3.5 Fifth Phase of the Construct, EFQM-2020

The contour of the model got changed significantly; the earlier enabler and result
criteria got revamped. The Criteria of five enablers and four results got restructured
into five enablers and two result category. The model got sub-divided into three
category direction, execution and result. The direction has got two criteria, execution
got three criteria and the result got two criteria. The new EFQMModel is a result of
a co-creation involving nearly 2000 change experts, 24 organised workshops, face-
to-face discussion with leaders in over 60 diverse organisations and created a core
team of experts and contributors from across industries and academia. The construct
of the model is shown in Fig. 5.

5.3.6 Fundamental Concept of Excellence

The fundamental concept of excellence forms the fulcrum of the model. This shows
the path for achieving excellence in any organisation in a sustainable way and
describes the attributes of an excellent organisational culture. This also serves as
a common language for top management. Taking clues from the European Conven-
tion of human rights (1953) and subsequent updates, they become the base for these
concepts. During the initial phase, these were “part of the fabric” of the model and
there seems to be no written document on this since limited leaders were using the
model. The first version of the fundamental concepts, introduced in 1999, consist of
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Fig. 5 EFQM construct of 2020. Source EFQM 2020

eight titles with high-level descriptions of the essence of the concepts. Subsequently,
during the reviewcycle of themodel, tomodel is oriented towards the emerging trends
and challenges faced by community and organisation, the fundamental concept got
updated. Table 1 highlights the evolution of the fundamental concepts of excellence.

In the fifth Phase, the concepts moved beyond simple high-level statements and
ended up with a duplication of between the criteria and the concepts which started
confusing assessor community. Many assessors used of the concepts to structure the
executive summary of a assessment feedback report. Since it was confusing to the
assessor and applicant organisation. These concepts are not used effectively in the
assessment process, hence it is removed in the new version.

5.4 RADAR Logic

The radar logic is built based on the tenets of Deming’s PDCA cycle. In simple
words, it means that change in an organisation cannot be made simply through
noble intentions or exhortations and frequent monitoring. This need to be managed
through structured approaches. To assess the excellence, two approaches are gener-
ally followed, RADAR for enablers assessment and RADAR for results. In this initial
phase, there is no RADAR as a formally defined method, hence it is not presented. In
the case of result assessment, the relevance, usability and performance were used for
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Table 1 Fundamental concept evolutions

Second phase Third phase Fourth phase

1. Results orientation 1. Achieving balanced results 1. Creating a suitable future

2. Customer focused 2. Adding value for customers 2. Adding value for customers

3. Leadership and constancy
of purpose

3. Leading with vision,
inspiration and integrity

3. Leading with vision,
inspiration and integrity

4. Management by processes
and facts

4. Managing by processes 4. Managing agility

5. People development and
involvement

5. Succeeding through people 5. Succeeding through talents

6. Partnership development 6. Building partnerships 6. Developing organisational
capability

7. Corporate social
responsibility

7. Taking responsibility for a
sustainable future

7. Sustaining outstanding
results

8. Continuous learning,
innovation and
improvement

8. Nurturing creativity and
innovation

8. Harnessing creativity and
innovation

Source EFQM

assessing. The construct has been fine-tuned for establishing scoring and guidance
to assist the assessors, however, there was no change in the framework. The scoring
guidelines help the assessor to determine the approach, deployment and assessment
refinement of each sub-criterion to arrive at score using a five-level scale of assess-
ment. The parameters used for assessment enablers and results have been highlighted
in Tables 2 and 3.

Till 2020, the elements of the RADAR looked at the alignment. No change was
noticed in the constituents. The 2020 version of the new RADAR scoring format

Table 2 Comparison of enabler’s RADAR evolutions

Elements Attributes

Second phase Third phase Fourth phase Fifth
phase—direction
and execution

Approach Sound
Integrated

Sound
Integrated

Sound
Integrated

Sound
Aligned

Deployment Implemented
Systematic
Measurement

Implemented
Systematic
Mmeasurement

Implemented
Structured
Measurement

Implemented
Flexible
Evaluated and
understood

Assessment and
refinement

Learning
Improvement

Learning
Improvement

Learning and
creativity
Improvement and
innovation

Learn and improve
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Table 3 Result’s criteria RADAR evolution

Elements Attributes

Second phase Third phase Fourth phase Fifth phase—results

Relevance and
usability

Scope Scope Scope and relevance Scope and relevance

Integrity Usable data

Segmentation

Trends Trends Trends Trends

Targets Targets Targets Targets

Comparisons Comparisons Comparisons Comparisons

Causes Causes Confidence Future focus

has been tried and tested as a part of the recognition process; this would call for
fine-tuning over the years.

5.5 Assessment Weightage of Criteria

To determine the overall score of the organisation, each sub-criteria assessment was
done on the 0–100 scale to arrive at the consensus score as a part of the assessment
process. However, in the model weightage was attached to each criterion. To start,
with the between enabler criteria and result criteria was equally distributed till 2019
and they were carrying 500 points. In 2020 model, the enabler contribution has gone
to 600 points and the result has come down to 400. This is one of the major change
in the model. The enablers would play a major role in achieving the result, results
are post facto. The organisation understands why it exists and who are the customers
it serves. The organisations to focus on creating a culture of success, delivering the
best sustainable value and how to make the best use of the results achieved. Table 4
shows the evolution of scoring over phases.

The Criteria-1 is leadership and direction setting these remains to be at 100 as
the score. The Criteria-2 which addresses the strategy or policy of the organisa-
tion, weightage improved from 80 to 100 point over the years. Criteria-3 moved
from 90 to 100 points. Criteria-4 the weighs have moved from 90 to 200 in the
recent version. Even though, the model construct is not comparable one to one. The
Criteria-5 was focussed on process management, contribution moved from 140 to
100. In this new version, the elements of the process management are considered to
fundamental expectation and no specific criteria exist. Criteria-6 weight increased
from 140 dropped to 100 and again increased to 200. The EFQM model has been
a non-prescriptive, and the newer model provides even greater flexibility. However,
EFQM 2020 outlines certain expectations from the management, governance, the
link between direction and execution, etc.
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Table 5 Sub-criteria level evolution over phases

Initial phase Second phase Third phase Fourth phase Fifth phase

Enablers 25 25 24 24 23

Results 4 8 8 8 2

29 33 32 32 25

In the earlier construct (1–4) phase, the model had four result category namely,
customer, people, society and business result. Under each of this result category,
the model had two sub-criteria to fulfil. One of the sub-criteria of result across all
four categories indicates the performance indicators. And second is the perception
data of people, society and customer. In the case of business results, feedback from
key stakeholders about their personal experience of dealing with the organisation
and their perception. In the new model, this includes customer, people, Business
and governing stakeholders, society, partners and supplier perception results. The
Criterion 7 focuses on strategic and operational performance to measure the ability
of an organisation to deliver the strategy and its fitness for the future.

5.6 Construct at Sub-criteria Level

Till now the author discussed the construct at the criteria level and it is important to
descend one level down to understand the construct the sub-criteria level. The next
stage of criteria is typically addressed as sub-criterion. There are 32 sub-criteria (24
are enablers and eight subcriteria’s are from results side). Each sub-criterions are
provided with guidance point and are directly linked to the fundamental concepts. In
the initial phase, the model had 25 enable criteria and made as 24 enablers in second,
third and four. In version 2020, it is revised to 23. In the case of results category,
from 8 sub-criteria revised to 5. The sub-criteria 6.b, 7.b, 8.b and 9.b are covered
in the new Criteria 7, the new model focussed on futuristic growth and execution
of the plan. The results were focussed on strategic goals, performance to satisfy its
key stakeholders, future performance sustainability, etc. Table 5 shows a summary
of changes over different phases.

5.7 Drivers for Changes in the Model

Following are key drivers or influencers for the changes in the model. The authors
have kept the previous phase version as a base and identified the changes. Each input
from coming like a seed, over ten years (1990–2000), the model started maturing
based on the inputs from all concerns. The author identified key drivers of the model
change apart from regular feedback of assessment community and core-team.
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Phase-1 to 2, changes were driven due to introduction of Fundamental concepts
supposed to embedded into themodel,Model hasmovedmore perspective for guiding
assessment, Construct is modified to suit larger organisation base. In addition to the
above, introduction of RADAR and emphasis on innovation and learning, corporate
social responsibility concept introduction influenced the modification.

In phase-2 to 3, drivers for these phase changes are due to emerging trends of
the market place and also, the model was accepted by local partners and network of
the national award, their group feedbacks were taken, different versions for different
sector introduced caused some confusion and core team decided to have a single
generic model across all sectors.

In phase 3 to 4, constant improvement feedback different channels, focus more
agility, scenario planning, organisational development become key process criteria,
focus on products, processes and services, agility, flexibility, action orientation,
creativity become key ingredients. Key results become business results and RADAR
refined.

The 2020 version update was based on Research feedback, Change of organisa-
tional operating model and ecosystems, encouraging a co-creation culture, creating
sustainable value is the heartbeat of the new model and value proposition for stake-
holder focus, focussing on transformational and performance culture in the organi-
sation, provide flexible and adaptive for organisation adoption, hence model was to
be redesigned to be more flexible.

6 Highlights of the Research Findings:

The authors have summarised the results and findings on the comparison of the
EFQM Framework.

• The construct of the model has changed significantly from 9 to 7 criteria and
sub-criteria dropped from 32 to 25. Well settled construct of Five Enablers and
four result category dislodged and the names of criteria have changed.

• The official title of the model from “The EFQM Excellence Model” in 2012
becomes the “The EFQM Model”. The model becomes more generic and appli-
cation of could bewidespread compare toExcellence. Even though the perspective
has changed, it would face challenges in establishing it’s identified in the Quality
world.

• The model replaces the word products, processes and services with sustainable
value. It appears to be generic and scope is broad.

• In the earlier versions of the model, the model appears to be prescriptive due to
clear articulation of the guidance point and examples of an excellent organisation;
it appears that model moving was towards from its descriptive nature.

• Themodel has been transformation focussed and futuristic driven. This could help
the organisation to focus on Industry 4.0 adoption based on creating sustainable
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Fig. 6 Base Source The EFQM quality model, Kai A. Simon [9] and developed further by the
author

value to the stakeholders. Due to this, the model would facilitate in reaching
towards digital Quality Era or Quality 4.0.

• In the previous model versions, the technology focus (4.d) and leadership that
poses challenges and was addressed in two sub-criteria, in the new model, trans-
formational leadership appears to be more the emphasis. It is evident from the
construct, more technological changes are anticipated from the construction point
of view.

The authors have traced back the key milestones of the model and depicted in
Fig. 6 EFQM Evolution Chart—Bird’s Eye View.

7 Conclusions and Limitations

TheEFQMmodelwould bemoving towardsmore of the genericmodel and focussing
more on the futuristic model than business excellence are being just a quality award
and recognition model. The redesign of the model is based on the research inputs and
core decision, hope these specialists have considered the mechanics of the organi-
sation and restructured the model based on quality deliberations. Even though the
model is more futuristic or transformative, it is also important to focus on the current
state and it is managed properly to secure the future for it to be a sustainable organ-
isational Journey. Outside of the construct, it still appears to be unclear and it is



288 M. A. Narasimha Murthy et al.

left to the imagination judgement of the assessor and the incumbent organisation.
Between descriptive to perspective models, the error of judgement will be high and
could prove to be a costly affair. The authors have themselves been involved in the
excellence journey of their organisations and understand the drivers of excellence in
manufacturing domain specialist and hence can provide expert impressions about the
efficacy of themodel. Since themodel has been newly introduced, it would take some
more time to understand the model more closely and apply it in an organisational
setup.
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Parametric Optimization and Evaluation
of Machining Performance
for Aluminium-Based Hybrid Composite
Using Utility-Taguchi Approach

M. Murali Mohan, E. Venugopal Goud, M. L. S. Deva Kumar, Vivek Kumar,
Manish Kumar, and Dinbandhu

1 Introduction

The development of the present era is likely impossible without considering the
importance of composite materials. These materials possess many useful qualities,
i.e. lightweight, corrosion resistance, and high fatigue strength and because of these
qualities, they are widely preferred in several structural applications that incorporate
aircraft, automobiles, sports items, electronic packaging, medical equipment, space
vehicles, and homebuilding sectors. Composites consist of two and/or several prin-
cipal ingredients, i.e. matrix phase and reinforcing phase. These phases are amalga-
mated at the macroscopic level and are mutually insoluble. The matrix phase, which
is usually continuous, is high in volume and consists of reinforcing materials, like
flakes/fibres, or particles. It holds the entire system of composite material and main-
tains its integrity. The common composite materials are polymer matrix composites
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(PMC), metal matrix composites (MMC), ceramic matrix composites (CMC), and
carbon–carbon composites (CCC)s [1–5].

These days, MMCs are one of the widely used composites due to their several
useful characteristics. In these composites, the matrix phase incorporates metal or
metal alloys and Al2O3, SiC, TiN, TiC, B4C, AlN, ceramic particulates, etc., as
reinforcementmaterials. The embedment of reinforcingmaterials in thematrix phase
enhances severalmechanical characteristics, namely fatigue,wear resistance, specific
strength, creep resistance, and stiffness inMMCs.Among the available list ofMMCs,
aluminium metal matrix composites (AMMC) play a significant role in structural
applications. In AMMCs, the matrix phase is made up of aluminium or its alloys,
whereas ceramic particulates are embedded as reinforcing materials yielding high-
quality structural materials as compared to the conventional engineering materials
[6–9].

Laghari et al. [10] discussed several soft computing techniques for machining
MMCs. A number of traditional machining operations, namely grinding, milling,
turning, and drilling have been explored with respect to soft computing methods.
Modelling and optimization of all these processes have been presented using particle
swarm optimization, Taguchi methodology, fuzzy logic, genetic algorithm, artificial
neural network, and response surfacemethodology. Pugazhenthi et al. [11] performed
a machining operation on the AA7075/TiB2 composite. PCD inserts were used for
cutting tool material. The importance of cutting speed, the effect of TiB2 on cutting
force, and Ra for the prepared AMCs were investigated. The samples were prepared
through in situ reaction using KBF4 and K2TiF6 salts in molten aluminium. FESEM
was also performed for inspecting the morphology of machined surfaces, cutting
tools, and the chips produced during the process. Nicholls et al. [12] studied the
machinability aspects of MMCs. The mechanism of tool wear was discussed to
evaluate the tool wear rate affecting the overall cutting tool life. The process of
optimization was also articulated for obtaining maximum tool life without affecting
the quality and quantity of the product. Joel and Xavior [13] presented a review
of the machining of MMCs. A brief report has been presented on the traditional
machining of composites along with their challenges. The work also details the
modern machining techniques adopted for composite machining. Kim et al. [14]
performed a hybrid turning process on SiC embedded AMMCs to improve their
machinability and surface quality. The obtained results were compared with the
traditional turning operation and tangible enhancement was observed in terms of
Ra and machining rate. Das et al. [15] evaluated the surface roughness attributes by
performing turning on Al 7075/SiCp in dry conditions. Uncoated TiC inserts were
used in this operation. Parametric optimization was also done besides performing
ANOVA analysis. The result reveals the feed rate as the most influencing parameter
succeeded by spindle speed. The study finds the depth of cut as an unimportant
variable.

Manufacturing a product includes several engineering processes and one of them
is machining. A number of machining parameters such as speed, feed, depth of cut,
type of cutting tool, cutting tool diameter, cutting force, affect the machining output
characteristics, namely Ra, MRR, and tool wear ratio. These output characteristics
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influence the end-user performance of the composites. Hence, it is essential to eval-
uate the machining performance of such materials because of their growing demand
in several engineering applications [16–18]. In this context, the present study high-
lights the influence of metal cutting variables, viz. cutting speed, feed, and depth of
cut on MRR and Ra during the turning of the aluminium-based hybrid composites.

2 Materials and Methods

The turning operation was executed on the composite specimens using an all geared
semiautomatic lathe (Fig. 1). The trials were performed with different sets of
machining variables involving cutting speed (V ), feed (f ), and depth of cut (d) (Table
1), and their responses have been recorded in terms of MRR and Ra. To do so, the
design of the L9 orthogonal array has been put into operation. The total experimental
runs with their respective output responses have been represented in Table 2.

2.1 Utility Concept

The concept of utility functions is well-acknowledged in multi-criteria decision
making (MCDM) problems. It is simple and easy to understand by any decision-
maker because it does not involve any powerful constraints on the available settings
than the aggregation formula.

Fig. 1 Machined composite
specimens

Table 1 Ascribing levels to
the turning variables

Turning variables Levels (L)

1 2 3

V (in RPM) 700 910 1200

f (in mm/rev.) 0.105 0.132 0.158

d (in mm) 0.2 0.3 0.4



292 M. M. Mohan et al.

Table 2 Experimental runs and their respective output responses

Trial No. V f d Ra MRR

1 700 0.105 0.2 1.83 12

2 700 0.132 0.3 2.32 29

3 700 0.158 0.4 2.78 42

4 910 0.105 0.3 2.31 31

5 910 0.132 0.4 2.59 47

6 910 0.158 0.2 2.22 35

7 1200 0.105 0.4 2.62 48

8 1200 0.132 0.2 2.13 38

9 1200 0.158 0.3 2.54 58

In the utility-basedTaguchi process, anMCDMproblem is easily transformed into
a single response optimization problem using an arbitrary function. This arbitrary
function, also known as the response function, acts as an overall utility index and has
to be optimized for obtaining the solution [19, 20]. As stated by the utility function
approach [21], if Ax is the performance indicator of an output characteristic x and
there are k output responses assessing the sample space, then the joint utility function
is elucidated as follows:

U (A1, A2, . . . Ak) = f {U1(A1),U2(A2) . . .Uk(Ak)} (1)

In Eq. (1), (U1(A1)) represents the utility of the xth output characteristic. Equa-
tion (2) indicates the overall utility function, which will be equal to the summation
of individual utilities for individualistic output responses.

U (A1, A2, . . . Ak) =
k∑

x=1

Ux (Ax ) (2)

Assigning weight to the output responses depends upon their comparative signif-
icance and influence on the process. In that case, the overall utility function is
elucidated as follows:

U (A1, A2 . . . Ak) =
k∑

x=1

WxUx (Ax ) (3)

In Eq. (3), Wx represents the weightage given to the output characteristic x . The
total sum of the weightage given to all the output responses should be 1. The output
characteristic is evaluated on the benchmark of lower and higher values. For that,
two random arithmetic values 0 and 9 (preference numbers) are allocated. On a
logarithmic scale, the evaluation of the preference number Np can be done using
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Eq. (4).

Np = O ∗ log
Ax

A′
x

(4)

In Eq. (4), Ax represents the value of output characteristic x . A′
x is the lower value

of output characteristic x . O is a constant and can be calculated using Eq. (5), only
if Ax = A∗ (where A* is the optimal value), then Np = 9. Hence,

O = 9

log Ax
A′
x

(5)

The overall utility is stated as:

U =
k∑

x=1

Wx (Np). (6)

In accordance with the condition:

k∑

x=1

Wx = 1 (7)

Taguchi’s S/N ratio concept describes several output characteristics, namely
higher-is-better (HB), nominal-is-best (NB), and lower-is-better (LB). Out of all
these, HB applies to the utility functions. Consequently, when the utility func-
tion is maximized, the output attributes taken into consideration for its assessment
will be self-optimized (depending upon the case, it will be either minimized or
maximized). Figure 2 depicts the intended optimization flow diagram.

3 Result and Discussion

In this section, the impact of the aforementioned variables on their performance
characteristics, namely Ra and MRR has been examined. Besides this, the section
also includes the intended optimization system for accessing the best ideal solution.

3.1 Influence of Input Variables on Ra and MRR

To examine the consequences of input variables on their output responses, an analysis
of variance (ANOVA) was performed. Tables 3 and 4 present the values of ANOVA
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Fig. 2 Flow diagram of the utility function for multi-response optimization

for Ra and MRR, respectively. Figure 3 exhibits the contribution (in percentage) of
these variables with respect to their output responses.
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Table 3 ANOVA for Ra

Source DF Adj SS Adj MS F-value Contribution (%) P-value

V 2 0.02162 0.010811 1.75 3.15 0.364

f 2 0.10409 0.052044 8.42 15.18 0.106

d 2 0.54762 0.273811 44.32 79.86 0.022

Error 2 0.01236 0.006178 1.80

Total 8 0.68569

Table 4 ANOVA for MRR

Source DF Adj SS Adj MS F-value Contribution (%) P-value

V 2 620.222 310.111 90.03 43.94 0.011

f 2 322.889 161.444 46.87 22.87 0.021

d 2 461.556 230.778 67 32.70 0.015

Error 2 6.889 3.444 0.49

Total 8 1411.556

Fig. 3 Contribution (in percentage) of input variables on output performances

3.2 Intended Optimization Approach

Experimental values for the performance characteristics, viz. Ra and MRR have
been furnished in Table 2. As the performance characteristics are contradictory, so
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Table 5 Individual utility and overall utility with the S/N ratio and predicted S/N ratio

U-Ra U-MRR U-overall S/N ratio P-S/N ratio

9.000000 0 4.500001 13.06425 15.53215

3.89337 4.517704 4.205537 12.47643

0 6.413964 3.206982 10.12193

3.986347 4.859154 4.42275 12.91385

1.523761 6.989835 4.256798 12.58166

4.841724 5.480504 5.161114 14.25487

1.275879 7.097625 4.186752 12.43754

5.732506 5.901551 5.817028 15.29402

1.943348 8.066516 5.004932 13.98796

it is essential to convert them into a common scale. Therefore, the utility function
approach has been applied in order to aggregate all conflicting criteria into a single
index, i.e. overall utility (U-overall). Firstly, an individual utility for aforesaid output
responses has been evaluated using Eqs. 4 and 5. For Ra, a lower value is desirable,
whereas, for MRR, a higher value is preferable. From Table 5, it is clear that all
aforementioned responses are converted into scale of 0–9 where 0 is considered the
lowest utility value, and 9 is considered as higher utility value. Now, it is easier to
aggregate all the responses into a single index, i.e. overall utility (presented in Table
5) which can be computed by using Eq. 6. Analysis of variance was performed on
U-overall (Table 6) and its impact has been shown in Fig. 4. The outcome of ANOVA
for U-overall shows the depth of cut (d) as the significant variable followed by speed
(V ). Thereafter, Taguchi technique was implemented on the overall utility to get the
optimal machining condition. From Fig. 5, it has been concluded that the optimal
machining condition is V = 1200 RPM, f = 0.132 mm/rev., and d = 0.21 mm.Mean
response values have been also computed (Table 7) and the identical outcome, as
ANOVA for U-overall, was obtained.

Table 6 ANOVA for U-overall

Source DF Adj SS Adj MS F-Value Contribution (%) P-value

V 2 1.62983 0.81492 95.26 37.55 0.01

f 2 0.25105 0.12553 14.67 5.78 0.064

d 2 2.44282 1.22141 142.78 56.28 0.007

Error 2 0.01711 0.00855 0.39

Total 8 4.34081
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Fig. 4 Contribution (in
percentage) of input
variables on U-overall

Fig. 5 Main effect plot for U-overall



298 M. M. Mohan et al.

Table 7 Mean response table
for the signal to noise ratios

Level V f d

1 11.89 12.81 14.2

2 13.25 13.45 13.13

3 13.91 12.79 11.71

Delta 2.02 0.66 2.49

Rank 2 3 1

4 Conclusions

The study yields the following conclusions:

i. This study intends a multi-attribute optimization approach utilizing the
Taguchi-utility concept to access the optimal parameter settings for machining
of aluminium-based hybrid composite.

ii. ANOVA forRa reveals the depth of cut (d) as a significant variable, whereas, for
MRR, the same methodology finds cutting speed (V ) as a prominent variable.

iii. ANOVA performed on U-overall depicts the depth of cut (d) as the most influ-
enced variable which is like the outcome of the computed mean response
table.

iv. The intended approach yields the ideal parametric settings as V = 1200 RPM, f
= 0.132 mm/rev., and d = 0.21 mm for machining of aluminium-based hybrid
composite.

v. The proposed methodology may be incorporated into the machining industries
to assess favourable machining conditions.
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Discussing the Impact of Industry 4.0
in Agriculture Supply Chain

Subhodeep Mukherjee, Manish Mohan Baral, Venkataiah Chittipaka,
Sharad Chandra Srivastava, and Surya Kant Pal

1 Introduction

Before Industry 4.0 (I4.0), three industrial revolutions have provoked changes in
perspective in the space of assembling. Industry 1.0 began around the 1780s with
water and steam power utilization, which helped in mechanical creation. Next,
Industry 2.0 is described as when enormous scope assembling and large-scale manu-
facturing were familiar as the basic and essential methods for creation, all in all.
During the twentieth century, Industry 3.0 arose with the digital revolution’s appear-
ance, which is like Industry 1.0 and 2.0 the same number of individuals living today
think about organizations slanting toward cutting edge advancements in progress.
Perhaps, Industry 3.0 was and still is prompt after the impact of the huge improve-
ment in PCs and information and correspondence advancement adventures for certain
countries [1]. People are readily adopting latest innovative technologies in the day
to day life for better transformation; be that as it may, presently are also compelled
to use greetings tech gadgets and its applications, which are speedy transforming
into the main factor in their regular working life [2]. I4.0 has been shown as an
overall move of digitalization and computerization in all parts of the association,
similarly as in the assembling cycle [3]. This fresh start of the Internet time, set apart
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by an incorporated PC-based mechanization and pervasive figuring frameworks, is
also associated with the remote system by the Internet [4]. This paper presents the
impact of I4.0 on agriculture supply chain (ASC) and expects to give an idea toward
Agriculture 4.0 (A4.0).

The supply chain (SC) can say to be an organization of associations answerable
for the creation and dispersion of merchandise and administration from origination
to the last shopper while ASC is essentially an improved coordination inside and
between different ASC individuals [5]. Then, I4.0 can say to be the data serious
change of businesses with the association of information, individuals, measures,
administrations, and frameworks through data innovation as methods for getting
shrewd industry and biological systems [6]. Execution of I4.0 inside designing SC
can prompt a decrease in lead time and cost, arrangement of related dynamic cycle,
and improvement in the general presentation of every individual from the SC just as
the creation cycle pursuing accomplishing the extraordinary practical objective [7].
Accomplishing maintainability inside any assembling organization begins with the
SC; if the SC is all around overseen from the purpose of material sourcing till it gets
to the last shopper, at that point, supportability is reachable [8]. Overseeing feasible
creation through flexibly change is significant in food fabricating because of the
intricacy of food creation that is related with sanitation, food wastage, food security,
and so on. Nonetheless, the presentation of specific highlights and parts of I4.0 could
guarantee effective reasonable SC inside the food business. The development of I4.0
parts will go far too decidedly affect and improve maintainability in ASC.

Rest of the paper comprises of Sect. 2 which states the I4.0 to A4.0; Sect. 3 gives
application of I4.0 to ASC; Sect. 4 states the benefits of I4.0 in agriculture sectors;
and Sect. 5 gives the conclusion.

2 Industry 4.0 to Agriculture 4.0

The exchange of the I4.0 to the Agri-food Industry will bring about an exchange
of advantages to this industry. The utilization of advanced technologies will permit
acting solidly on the elements of creation, catalyzing the development cycle previ-
ously presented by the accuracy of the agribusiness worldview [9]. These innovations
have then developed to the current day getting progressively refined and dependent
on computerized, establishing, about the assembling area, the real I4.0 advances.
The full-scale wonder I4.0 has all the earmarks of being upheld by a progression of
extremely clear innovative marvels [10]. 63% of the market produced by I4.0, for
example, around1billionEuros, is legitimately associatedwith connected factory and
IoT. 20% of the market, worth e330 million, is spoken to by industrial analytics. At
about 9%, arriving at an estimationofe150million,we locate a significantmarvel, for
example, cloud computing. 8%, for 120 million euros, blocks the advanced automa-
tion that incorporates self-ruling and communitarian creation and dealingwith frame-
works, mechanical technology, and collective mechanical technology. About 1%, for
an estimation of 15 million Euros, is identified with the advanced human-machine
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interface which sets up the function of watchers for increased reality, 3D scanners,
and wearable and new human-machine interfaces as a contact [11].

Theutilization of the standards of I4.0, best spoke to in the smart factory, is seennot
just as a genuine component of separation between organizations yet additionally as a
catalyst for supportable improvement. Agricultural processing plants and additional
benefits associated with the Internet gather and examine information coming from
keen items and their savvy applications [12]. Information examination permits orga-
nizations to all the more likely characterize market conduct and client needs and by
implication recommend giving them new and/or more economical items and admin-
istrations. That speaks to a transformative potential for the organization, without
question versatile (Deloitte, 2014). The normal advancement is accordingly recog-
nizable in any event in three territories. The smart farm consists of collaboration,
coordination, and cooperation for developing efficiency in the over-all operations
[13]. The smart SC concerning the administration of streams (material and unimpor-
tant) between the different entertainers in the SC. The smart life cycle regarding the
universe of item improvement and the board of as long as it can remember cycle [14].
All executed through IoT applications, analytics, cloud stages, and so forth. These
advancements will ensure the area higher livelihoods on account of the chance of
getting higher creation yields and lower costs or more all lower ecological effect and
more prominent sanitation for the buyer [15].

A4.0, in similarity to I4.0, represents the incorporated inner and outer systems
administration of cultivating tasks. This demonstrates that advanced structure infor-
mation is available in agricultural measures like providers’ interchanges with end
clients performed electronically. A4.0 upheaval measures like information transmis-
sion, handling, and examination are computerized. Farmers’ fields used with inno-
vation and development bring about reasonable rural creation and efficient develop-
ment. The investigation presents that farming development, nature of the climate,
and other reasonable angles result from A4.0. The effects on work concentrated
agribusiness field’s cause because of the Fourth Industrial Revolution. This trans-
formation made two advances man-made brainpower which benefits in dynamic
capacity and large information which helps in the examination of measurable infor-
mation gathered by various procedures. These innovations are created by a few
hey tech associations under exactness agriculture areas. These areas are utilized in
farming exercises like an investigation of soil dampness, the strength of yield, forecast
of the careful collect season of harvest, and planning of nuisance control. Framework
named the Internet of Things (IoT) making it conceivable to work farmer by means
of distantly through cell phones estimates temperature, moistness, and measure of
daylight underway homesteads which increment the creation with esteem added.
Cultivating these days changing in innovation and creation rehearses business size,
asset control, and activity, a plan of action with purchasers and providers [16]. These
works give creative cultivating tasks agriculture improvement which brings about
new agribusiness in the US. They introduced arrangements for cultivating change
to the modern plan of action through expanded quality security and recognizability
requests of processors, customers of food items, measure control advancements that
encourage the organic assembling of yield and animal items. Industry 4.0 alludes to



304 S. Mukherjee et al.

the keen production line, which comprises of cycles interrelated by the Internet of
Things (IoT). Organizations that produce, measure, assembling, sell and serve food,
drink, and dietary enhancements are alluded to as food business which contains all
phases of the cycle, including plan, development, support, and conveyance of answers
for the client [17].

3 Applications of Industry 4.0 in ASC

• Blockchain innovation in farming included smart contracts to put away informa-
tion from its cause to the last client end guaranteeing the authenticity and inception
of every exchange. Blockchain innovation stays away from expected cheats on
the nature of items by controlling the treatment surrendered all through the chain
to the retail location.

• The expected development of the IoT business is in the agricultural areas. IoT
innovation opens worldwide the potential outcomes of conveying IoT gadgets in
agriculture with the capacity of detecting information distantly. The cultivating
information gathered by gadgets joined to sensors influence the development of
yields continuously screens to ameasurable study shows further preparing through
IoT.

• Agriculture areas are created with A4.0 innovations that had been utilized. Drone
examination uses to catch pictures of harvest investigations by enormous informa-
tion on how the crops are yielding. With the utilization of robots, farmers distin-
guished which piece of farming required watering or manures, weed expulsion
territory without any problem. These days this robot utilized as far off compost
vehicles in cultivating so explicit regions or individual plant covers without any
problem.

• Different methods were used to gather the information to improve agrarian area
advancement. “Big Data” signifies preparing a gigantic measure of information
gathered from information communication technologies (ICT) that prompt quick
dynamic information for improving profitability. Since all information is acces-
sible from the most recent decade away in regards to trim cycle, yield issues,
focuses on every farmer take preventive measures with new devices in A4.0 for
various climate conditions.

• Agriculture robots will work in various fields like creation, handling, conveyance,
and utilization. These robots recognize the administration air and independently
offer shrewdwork. The fourth insurgency brings about the usage of robots inmany
cultivating gear for the determination of suitable items and legitimate appropria-
tion of irritations for bug control. This procedure additionally fixed with the ethe-
real vehicles used to control the wellbeing with customary checking of organic
products, vegetables, and creatures in the farming field.

• The smart cultivating innovation under exactness agriculture is used to quantify
crop yield and constitution. Likewise, these upsets in farming areas are utilized
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for noticing various sorts of yields, their development during supporting and post-
reaping periods. The A4.0 ideas create accuracy agriculture which is utilized for
overseeing various exercises in farming.

• The “Global Positioning System” (GPS) is a worldwide satellite framework
utilized for situating and route. This framework is initially created for the military,
and these days this framework with A4.0 is utilized in different fields in farming.
GPS has been utilized in agrarian gear for both fixed units and hand-held gadgets.
The errand performed by GPS frameworks like recording positions and develop-
ments, self-ruling, or helped driving with applications, for example, monitoring
and backing on equal excursions, self-governing driving.

4 Benefits of Industry 4.0 in Agriculture Sectors

I4.0Technologies and IoThave the potential to transformagriculture inmany aspects.

• Data, huge loads of information, gathered by smart farming sensors. Information
gathered by the sensor is dissected and states climate conditions, soil quality,
yields development progress, or steers wellbeing. This information can be utilized
to follow the plants and gear proficiency.

• Better power over the interior cycles and, therefore, lowers creation chances. This
new procedure help in getting ready for better item appropriation relies upon yield
expectation by information preparing.

• Cost the board and waste decrease on account of the expanded command over
creation. With constant checking in I4.0 assists with lessening waste and cost the
executives to be utilized for specific farmers. This builds the yield of the harvest.

• Increased business effectiveness through cycle computerization. The usage of
shrewd atomized gadgets in most extreme movement underway cycle like water
system, treating, and bug control expands the matter of farmers in type of more
noteworthy yield.

• Enhanced item quality and volumes. Controlling all the farming cycles and
keeping up an elevated requirement of grain quality, profitability is expanded.

5 Conclusions

This research aims to fill the gap in the usage of advancements associated with
I4.0 inside the ASC network. It additionally features the uses or applications of
I4.0 in the ASC network. A few innovations can bring about both of chances and
risks because all the various territories are interconnected. It could have a positive
or negative meaning with no specific limits between them contingent upon where
it was investigated. This will empower mass customization, permitting organiza-
tions to satisfy clients’ needs, making an incentive through continually acquainting
new items and administrations with the market. Advances from I4.0 empower the
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independent mechanizing of whole acquisition forms and the self-governing partic-
ipation of products and enterprises across hierarchical outskirts. I4.0 to A4.0 can
generate lots of technological innovations and advancement in the agro-industries.
These technologies will help the farmers a lot as they will be able to get more profits
and less wastage.
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Optimization of Process Parameters
in Micro-EDM Through Mixed Flushing
and GRA Technique
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1 Introduction

Among the non-traditional concepts of machining, EDM is widely used to produce
dies and many other profiles on any kind of electrically conductive material. The
surface workpiece is gradually sparked and eroded by thermal energies through a
series of sparks in the gap between electrode and workpiece immersed in a dielectric
liquid. Any kind of hard material can be machined with high precision and accuracy.
Hence, it is commonly used in finishing parts for aerospace and automotive industry
and surgical components. This technique was developed in the 1940s. As soon as the
electrode is moved in, the vicinity of workpiece until the gap is too small to ionize the
dielectric fluid. There happens continuous initiation of sparks having micro-second
duration in the dielectric area between the tool and workpiece material [1]. The
material is removed with spark and erosion phenomenon by electrical discharges
from tool to workpiece via dielectric medium. In EDM machining, the tool and
workpiece are separated by a very small distance known as the inter-electrode space
containing the dielectric medium as shown in Fig. 1; thus, chances of mechanical
stress and vibrations are reduced to a large extent.

2 Literature Review

Urso et al. [2] have fabricated holes using micro-EDM machining; the investiga-
tion focused on the effect of electrodes and workpiece materials on the process
performance and was expressed in terms of tool and wear ratio. In particular, the
influence of four workpiece materials (titanium, magnesium, SS and brass), three
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Fig. 1 Schematic of EDM process

electrode materials (tungsten carbide, brass and copper) and two electrode profile
were investigated. Munz et al. [3] have found that too much flushing resulted in
opposite process behaviour and reduced the speed of drilling; however, on the basis
of supplied current to the gap, there was an optimal dielectric flow rate in order to
obtain a higher drilling speed. It was also concluded that flow rate of dielectric and
material removal was directly proportional in nature. Ayesta et al. [4] used different
flushing arrangements inside the slots for this experimental study. A camera having
high speed capture rate was used in the tests to observe and analyse the particle
movement pattern within the slot. Trials done without flushing, intermittent flushing
using a nozzle and a continuous arrangement for flushing were implemented inside
the machining zone. In addition to this, electrode jump heights were programmed.
The results highlighted the fact that the best debris removal was obtained along with
application of continuous dielectric spray in the form of flushing.

Fu et al. [5] had machined the workpiece with different tool materials and further
classified them as rough machining, semi-finish machining and finish machining
conditions. As the tool feed had a great influence of the tool material, the time for
machining was examined to get the detailed tool feed information. Since machining
accuracy depends upon machining feed and side gap, their relationship was investi-
gated. Similarly, machining feed and tool wear ration were also studied and investi-
gated along with the investigation of tool material on the wear aspect. Niamat et al.
[6] have discussed the effects of factors like pulse-on-time (µs) and current (A) for
the response measurement while using fluid materials like water and kerosene as
the dielectric medium. A study to compare the responses like MRR and TWR was
performed while using water and kerosene separately as the dielectric mediums.
Aluminium 6061 T6 alloy has been extensively used in the automobile and aviation
industries. Natarajan and Arunachalam [7] used GRA to investigate the optimiza-
tion of process parameters micro-EDM for SS 316 workpiece and concluded that
current came out to be the most influential factor. Pradhan [8] used GRA along
with principal component analysis (PCA) for the optimization of EDM machining.
Chakravorty et al. [9] used two sets of past experimental data on EDM processes
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in order to compare four different optimization methods. It was found that utility
theory method gave overall better optimization than GRA based and other methods.
Dewangan and Biswas [10] used GRA based Taguchi technique to study the opti-
mization process of various responses like MRR and TWR of EDM on a AISI P20
tool steel workpiece material; where a copper tool electrode of cylindrical geometry
was used. Priyadarshini and Pal [11] investigated using GRA based PCA optimiza-
tion resulted better feasible parametric settingwhichwere also in accordancewith the
validation experiments. This research aims to study the effects of material density of
electrodes (copper, aluminium and brass), current (ampere),T on (µs),T off (µs)which
were evaluated for the performance measure and analysis by using a combination
of through and side flushing. A comparison was performed for different electrode
density material for responses like MRR (g/min), TWR (g/min) and micro-images
of surface finish.

3 Experimental Set-up and Procedure

Diesinking (SPARKONIX 35A) EDM was used for the experimentation. In micro-
machining, removal of debris is a major issue with increase in depth of the hole,
as soon as the sparking starts and the material starts to erode; there is an urgent
requirement to flush-off the machining area, otherwise the eroded material again
sticks to the machined surface. The impulse flushing which is the default flushing
method fails to remove the debris inside the hole; however, it flushes off the debris
in the initial machining time. To rectify this problem, one of the impulse nozzles had
been modified to allow the dielectric to pass through the tool electrode, and hence,
debris accumulated just beneath the tool electrode gets removed to a certain extent.
A mixed flushing arrangement was employed for the micromachining task as shown
in Fig. 2 Mild steel plate with thickness 5 mm was used as the workpiece material

Fig. 2 Mixed flushing
arrangement
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Fig. 3 Mild steel workpiece

Table 1 Electrode materials
and density

S. No. Electrode material Density (g/cm3)

1 Copper 8.96

2 Aluminium 2.7

3 Brass 8.73

as shown in Fig. 3 with kerosene oil as dielectric medium. Three different materials
(copper, brass and aluminium) were used as the tool electrode, Table 1 shows the
density corresponding to each electrode material. The tool electrodes were hollow in
geometry with internal diameter 0.8 mm. For each electrode material and workpiece,
based on the pilot studies, best machining process parameters were identified and a
set of parameters were selected. The effects of material density of electrode (copper,
aluminium and brass), current (ampere), pulse-on-time (µs) and pulse-of-time (µs)
were evaluated for performance measures using mixed flushing arrangement.

Electrode and workpiece were weighted using digital weight balance prior and
post each experimental run. Machining time was obtained by using a stopwatch for
a constant 10 min run. The obtained weight differences in electrode and workpiece
were divided by time to get MRR and TWR in the unit of mg/min, where “n” shows
number of experiments and “y” shows observed values of MRR and TWR.

All the parameters were set at three levels based on the pilot studies performed in
order to get the range as given in Table 2. The experiments were performed by taking
in consideration the Taguchi’s L9 orthogonal array. Further the experimental design
is given in Table 3. After getting the output in the form of MRR and TWR, S/N ratio
was calculated in order to analyse the overall effects of parameters on responses. S/N
ratio was calculated for MRR using higher the better S/N ratio as shown in Eq. (1).
On the contrast note, lower the better S/N ratio was employed for TWR as shown in
Eq. (2) [11].
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Table 2 Factors and levels

Factors Symbol Unit Levels

I II III

Density ρ g/cm3 8.96 2.7 8.73

Current I A 3 6 9

Pulse-on-time Ton µs 30 50 70

Pulse-off-time Toff µs 40 60 80

Table 3 Experiment results

Run No. ρ I Ton Toff MRR (g/min) TWR (g/min)

1 8.96 3 30 40 0.021094 0.000837

2 8.96 6 50 60 0.053069 0.003515

3 8.96 9 70 80 0.061272 0.006361

4 2.70 3 50 80 0.02 0.003333

5 2.70 6 70 40 0.007222 0.010555

6 2.70 9 30 60 0.013889 0.031666

7 8.73 3 70 60 0.001718 0.005326

8 8.73 6 30 80 0.001031 0.013573

9 8.73 9 50 40 0.001546 0.016323

Higher the better

(
S

N

)
= −log

(
1

n

(∑(
1

y2

)))
(1)

Lower the better

(
S

N

)
= −log

(
1

n

(∑(
y2

)))
(2)

MRR resulted out to be minimum for brass; however, it increased for aluminium
and the highest obtained MRR resulted while using copper electrode. As far as the
effect of current is concerned, maximumMRRwas seen at the highest level of current
whileminimumMRRcameout to be at the intermediate level.T on andT off had similar
effect on MRR, and the intermediate levels of T on and T off resulted in highest MRR.
So the optimum set of factors for MRR came out to be ρ = 8.96 (Copper), I = 9 A,
T on = 50 µs and T off = 60 µs. While analysis the effects of factors on the TWR, it
was found that lowest TWRwas seen in case of copper electrode while highest TWR
came out while using the brass electrode. Minimum TWR was found at 9 A while
maximum at 6 A current. T on and T off had similar effect on TWR as the intermediate
levels yielded lowest TWR (Figs. 4 and 5).

Figures 6, 7 and 8 shows the machined surface with copper, brass and aluminium
electrode, respectively. Figure 6 shows the machining through copper electrode;
it has yielded better material removal and good surface finish than that of brass
and aluminium electrodes. This has been achieved due to proper debris removal
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Fig. 4 S/N ratio for MRR

which has been achieved due to mixed flushing arrangement and the better electrical
conductivity of copper. Figure 7 shows the machining through aluminium electrode;
it has yielded significant material removal while surface finish was not as good as
that obtained in case of using copper electrode. This could be related to the relatively
lower electrical conductivity of aluminium as compared to copper. Figure 8 shows the
machining through brass electrode; it has yielded the lowest material removal, and
surface finish is not as good as that obtained in case of using copper and aluminium
electrodes. This could be related to the low value of electrical conductivity of brass
as compared to the other two electrodes. It can be clearly seen that brass debris have
sticked in the hole depth.

4 Grey Relational Analysis

There is a limitation in case of Taguchi technique of optimization, and it can either
analyse the response with S/N ratio as larger is better or smaller is better. In this case,
MRR should be analysed with S/N ratio as larger is better and TWR with S/N ratio
smaller is better. To obtain multi-objective optimization, GRA had been used on the
response data. GRA technique analysed the optimization by taking into consideration
of different response parameters having dissimilar characteristics. Thus, applying
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Fig. 5 S/N ratio for TWR

Fig. 6 Hole with copper tool
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Fig. 7 Hole with aluminium
tool

Fig. 8 Hole with brass tool

GRA converts the multi-objective into a single objective as given in Table 4. Steps
performed in GRA analysis are listed below [11]:

1. Normalize the response values MRR and TWR in the range 0 to 1 by taking into
consideration the nature of response measure (like higher is better or smaller
is better). In case of higher the better, the response normalization is done by
Eq. (3); while in case of smaller the better, the response normalization is done
by Eq. (4) [12].
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Table 4 GRA normalizing and deviation sequence

Run
No.

Output/response Normalizing Deviation sequence

MRR TWR MRR TWR MRR TWR

1 0.021094 0.000837 0.333041 1 0.66695941 0

2 0.053069 0.003515 0.863829 0.913134 0.13617054 0.086866262

3 0.061272 0.006361 1 0.820818 0 0.179181939

4 0.02 0.003333 0.314884 0.919037 0.68511554 0.08096273

5 0.007222 0.010555 0.102775 0.684777 0.89722522 0.31522268

6 0.013889 0.031666 0.213441 0 0.78655928 1

7 0.001718 0.005326 0.011409 0.85439 0.98859115 0.145609653

8 0.001031 0.013573 0 0.586882 1 0.413117519

9 0.001546 0.016323 0.008557 0.497681 0.99144336 0.502319245

X∗
i (k) = Xi (k) − min Xi (k)

max Xi (k) − min Xi (k)
(3)

X∗
i (k) = max Xi (k) − Xi (k)

max Xi (k) − min Xi (k)
(4)

where X∗
i (k) and Xi(k) are the set of normalized data and the initial observed data

for the ith experiment and kth response.

2. Deviation sequences are calculated from the normalized values as obtained in
the previous step.

3. Grey relational coefficient (GRC) values ζ i(k) are generated which can be used
to compare the theoretical and experimental data [12].

ζi (k) = �min + ζ�max

�i (k) + ζ�max
(5)

�max and �min refer to the highest and lowest values in the different data series,
respectively. The coefficient ζ always ranges in between 0 to 1.

4. Grey relational grade (GRGs) is obtained by taking the mean of the grey
relational coefficient values.

5. Based on the GRGs, ranking is done by assigning the highest GRG with rank 1.

Table 4 demonstrates the results of GRA normalizing and deviation sequence
calculation, while Table 5 shows theGRCs alongwithGRGs and the ranks calculated
on the basis of these GRGs. Table 6 has been summed up by taking the mean value
of GRGs of each factor at level I, II and III, respectively. The difference between
maximum and minimum values has been used to predict the rank of the factors in
the experiment.
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Table 5 GRA rank calculation for experiment run

Run No. GRCs GRGs Rank

MRR TWR

1 0.428463917 1 0.714231958 3

2 0.785952776 0.851982866 0.818967821 2

3 1 0.736179765 0.868089882 1

4 0.421899793 0.860640406 0.6412701 4

5 0.357852116 0.613329354 0.485590735 6

6 0.388633473 0.333333333 0.360983403 9

7 0.335888065 0.774461778 0.555174922 5

8 0.333333333 0.547574643 0.440453988 7

9 0.335245719 0.498843061 0.41704439 8

Table 6 GRA rank for factors

Factors Level Range Rank

I II III

Density 0.80043 0.495948 0.470891 0.329539 1

Current 0.636892 0.581671 0.548706 0.088186 3

Pulse-on-time 0.505223 0.625761 0.636285 0.010524 4

Pulse-off-time 0.538956 0.578375 0.642135 0.103179 2

5 Conclusion

Based on the above experimental study performed on the mild steel workpiece using
different tool electrodes, following observations were noted:

1. Without proper flushing arrangement, the debris could accumulate on the
machining area, resulting in poor surface finish inside the hole.

2. The optimum set of factors for MRR came out to be ρ = 8.96 g/cm3 (Copper),
I = 9 A, T on = 50 µs and T off = 60 µs.

3. Better hole quality in terms of surface finish and depth was seen in case of
machining with the hollow copper tool.

4. Hole quality as obtained by machining with the hollow brass tool resulted in
poor surface finish; accumulation of debris damaged the finish of the surface
and shortened the hole depth.

5. Tool wear was observed the maximum in case of copper followed by aluminium
and brass.

6. Based onGRA, it was observed that experiment number 3with electrode density
8.96 g/cm3, current 9 A, T on 70 µs and T off 80 µs was the overall best run in
terms of MRR and TWR.
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7. GRA study also concluded that density was the most dominant factor followed
by T off, current and T on.

References

1. Jaiswal, V. K., Paul, A., Yadav, V., & Singh, V. (2018). Literature review on electrical discharge
machining (EDM), International Journal for Scientific Research and Development, 6(05).

2. D’Urso, G., & Merla, C. (2014). Work piece and electrode influence on micro-EDM drilling
performance. Precision Engineering, 38, 903–914.

3. Munz, M., Risto, M., & Haas, R. (2013). Specifics of flushing in electrical discharge drilling.
Procedia CIRP, 6, 83–88.

4. Ayesta, I., Flaño, O., Izquierdo, B., Sanchez, J. A., & Plaza, S. (2016). Experimental study on
debris evacuation during slot EDMing. Procedia CIRP, 42, 6–11.

5. Fu, Y., Miyamoto, T., Natsu, W., Zhao, W., & Yu, Z. (2016). Study on influence of electrode
material on hole drilling in micro-EDM. Procedia CIRP, 42, 516–520.

6. Niamat, M., Sarfraz, S., Aziz, H., Jahanzaib, M., Shehab, E., Ahmad,W., &Hussain, S. (2017).
Effect of different dielectrics on material removal rate, electrode wear rate and microstructures
in EDM. Procedia CIRP, 60, 2–7.

7. Natarajan, N., & Arunachalam, R. M. (2011). Experimental investigations and optimization
of process parameters in micro-EDM with multiple performance characteristics. International
Journal Experimental Design and Process Optimization, 2(4), 336–356.

8. Pradhan,M.K. (2012).Determination of optimal parameterswithmulti response characteristics
of EDM by response surface methodology, grey relational analysis and principal component
analysis. International Journal of Manufacturing Technology and Management, 26(1/2/3/4),
56–80.

9. Chakravorty, R., Gauri, S. K., & Chakraborty, S. (2013). A study on the multi-response
optimization of EDM processes. International Journal of Machining and Machinability of
Materials, 13(1), 91–109.

10. Dewangan, S., & Biswas, C. K. (2013). Optimization of machining parameters using grey
relation analysis for EDM with impulse flushing. International Journal of Mechatronics and
Manufacturing Systems, 6(2), 144–158.

11. Priyadarshini,M., & Pal, K. (2016).Multi-objective optimization of EDMprocess using hybrid
Taguchi-based methodologies for Ti-6Al-4V alloy. International Journal of Manufacturing
Research, 11(2), 144–166.

12. Lin, J. L., Wang, K., Yan, B., & Tarng, Y.S. (2000). Optimization of the electrical discharge
machining process based on the Taguchi method with fuzzy logics. Journal of Materials
Processing Technology, 102(1), 48–55.



The Effect of Different Parameters
on MRR, Surface Finish While EDM
Machining Titanium Alloys: A Review
Study

Jatin, Lokesh Kumar, and N. Gupta

1 Introduction

Titanium and its alloys are low machinability metals. The melting point is very high
and is very hard and thus difficult to machine [1]. Different researchers have used
different machining techniques as hard machining, EDM, USM, etc. to machine
them.

Electro discharge spark erosion machining is known as electric discharge
machining (EDM). In the EDMprocess, the metal is removed by the erosion process.
Erosion of metal is based on spark discharges [2]. When the two current conduction
wires touch each other, an arc is produced during the machining. If we glance closely
at the purpose of contact between two wires, a tiny low portion of the metal has been
scoured away, effort a tiny low crater [3].

In general, metal removal rate (MRR) has good performance in EDM. It also
increased surface roughness. The production of rocket science components like
landing gear components, IC engines are made up of good surface finish with EDM.
For macro-sinking EDM application, copper and graphite are the best electrode
material for use. As of now, graphite becomes the most preferable non-metal, espe-
cially during roughing [4]. Because of its properties, graphite is a good conductor
of electricity and heat at small amounts of tool wear to obtain the conditions. So,
the parameters that obtained profile accuracy is improved [5]. Graphite is up to
accomplish anode wear of under 1% corresponding to the profundity of slice while
working to more forceful machine boundaries. That is rather than copper, the high
electrical marvel and more on-times truly safeguard the carbon conveyor [6]. That is
in contrast to copper, the more electrical phenomenon and staying more on intervals
really to prevent the carbon conductor. The surface finish of copper is very fine. At
the present time, EDM machine technology is civilized, and the surface finish gap

Jatin · L. Kumar · N. Gupta (B)
Mechanical Engineering Department, DTU, New Delhi, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
R. Agrawal et al. (eds.), Recent Advances in Smart Manufacturing and Materials,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-16-3033-0_30

321

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3033-0_30&domain=pdf
https://doi.org/10.1007/978-981-16-3033-0_30


322 Jatin et al.

between graphite and copper is very fine. First of all, we can investigate the specific
behaviour in detail and join with many physical properties of graphite material that is
used for roughing. After the result, a few supported different conductor materials for
a takingmachining task is feasible. The titanium alloy is lightweight, corrosion resis-
tant, high toughness, having high weldability and shows high hardness at extreme
temperatures [7]. Due to these reasons, it has potential to replace aluminium and
its alloys from the aerospace industry. It can be used with composite materials in
the aerospace industry. Also, it can be machined accurately and efficiently with the
EDM.

The EDM can be used for machining titanium alloys. Mostly, the titanium alloy
with 38 grades can be machined through EDM, and for very wide industrial appli-
cation, titanium alloy of 5 grades is used. Many types of research had been done on
machining of titanium alloy with EDM; it is observed that among the different elec-
trode materials used for machining, the graphite electrodes show the highest material
removal rate.

The necessary distinction of different Ti6AI4V ELI (grade 23) and Ti6AI4V
(grade5) is the decrease in the quantity of gas content to 0.13% (maximum) in grade
twenty-three. This refers to increased fracture and ductility properties with some
decrease in strength criteria. Ti6AI4V ELI has been mostly preferred in offshore
tubular and fracture in the critical airframe structure [7]. Although graphite has some
problems using it, graphite has housekeeping dust-related problems and decreases
the margin of safety of direct current. Graphite is the most usable material because of
its good properties and some other advantages. This research paper builds a compre-
hensive review on the electric discharge machining of different types of titanium
grades and its alloys. In this review, the paper showed the experimental studies and
hypothesis and theoretical studies on electric dischargemachining. It mainly concen-
trated to better the process performance, withMRR, the quality of surface, the rate of
tool wear. It also tells about the models and processes used to determine the electric
discharge machining (EDM) process conditions [8].

2 EDM Process Parameters

There are several parameters onwhich a process is dependent, termed as input process
parameters.Also such parameters are termed as control parameters. Someof the input
control parameters are as follows:

2.1 Discharge Current

The amperage of current affects the metal removal rate (MRR) and surface finish.
In different stages of power that may be contained by the generator of the electric
discharge machining and shown to be the norm of the discharge current intensity.
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2.2 Interval of Pulse On

It is allowed the distance of your interval (µs) present to flow per cycle. The unnec-
essary part of the material removed is directly dependent on the quantity of energy
applied throughout the interval of pulse on time. The discharge current is controlled
by energy and also the distance of interval pulse on [6].

2.3 Interval Pulse Off

It is the distance of your interval (µs) between the two different sequential flickers
(interval pulse off). Now permits the liquefied medium to solidify and to be washed
out of the arc gap. This process is to have an effect on the velocity and also the
solidity of the cut.

2.4 Duty Cycle

It is a share of the interval pulse on related to the overall cycle interval. Determine this
parameter by dividing the interval pulse onto the overall cycle interval (interval pulse
on and interval pulse off). The results increased by one hundred for the proportion
of potency, known as the duty cycle.

2.5 Dielectric Pressure

This is the flushing pressure of the material jet that removes the chip or rubble made
throughout the EDM method removed from the gap zone. This worth of pressure is
measured by a gauge existing within the EDM machine.

2.6 Polarity

The machine will run either in traditional polarity or reverse polarity. The polarity
is always used in straight lines during which negative is the tool and positive is the
workpiece, whereas in reverse polarity, the positive is a tool, and the negative is the
workpiece [9].
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2.7 EDM of Different Titanium Alloys.

In aerospace industries, the cooling hole of turbines and the precise cutting of blade
tips are mostly done and manufactured by electro discharge machining (EDM) [10].
The EDM has certain different combinations of workpiece and tools. Many tests had
been conducted on different grades of graphite for selecting the tool, and the best
grade graphite tool was selected to conduct the experiment on Charmilles RoboForm
41 (manufactured in 1993) for optimizing the material removal rate (MRR). This
experiment was done in 2012 by Klocke et al. [11]. This machine tool is applied
to different materials workpiece as Inconel 718, Ti-6A-4A, and Ti-X. The Ti-X is
also machined with OPS Ingersoll gantry eagle 500 (manufactured in 2010). As per
results among the MRR of different titanium alloys as Inconel 718, Ti-6A-4V, Ti-X,
highest MRR was observed in Ti-X.

3 Results and Discussion

The interpretations of the experimental study analysed were presented in the
following session:

The impact of different EDM parametes on Ti-6Al-4V sing drinking water as
dielectricwas studied.Many experimentswere done on different parameters of EDM.
But a recent experiment was done by changing the concentration of graphite powder
in drinking water which was used as the dielectric fluid for EDM. This experiment
was done in July 2020, by Gugulothu et al. [7]. The composition of the titanium alloy
(Ti-6Al-4V) is given as carbon: 0.08 (maximum), aluminium: 5.5–6.5, vanadium:
3.5–4.5, nitrogen: 0.05, oxygen: 0.13, iron: 0.25, hydrogen: 0.01, and the rest is
titanium.

In the experiments [7], output parameters takenwerematerial removal rate, surface
roughness and average recast layer thickness.

Analysis of MRR and tool wear for roughing in sinking EDM using different
graphite grade.

For industrial applications, graphite is one in every of the foremost usable mate-
rials. It is used in EDM sinking as electrode/tool, within the optimized parameters
results in a really small amount of tool wear rate joined with a large metal removal
rate (MRR). After the result, the number of tool electrodes for an exact EDM task
will be decreased remarkably resulting in terribly small machining time [12]. A satis-
factory discussion for these edges could not be found so far. So, the definite wear
behaviour and MRR are analysed thoroughly during this research paper along with
graphite material characteristics. There are five different types of graphite chosen to
determine the specific electric resistance, thermal conductivity and grain size.

In another experimental study, theMRRwas calculated for each graphite material
first with the finest grain size [13]. The results proved that electric energy decrease
at the tool electrode is smaller if the electric resistance is small.
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The impact of different electrodes tools (copper and graphite) on EDM of SS316.
This experiment was done in November 2019 by Selvarajan et al. [14]. In this

experiment, they used copper and graphite as their electrode at the positive polarity
and SS316 as the workpiece at negative polarity EDM oil as the dielectric and a DC
power source for current. They studied the impacts of the electrical parameters like
current, the impulse of ON time, the impulse of OFF time and find the results for
MRR, electrode roughness and machining time. The composition of the work mate-
rial is given as carbon 0.08%, manganese 2%, phosphorus 0.045%, sulphur 0.030%,
silicon 0.75%, nickel 10–14%, chromium 16–18%, nitrogen 0.10%, molybdenum
2–3% and rest iron. The different parameters were the current levels which were as
follows: 10, 12, 14 (A); the impulse on time was as follows: 8, 10, 12 (s); the impulse
off time was as follows: 4, 6, 8 (s), and the results shows MRR, machining time and
average roughness.

4 Conclusion

Titanium and its alloys are low machinability metals. The melting point is very high
and is very hard and thus difficult to machine [1]. Different researchers have used
different machining techniques as hard machining, EDM, USM, etc. to machine
them. While analysing the experimental research study, some of the conclusions
drawn were as follows:

With the same tool and all other parameters to be constant, theMRRof the Inconel
718 was highest.

The electric energy decreases when the tool electrode is smaller as it offers smaller
electric resistance.

The MRR is more for graphite electrodes than copper electrodes by keeping all
the parameters the same.

The surface roughness of the copper electrode is more than the graphite tool by
keeping all the parameters the same.

The machine time of graphite electrodes is less than the copper electrode by
keeping all the parameters the same.
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Determination of Defect-Free Working
Range of Friction Stir Processing
for AA6082-T6

Jainesh Sarvaiya and Dinesh Singh

1 Introduction

Friction stir processing (FSP) is a solid-state technique used to modify surface prop-
erties, crack repair, remove casting defects, fabricate surface composites, and many
more. FSP has environmental benefits as it produces no fumes and consumes lower
energy compared to other conventional fusion processes. Mishra et al. [1] first devel-
oped the FSP in 1999 to improve microstructural characteristics [2]. The working
principle of the FSP is similar to that of friction stir welding (FSW), which was
invented by Wayne Thomas and his team to join dissimilar materials at The welding
institute (TWI) in 1991 [3]. In FSP, a high-strength non-consumable stirring tool
with a pin generates enough heat to plasticize work material, so that it can penetrate.
Figure 1 schematically represents the relative movement between the tool and work-
piece with its terminology. This localized heat generation results from severe plastic
deformation and friction between tool and work material produce ultra-fine grain
microstructure [4]. During FSP, the amount of material in front of the tool is forged
with the stirring tool pin and shoulder and shifted to the trailing side of the tool as
it traverses ahead. However, during the shifting of this plasticized material, some
amount of material is lost in the form of flash as a result of insufficient consolidation
of material in the stir zone. It is also observed that the proper selection of process
parameter levels is crucial for the defect-free surface of FSPed material [5, 6].

There are numerous articles available on the optimum tool pin profile for the effec-
tive mixing of material and homogeneous particles distribution [7–10]. Researchers
widely utilized square and threaded pin tool profiles as their benefits of pulsating
effect and vertical motion of material, respectively [10, 11]. Sharma et al. [12] fabri-
cated Al-SiC surface composites through FSP and optimum level of tool rotational
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Fig. 1 Schematic diagram of FSP

speed at which excellent mechanical and corrosion properties can be achieved.
Beyond or below this rotational speed, the properties of the material deteriorates.
Despite achieving homogeneous reinforcing particle distribution at a higher rota-
tional speed, the probability of getting a defect-free stir zone is higher at the lower
rotational speed [13]. The insufficient material flow due to selecting inappropriate
process parameters or tool pin profiles is responsible for defect formation like a
wormhole, tunnel defects, voids, and line defects [14]. The literature reveals that
researchers need to perform several trial and error pilot experiments to identify the
appropriate process parameters for the defect-free friction stir processed (FSPed)
sample [15, 16]. The researcher usually select randomly process parameters level and
try to fabricate good-quality FSPed material by altering its levels [17]. The present
work has attempted to explore the various process parameters and the proposed
standard way for identifying working limits for process parameters in the FSP of
aluminum alloys. The experiments were conducted at different levels of process
parameters such as tool rotational speed (TRS), processing speed (PS), and tilt angle
(TA). This work helps the novice researchers to save their time in the determination
of FSP parameters working range.
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2 Experimental Procedure

Aluminum alloy AA6082-T6 sheet of thickness 8 mm purchased from local supplier
M/s Gautam Metal, Surat, India. Typically, high-stress structural applications like
trusses, bridges, cranes, transportation applications, ore skips, milk churn, beer
barrels, etc. The purchased sheet is further cut in a rectangular dimension of width
50mm and length 200mmwith the help of a power hacksaw. The chemical composi-
tion of as-received material and its weight percentage is shown in Table 1. Tool mate-
rial is H13 with a concave shoulder profile of diameter 22.5 mm and a threaded pin
profile of length 5 mm and diameter 5 mm (see Fig. 2b). Plunge depth kept constant
at 0.12 mm. Surface defects, excessive flash, excessive vibration, and sticking of
work material on the tool are the criteria to identify the working range of process
parameters like TRS, PS, and TA.

The experiments are conducted on a conventional 3-axis vertical milling machine
manufactured by M/s Batliboi Udhna division of model no. BFV-5. The discrete
machine control parameter ranges between 45 and 2000 rpm for rotational speed and
5–450mm/min for transverse speed. Thework plate is placed on amachine tablewith
a specially designed and fabricated fixture that avoids movement and vibration of the
workpiece during processing (Fig. 2a). The peak temperature is measured using a
K-type thermocouple on the advancing side and retreating side at 15 mm away from

Table 1 Chemical composition of AA6082-T6 (in wt. %)

Element Si Mg Mn Fe Cr Zn Ti Cu Al

Standard value 0.7–1.3 0.6–1.2 0.4–1 0–0.5 0–0.25 0–0.20 0–0.1 0–0.1 Bal

Actual value 0.85 0.92 0.26 0.43 0.17 0.18 0.03 0.03 Bal

Fig. 2 a Vertical milling machine with fixture arrangement and b FSP tool
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the stir zone center. The thermocouple probe diameter of 1 mm is inserted in 1.5 mm
diameter at 4 mm depth of the blind hole.

3 Result and Discussion

3.1 Identifying the Working Range of Process Parameters

Tool rotational speed and processing speed. Table 2 shows the experiments
performed with different levels of process parameters, peak temperatures, sample
images, and observations. The lower limit of TRS is kept at 500 rpm because it is
difficult to penetrate the tool pin in work material below that rpm due to insuffi-
cient heat generation. The PS upper limits are kept at 112 rpm to prevent excessive
vibration and tool failure. The visual and surface inspection found that the higher
the value of the TRS/PS ratio more rough and wavy surface. Moreover, the sticking
of work material on the tool is witnessed when the peak temperature is higher than
450 °C.Most of the samples processed at 2000 rpm have a rough surface appearance.
Additionally, the samples processed with 20 mm/min with TRS other than 500 rpm
produced wavy rough surface observed. This poor surface appearance resulted from
the high value of the TRS/PS ratio leading to very high heat generation. The TRS
of 2000 rpm with any PS causes excessive vibration of the machine table. A similar
condition was observed when PS is higher than 112 mm/min. However, this condi-
tion can be minimized by proper clamping of the work plate. Figure 3 shows the
pictorial overview of the situation of FSPed samples at various process parameters.

As per Frigaard et al. [18] heat model, average heat input during FSP can be
predictable by Eq. (1)

H = 4

3
π2

(
θμPωR3

V

)
(1)

where θ is an efficiency of heat input, μ is coefficient of friction, P is pressure in Pa,
R is the radius of a tool in meter, ω is TRS, and V is traverse speed. Equation 2 is
rewritten as the simplified form of Eq. 1.

H = ω

V
(2)

Figure 4 shows the comparison graph between peak temperature measured during
FSP and TRS/PS ratio. The peak temperature generated during FSP correctly follows
the relationship given by Eq. 2.

FromEq. 2, we can say that the twomost critical conditions determine theworking
range of process parameters, and they are as follow.

(a) High TRS and lower PS.
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Fig. 3 FSPed AA 6082-T6 sample condition at various levels of process parameters

Fig. 4 Average peak temperature and TRS/PS ratio at various processing levels

(b) Lower TRS and high PS.

The first condition produces very high heat input, which increases the flowability
of material but waviness and roughness of surface deteriorate its appearance. In the
latter case, material flowability drastically reduces as a result of an improper mixture
of material, and the tool has to bear high bending stresses. Kim et al. [19] also
observed large amounts of flash due to high heat generation, and defects such as
cavity or voids are due to insufficient heat or abnormal tool stirring. Thus, the main
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reason for defect formation is due to excessive heat generation or inadequate heat
generation [5, 20]. Therefore, between these two conditions, one can find theworking
range of process parameters through which defect-free samples can be produced.

Tilt angle. Figure 5 shows that when the TA is 0°, it produces excessive flash only on
the retreating side. The full contact of tool shoulder due to 0° TA leads to complete
shearing of work material in tool rotational direction. As a result, the material on
the leading side slide below the tool shoulder moves from the advancing side to the
retreating side. The vector direction of tool rotation and tool traveling is the same on
AS, while it is opposite on RS leads to excessive flash and provides no space for the
material to further undergo in the stir zone of a rear side of the tool. When the tilt
angle is 0°, the shoulder of the tool cannot retain the flow of plasticized material to
the tool and squeeze out as flash [21]. However, when the TA is increased by 1°, 2°,
and 3°, either very less flash is generated or equally distributed on both sides (i.e.,
RS and AS). The result is consistent with the finding of past researchers that small
tilting of a tool on the trailing side provides better defect-free surface appearance
[22] and provides stronger forging action compared to 0° TA [21]. Excessive flash is
also responsible for high surface roughness as it fails to consolidate work material
appropriately in the stir zone. This condition is usually found in high TRS/PS ratios.

Fig. 5 Formation of flashes in the FSPed sample at different TA



338 J. Sarvaiya and D. Singh

4 Conclusion

In this study, aluminum alloy AA6082-T6 friction stir processed by considering
primary process parameters such as TRS, PS, and TA at different values. The influ-
ence of these process parameters on surface appearance, surface defects, flash forma-
tion, heat generation, and excessive vibration is studied to find the working range of
process parameters. The key findings of the study are concluded below.

• At higher TRS (i.e., 2000 rpm), more heat is induced in the stir zone, irrespective
of PS, resulting in rough surface appearance and vibration.

• A similar condition appears when PS is lower (i.e., 20 mm/min) irrespective of
TRS produce a rough wavy surface. On the other hand, beyond 112 mm/min of
PS, excessive machine table vibration is observed.

• The tilted tool provides better forging thematerial on the trailing side as it advances
and produces a good surface appearance compared to the 0° TA.

• Excessive and insufficient heat generation is responsible for the defect formation,
which can be evaluated by theTRS/PS ratio.Between these two critical conditions,
working range of process parameters can be estimated.
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A Review on the Manufacturing
of Aluminum Metal Matrix Composite
by Various Stir Casting Method

A. S. Vasava and D. Singh

1 Introduction

The composite materials are made of two phases, i.e., reinforcement and matrix, and
both have their separate properties. The reinforcement material is wholly dispersed
in the matrix material. Prepared composite performance is directly dependent on
the particle distribution in the base metal [1]. The foremost objective of composite
material manufacturing is to get enhanced properties to compare to the base metal.
During composite manufacturing, the primary challenging work is the homogenous
distribution of reinforcing particles in the matrix material to achieve the defect-free
composite [2] (Fig. 1).

In the process of stir casting, in which a stirrer is used to mix the reinforcement
and matrix material. The following process parameter affects the microstructure and
mechanical properties of the base metal.

• Stirring speed
• Size of impeller
• Holding time
• Stirring temperature
• Stirring time
• Holding temperature

2 Literature on Various Stir Casting Methods

Various stir casting methods are used to produce AMMCs. To make the composite,
various reinforcementmaterials are required. For that, in this literature survey, various
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Fig. 1 Conventional stir casting process [3]

reinforcement and their particle size have been discussed. The addition of that
different volume fraction used by the previous researchers to enhance themechanical
and tribological properties has been discussed. For the homogenous mixing of both
materials, a stirrer is used, so stirring time is also reported (Table 1).

3 Effect of Reinforcement on Mechanical
and Microstructure

Mechanical properties have improved due to the homogenous particle distribution.
SEM exposed that the crack bridging effect was shown for MWCNT. MWCNT and
AIN more with 1 vol% and 0.75 vol%, respectively, showed porosity and cluster
formation of the particles [4]. Results displayed significant enhancement in the
mechanical propertieswith 10–25wt%of reinforcement [5].OMreveals the homoge-
nous distribution of particles in the composite matrix. Al2SiO5 presented superior
hardness, coefficient of friction, and superior wear resistance compare to TiO2 parti-
cles. SEM discloses that abrasive and adhesion wear is responsible for composites’
wear at different load conditions [6]. Test results exposed that dimples and cracks are
revealed. With increasing B4C—CDA reinforcements showed improved composite
properties but with this impact strength reduces [7]. Wear tests reveal that material
loss their weight increasing sliding and load conditions. The optimum dry sliding
wear was found for load, distance and velocity is 18.1 N, 905.4 m, 4.18 ms−1,
respectively. For wear loss calculations, regression model was developed [8].
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The tensile strengthwas enhancedby15.12%[9]. Test results exposed thatwith the
increment in the volume fraction of the particles improves the mechanical properties.
Volume fraction 20 wt % achieved enhanced mechanical strength compare to other
volume fractions [10]. Test results exposed that improvement is shown in tensile
and hardness properties [11]. Test results exposed that with increasing in volume of
particles and aging time both micro and micro-hardness values improved [12]. Wear
test results showed reduction in wear rate by 19%, 28.2%, 22.5% with 50,100 and
150 mm, respectively [13]. Test results exposed that hardness and tensile properties
improved by 16.5 and 35%, respectively [14]. Test results exposed that the micro-
hardness of the composite with 15% FZA displayed improved hardness 107 VHN
and an observed reduction in corrosion [15]. Test results exposed that the wear
rate of AA8011/Si3N4-ZrB2 reduces with increases in particle fraction. The COF
was observed high in without reinforcement and with reinforcement shows reduced
COF [16]. Test results exposed that a higher volume of reinforcement increases
the hardness, UTS, and YS of the hybrid composite [17]. The tensile and hardness
results increased with increased reinforced particles up to 7.5 wt% and decreased.
The T6 heat-treated specimens expressed improvement in mechanical properties
compared with cast specimen [18]. Test results exposed that the up to 4% volume
porosity content increases. They improved the composites hardness, compressive,
and tensile strength improve by 28%, 41%, and 28%, respectively [19]. Test results
exposed that the hybrid composite showed enhancement in compressive strength
and hardness compared to solid alloy [20]. Test results exposed that SiC expressed
better properties compared to RHA [22]. Test results exposed that with increment in
particle volume reduces wear rate [23]. Test results exposed that the hardness of the
composites is greater than the base alloy. Base alloywith 15%B4C showed admirable
UTS of 261 MPa. With B4C composite achieved highest impact strength by 11 Nm
[25]. Test results exposed that the hardness of Al/Al2O3MMC had improved by 1.71
times, and determining tensile strength had improved by 1.27 times [26]. Test results
exposed that hardness improved with addition of the reinforcing particles. Wear
properties also improves with different loading condition and with reinforcement
[27]. Test results exposed that reinforce particle improves the material removal rate
of the composite. [28]. Test results exposed that with the fixed stirring time and
increase in pouring time, first composite properties are improved and then decreases
[29]. Test results exposed that at 75 ° the sample got enhanced tensile properties
and with higher content of SiC got enhanced tensile of 181 MPa [30]. Test results
exposed that the base metal density is higher compared to eggshell composite [31].
Test results exposed that models developed for the measurement of accuracy of
the mechanical properties showed improved results [32]. Test results exposed that
reinforce particles enhance the tensile and hardness properties of the composite
material [33]. Test results exposed that composites’ micro-hardness was reduced
from 49.5 to 44 VHN and macro-hardness from 31.6 to 28.3 BHN. [34]. The result
shows it upgraded specificUTS and compressive strength at 4wt%B4C, 36.32%, and
43.92%, respectively. Composite showed increased specific BHN 50.89% compared
to the base metal. SEM and OM reveal that individual distribution of particle and
grain improvement achieved at 4wt%B4C [35]. The result shows it enhanced specific
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UTS and compressive strength improved by adding SiC particles. A rise in hardness
reveals that condensed wear and gives extensive life to the component [36].

4 Conclusion

Stir casting proved that it is a growing technique to produce composites and improves
material properties. This study reports that researchers used various stir casting
methods for the fabrication of the composite material. From the above literature,
some critical points are derived and summarized below.

• In stir casting, process parameters affect the composite properties. Numerous
studies have been done to examine the composite microstructural, mechanical,
and tribological properties. Still, proper selection of the parameters is necessary
while performing the experiment work.

• Various studies showed that reinforcing particles improves the composite proper-
ties. But, the selection of the volume fraction of the particles is not standardized.

• With the stir casting process, some problems are associated with particle distri-
bution, porosity, and wettability because this process is performed in the open
air.

• Many studies are done on the design of a mechanical stirrer, which is used to mix
the matrix and reinforce particles. But no standard is available, so more effort has
been needed.

• From the last decades, researchers got very interesting and predominant results
achieved. All the results are taking into consideration at the laboratory level.
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Comparative Experimental Investigation
and Optimization on Rotary Ultrasonic
Face Milling and Conventional Grinding
on Float Glass

Varun Kumar, Dheeraj Joshi, Praveen Saraswat, and Om Ji Shukla

1 Introduction

Earlier, the conventional machining process was performed on hard and brittle mate-
rials for cutting and drilling. Due to some drawbacks in the conventional machining
process, non-conventionalmachining is being preferred to performon suchmaterials.
RUM is most preferable machining process among all non-conventional machining
process because of its independent machinability concerning chemical reaction,
conductive or non-conductive workpiece, etc. Rotary ultrasonic machining is the
feasible and high accurate hybrid process which combines the conventional grinding
and ultrasonic machining. Challenge to make cost-effective high-quality products
enforcing engineering industry to innovate new hard materials. Transformation of
such new hard material into suitable various application creates a new challenge
which involves various types of material removal from them. RUM performs an
inexpensive and effective way of machining on these materials. In 1927, the first
time, the application of ultrasonic was used for machining. The ultrasonic involved
first research paper was published after confirming the suitability of the process
for drilling in glass slab [1]. Balamuth research that tool type also affects MRR.
The research on tool design development results in the improvement of efficiency
of machining over brittle and hard materials [2]. Use of abrasives slurry caused
limitation in the application of the machine. Tyrell was the first one who revealed
the bonding of abrasives material directly on the tool by electroplating. To make a
harder andmore reliable tool, he used diamond abrasives at the bottom of the tool [3].
After that, Markov extended the research to make that ultrasonic machining to rotary
ultrasonic machining (RUM) by using a diamond impregnated tool for slot cut and
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deep drilling successfully [4]. Percy Legge develops of rotary ultrasonic machining
(RUM) in 1964 [5]. Later, Pei designed a 15° tapered at the bottom face of themilling
tool to resolve the longitudinal force problem into lateral force [6]. Pei discussed the
MRR of both process (drilling and milling) after which he named to process, rotary
ultrasonic face milling (RUFM) [7]. Later, various research found to improve and
compare the rotary ultrasonic surface milling to other ultrasonic machining methods.

2 Experimental Setup, Parameters and Design

CNC rotary ultrasonic drilling and slot cut machine is used for the study (Fig. 1).
The machine platform consists of various systems like coolant system, ultrasonic
system and drive control system. A computer-controlled stepper motor is used to
drive ball screws with three DOF in the feed system. Basic G&M codes are used for
the experiment.

1. Drive control system 2. Coolant tank 3. Workpiece 4. Coolant flow
5. Horn 6. Transducer 7. Stepper motor 8. Display
9. U/S Freq. display 10. U/S Power control 11. Frequency control

Fig. 1 Rotary ultrasonic machining setup



Comparative Experimental Investigation and Optimization on … 353

The ultrasonic power and frequency are controlled from the drive control system.
The drive system consists of a piezoelectric transducerwhich converts electric energy
into rotation and vibration which is directly transferred to the attached horn. The
machine has a maximum value of ultrasonic power is 1000 W and frequency of
25 kHz. The tool is soldered with the horn which also gets the vibration effect of
the transducer. A high carbon steel tool which consists of diamond grit implemented
at the bottom part is used for the machining. In the coolant system, normal fluid
(without abrasives) is used to reduce the temperature and remove waste during the
machining.

2.1 Experimental Parameters

The literature review helps to take proper parameters according to the targets of this
research. Also, some parameters are taken according to the equipment capability
which is used to measure the outputs after the machining like the width of each slot
must be more than 3 mm. Also, slot length not less than 25 mm because of limitation
of surface roughness measuring equipment. These are the parameters selected for
the experiment:

1. General

i. Slot length and width = 26 and 6 mm
ii. Gap between slots = 6 mm

2. Inputs

i. Spindle speed = 1000 rpm (fixed)
ii. Ultrasonic power = 25 and 75%
iii. Feed rate = 6, 12 and 18 mm/min
iv. Depth of cut = 0.5, 1.0 and 1.5 mm

3. Outputs—Surface roughness (SR), material removal rate (MRR), tool wear.

2.2 Experiment Design

Workpieces selection: There is a parameter used to determine the suitability of
workpiece on rotary ultrasonic machining that is brittleness. Brittleness (B) is the
ratio of shear stress (Ss) and fracture stress (Fs). Brittleness is high for hardermaterial
because of its lower fracture stress and vice versa.After keeping all factor like, limited
spindle speed, low machinability and material availability, high brittle material, i.e.,
float glass is selected for the experiment.

Design of experiment for rotary ultrasonic face milling (RUFM): MRR varies
directly proportion to feed rate and depth of cut of machining. Increment in milling
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Table 1 Parametric matrix table (RUFM)

S. No. Parameters Level 1 Level 2 Level 3

1. Feed rate (mm/min) 6 12 18

2. Depth of cut (mm) 0.5 1.0 1.5

3. Ultrasonic power (%) 25 75

Table 2 Parametric matrix table (CG)

S. No. Parameters Level 1 Level 2 Level 3

1. Feed rate (mm/min) 6 12 18

2. Depth of cut (mm) 0.5 1.0 1.5

3. Ultrasonic power (%) 0 0 0

resistance cause low surface finish and accelerate tool wear. The designed parameter
matrix table with their level is listed in Table 1. The experiment contains milling
operation performed of 18 slots of 26 mm length and 6 mm wide each. Also, spindle
speed is constant at 1000 rpm and processing frequency of 25 kHz.

Design of experiment for conventional grinding (CG): Theoretically, ultrasonic
improved the tool life with milling resistance reduction and surface finish of the
workpiece. To analyze the actual impact and utilization of addition of ultrasonic
vibration on the grinding process, an experiment for conventional grinding is also
performed to compare with rotary ultrasonic face milling results. The parametric
matrix table for the conventional grinding (CG) experiment and their level given in
Table 2. Value of ultrasonic power is zero during the experiment. Also, spindle speed
and processing frequency are the same as RUFM experiment, i.e., 1000 rpm and
25 kHz.

3 Experimentation and Measurement

After clamping workpiece on the worktable with clamps and joining (welding and
soldering) toolwith horn,milling operation for the experiment is performed, as shown
in Fig. 2. The tool and the horn are attached with the transducer which supplies ultra-
sonic power to it. Tool rotation, ultrasonic vibration and coolant floware controlled by
the computerized drive system. On the same setup, both processes are performed on
each float glass slab. During the conventional grinding, ultrasonic power is turned off.
A stopwatchwas used during the experiment forMRRmeasurement. After the exper-
iment, a SURFTEST SJ-210 equipment used for surface roughness measurement.
Later, the tool was characterized by SEM technology for tool wear analysis.
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Fig. 2 Milling operation and surface roughness measurement

4 Experimental Results and Discussion

4.1 Experiment Results for RUFM on Float Glass

Standard Taguchi orthogonal array does not contain the full combination of each
level on parameters for the experimentation. Hence, a simple full combination of
each level of parameters is used for the total experiment with 18 slots during RUFM
(Fig. 3). All 18 slots result in orthogonal array format represented in Table 3.

Effect of process parameters on MRR and SR during RUFM: The mean effect
graph (Fig. 4) shows no effect of ultrasonic power on MRR. Where the depth of
cut and feed rate proportionally affects MRR during RUFM process. The maximum
value for MRR found at the highest level of all these parameters because of the large

Fig. 3 Machined float glass during RUFM
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Table 3 Experimental result for RUFM

Exp. No. UP (%) FR (mm/min) DOC (mm) MRR (mm3/min) SR (µm)

1. 1 1 1 17.82 0.964

2. 1 1 2 35.65 1.302

3. 1 1 3 53.49 1.074

4. 1 2 1 35.66 1.542

5. 1 2 2 71.32 1.358

6. 1 2 3 106.99 1.231

7. 1 3 1 53.72 1.219

8. 1 3 2 107.44 1.172

9. 1 3 3 161.16 2.493

10. 2 1 1 17.84 1.130

11. 2 1 2 35.68 1.425

12. 2 1 3 53.52 1.383

13. 2 2 1 35.64 1.617

14. 2 2 2 71.30 1.356

15. 2 2 3 106.97 1.394

16. 2 3 1 53.71 1.703

17. 2 3 2 107.45 1.403

18. 2 3 3 161.18 1.903

Fig. 4 Mean effects graph for MRR during RUFM
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area of contact of the tool to workpiece. But for SR, ultrasonic power shows some
linear effect, unlike MRR, as shown in Fig. 5. Also, the other two parameters show
the different effect on SR.

ANOVA Results during RUFM on float glass: ANOVA table for MRR and SR
during RUFM (Table 4) shows that the negligible contribution of ultrasonic power
where feed rate and depth of cut both are significant factors in the change of MRR
during RUFM. Also, all factors are not significant in the change in SR. Contribution
within variance is more than 50% compared to between variance. Feed rate has a
maximum contribution on SR during RUFM.

Fig. 5 Mean effects graph for SR during RUFM

Table 4 ANOVA results for MRR and SR during RUFM

MRR Contribution
(%)

SR Contribution
(%)Source DOF SS F P SS F P

UP 1 0.0 0.0 0.99 0.0 0.0510 0.49 0.49 2.44

FR 2 15,455 36.0 0.00 46.32 0.5707 2.73 0.10 27.28

DOC 2 15,331 35.7 0.00 45.95 0.2144 1.03 0.38 10.25

Error 12 2576 1.2550

Total 17 33,363 2.0913
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4.2 Experiment Results for CG on Float Glass

Similarly, a total of 9 number of slot cuts were performed during CG (Fig. 6). Table
5 represents the results of all 9 slot cuts during conventional grinding on float glass.

Effect of process parameters onMRR and SR during CG: The mean effect graph
(Figs. 7 and 8) shows the maximum value of MRR found at the highest level of
parameters. For SR, feed rate shows a uniform rising slope throughout the process

Fig. 6 Machined float glass during CG

Table 5 Experimental result for CG

Exp. No. UP (%) FR (mm/min) DOC (mm) MRR (mm3/min) SR (µm)

1. 0 1 1 17.86 1.050

2. 0 1 2 35.68 0.946

3. 0 1 3 53.47 1.103

4. 0 2 1 35.66 1.168

5. 0 2 2 71.33 1.464

6. 0 2 3 106.98 1.675

7. 0 3 1 53.72 1.900

8. 0 3 2 107.43 1.816

9. 0 3 3 161.15 1.846
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Fig. 7 Mean effects graph for MRR during CG

Fig. 8 Mean effects graph for SR during CG

while the depth of cut shows very less range of variation in all levels. But SR increases
in both factors. Minimum SR found at 1st level of both parameters.

ANOVA results for CG on float glass: ANOVA table for MRR and SR during CG
(Table 6) shows both process parameters are significant factors in the change inMRR.
Also, the feed rate is an only significant factor in the change in SR. Contribution of
feed rate on SR is 87.37% which shows a major effect during the process.
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Table 6 ANOVA results for MRR and SR during CG

MRR Contribution
(%)

SR Contribution
(%)Source DOF SS F P SS F P

FR 2 7725 12.0 0.02 46.33 1.0111 20.5 0.01 87.37

DOC 2 7658 11.9 0.02 45.93 0.0473 0.96 0.45 4.1

Error 4 1290 0.0987

TOTAL 8 16,673 1.1572

Fig. 9 Means interaction plot for SR during RUFM and CG

4.3 Comparison Between CG and RUFM

Mean effects graph and interaction graph for MMR during CG and RUFM show
similar results because of the same machining condition and value of process param-
eters. Mean effects graph for SR during RUFM and CG shows a different level of
process parameters for optimum point.

Interaction plot for SR of RUFM and CG: Figure 9 shows means interaction plot
for SR on float glass during RUFM and CG during RUFM, means of SR at 2nd level
of depth of cut is lower than other levels. During CG, the lowest mean value for SR in
the graph is at the 1st level of both parameters. Error% for MRR during RUFM and
CG is found same, i.e., 11.16%. For SR, Error% during RUFM and CG are 17.7%,
8.12%.

4.4 Tool Wear Analysis

Tool wear increases with increment in feed rate, depth of cut and milling resistance.
RUFM includes vibration which reduces the resistance and enhances the tool life,
but with the same machining condition, CG causes more tool wear. A tool after
completion of both processes was characterized and highlymagnified on SEMwhich
indicated the tear-out of diamond grits form tool bottom surface, as shown in Fig. 10.
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Fig. 10 Tear-out of diamond
grit from the tool

5 Conclusions

1. MRR during RUFM process largely depends on the feed rate and the depth of
cut than ultrasonic power in these selected parameters. Also, process parameters
show the equal contribution of MRR, during CG.

2. Effect of parameters, ANOVA results and means predicted error% for both
processes are found same on MRR during milling because of the same
machining conditions with same values of each parameter.

3. During RUFM, ultrasonic power shows a minor effect on SR. SR increases
with increment in ultrasonic power and feed rate. SR rise after downfall with
increment in depth of cut.

4. Feed rate and depth of cut shows same effect on SR during CG on float glass,
the only difference is that SR increases in very less range with depth of cut.

5. Within variance causes major contribution than between variance on SR during
RUFM. But during of CG, feed rate contributes major (87%) in the ANOVA
table.

6. Comparison of both processes shows the same optimum settings for MRR but
different for SR. Also, error% by means predicted optimum value gives equal
value for both processes on MRR. But for SR, CG gives the minimum error%.

7. Ultrasonic vibration reduces the milling resistance cause improvement in tool
life but also somewhere it reduces the surface finish as compared to conventional
milling.
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Blockchain Technology Adoption
in Healthcare Sector for Challenges
Posed by COVID-19

Prasun Sarote and Om Ji Shukla

1 Introduction

Industry operations in health care have majorly developed in the past decade,
with policies gradually accepting technological changes brought by digitalization.
However, our healthcare operational structure is not designed to deal with an unpre-
dictable crisis and uncertainties such as the COVID-19 pandemic. Therefore, these
operations need a digital tool to streamline industry services/processes to render
optimal results. Blockchain is one such effective tool. Although blockchain is at a
very nascent stage, it is slowly making its place in various manufacturing industries,
MNCs and tech-startups.

A block can be compared to a repository chest that is designed to store data, i.e.,
information in them. These blocks are secured by a cryptographic hash, referenced
to one another. A hash is a cryptographic code that identifies a certain block [1]. It
is often compared with a fingerprint as it is unique and essential for identification
of a block. The hash to the previous block is linked with the parent block, creating
a chain of information that is methodically associated with each other. Therefore,
a continuous systematic system of referenced blocks forms a typical ‘blockchain.’
Blockchain technology is a distributed ledger technologywhich is based on a peer-to-
peer (P2P) network [2]. In simple words, the server is decentralized and interlinked
with end users/nodes on a blockchain network. Thus, distributed copies of data
(information) can be accessed by each participating node without the fear of theft. A
tamper/change in one block changes the code to it which means disturbing the whole
chain, over millions of computers on the blockchain network, making it practically
impossible. It is called immutability of blockchain. Consensus mechanism is used to
determine the truth of the record stored in the blockchain [3]. Therefore, a decision
in this non-authoritative distributed network is, achieved through consensus, that can
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Table 1 Key features and
advantages of BCT

Key features Advantages

Decentralization Fraud prevention, faster transaction
time, effective store of value

Consensus mechanism Fault tolerant, proof-of-stake,
multi-agent

Distributed ledgers Elimination of intermediaries, safer
communication

Immutability Tamper resistant, efficient auditing,
data integrity

be provided and validated through proof-of-work, proof-of stake, proof-of-authority
[4] by validators (miners) holding the same data secured by cryptographic algorithms
over the network. Thus, this process ensures the records (information on the chain)
are safe and true. Blockchain is divided into three types—public, private, and consor-
tium [5]. A public blockchain is open to everyone with their transactions which are
permanently recorded. A private blockchain allows only a group of verified entities
to have insights to the network (partial centralization). Protocols modified to make
two or more enterprises responsible for a blockchain make up a consortium network
[6]. Blockchain technology (BCT) extends key features that offer several advantages
and benefits. Some of the most essential features of BCT are described in Table 1.

This paper aims to put forward a framework for blockchain implementation
in healthcare industry. It can be argued that advantage of blockchain technology
implemented in each industry through 4As—Aggregation–Analysis–Arrangement–
Action framework canmitigate risk and streamline the healthcare industry to achieve
optimization in performance. The 4As framework make use of crucial blockchain
implemented lineaments—smart contracts, certification, transparency, tokenization
to modernize industry operations of healthcare sector.

2 Application Tools Associated with Blockchain Technology

2.1 Smart Contracts

These are digital contracts encrypted with lines of codes that are executed automati-
cally if predetermined conditions for the contract are completed between the parties
[7]. Agreement over a set of data uploaded on the peer-to-peer network ensures secu-
rity over transfers, as the code will only be executed automatically if it is validated/
accepted by every entitled node.
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2.2 Certification

In the healthcare industry, certification through BCT can be used for authentication
of medical professionals to be hired, research advancements (patents), partners in
the pharma chain, quality of tools and equipment, drugs, etc.

2.3 Transparency

As blockchain offers a unified source of data, it can facilitate the tracking of the
location of medical supplies across partners in the pharma supply chain [8]. Inte-
gration of BCT with IoT can create a highly efficient traceable structure, combined
with real-time monitoring of factors such as temperature and humidity for vaccines
(especially, in cold chains).

2.4 Tokenization

Tokenization is creating value for physical assets through digital representation store
of value. The digital representative of the asset on the blockchain is called a ‘token’
[6]. In order to improve payment procedure, tokenization can remove sensitive card-
holder information. This can be used to acquire working capital from non-liquid
assets.

3 Blockchain-Enabled Framework for Handling
Challenges Posed by COVID-19

Healthcare is concerned with a structure that incorporates health systems and func-
tions which aim to provide, maintain, and improve medical aid to the people.
However, India’s operational structure is not designed to deal with an unpredictable
crisis and uncertainties such as the COVID-19 pandemic.

Escalating cases in COVID-19 pandemic could not be sustained by India’s health-
care facilities, compromising public welfare and safety. In such cases, forecasting
cannot be reliable as the historical data itself is circumstantial and not accurate
although peaks in cases caused by an epidemic can be integrated with rise in total
number of testing to analyze a substantial amount of planning to manage staff
and resources accordingly. Resource management problems are both internal and
external. Internally, it consists of ward allocation, bed management, operational
theaters, and heavy machinery, etc. Thus, to source and allocate without a struc-
tured systembecomes disoriented, evenwith precisely calculated demand.Necessary
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Fig. 1 Blockchain-enabled framework

resources are to be transported from bigger cities to small towns, alarming domestic
SCs.

These factors of uncertainties can be categorized in four components within a
healthcare facility, i.e., records, workforce, resource, financing. Therefore, these
operations need a digital tool to streamline industry services to render optimal results.
Blockchain is one such effective tool.

A blockchain-enabled cyclic framework of 4As—Aggregation–Analysis–
Arrangement–Action incorporated with BCT application tools described in Sect. 2,
can deliver an optimized performance of the industry as a whole. The blockchain-
enabled framework is shown in Fig. 1, can largely justify productivity, quality of
service, and use of physical resources to optimize industry performance. Leveraging
BCT in this methodology will restructure health care digitally.

3.1 Aggregation of Records

A falsely interpreted data between any two departments in a healthcare facility will
lead to failure of the other. Therefore, every patient record entered in a system must
be categorized. Uncertainties such as an epidemic make departmental facilities more
complicated as a clear screening,monitoring, and testing procedure has to be installed
for each patient entry in either of these departments. Therefore, as blockchain can
facilitate a single distributed source of data (medical records, patient entries, etc.) it
can provide improved quality of database of patient health records as well as trans-
action records. Blockchain-enabled electronic health records (EHR) [9] authorize
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patients to share their health records with hospital networks. It is nearly impossible
to change and steal data (information, in this casemedical records) as it is immutable.
Thus, it ensures security of stored health records and clinical reports while providing
access for patients and medical professionals in a Health Insurance Portability and
Accountability Act (HIPAA) [10] compliant manner. To record, process and report
patient entries into a blockchain supported systemwill establish an appropriate record
management system governed by a robust clinician credentialing management struc-
ture. While the development of new drugs incurs substantial costs related to trials
to evaluate the safety and efficacy of the drug, the use of smart contracts allows to
facilitate the procedure of the informed consent as well as improve identity manage-
ment and data quality [10]. Hence, BCT can also be used as a tool to oppose the sale
of counterfeit drugs.

Data aggregation for research and innovations in the field of health care is crucial
as it delivers a base for further developments (modern equipment, vaccines, research
study, etc.). BCT can base a strong infrastructure for a research network that allows
organizations and researchers to share and proactively develop solutions to major
health challenges and diseases. For example, pharmaceutical and research companies
can access the database of patients who have agreed to be contacted, and information
provided to these research companies can be used to develop vaccines, that are
streamlined accordingly as per the needs. A patient’s health record can be easily
extracted from the private BC to facilitate, verified prescriptions to be uploaded
under the patient’ name registered on the network. Moreover, BCT can also support
fast acknowledgment and registration of medical professionals and verified skilled
volunteers to ensure constructive attention to a patient’s needs.

3.2 Analysis of Workforce

The goal is to attend to more patients at a time, coordinated staff management and
certified health workers must be ensured.Workforcemust be allocated and appointed
in a structured manner to treat and care for a continuously growing patient entry.
Blockchain is an effective system to ease the recruitment process for medical profes-
sionals. BCT through decentralization of authority can provide real-time service
monitoring including verifiable digital identity records as well certifications to avoid
fraud. Candidates and volunteers can then easily upload their verified degree and
important documents to share it with the hospitals. As blockchain is immutable, it
is impossible to backdate or alter credentials. Therefore, it maneuvers the issue of
legitimacy of an employee’s identity and credentials by offering ‘security to identity’
[11] and verification of credibility through certification on the distributed network.
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3.3 Arrangement and Allocation of Resources

Pharma supply chains deeply impacted whenever encountered with a crisis due to
loss of information along the value chain. Therefore, functional misconfiguration
of the value chain can endanger, performance of the industry. As logistic scale is
scattered geographically, it involves the need for authentication, coordination, trace-
ability (provenance). BCT provides four key features that enhance integration and
coordination among the members of the chain [6]: (1) transparency, (2) validation,
(3) automation, and (4) tokenization [12]. Facilitation of movement of goods (PPEs,
test-kits, tools, equipment, medicines, etc.) through BCT implementation is capable
of establishing a trusted network making each participant in the chain authoritative
and responsible, and it can provide a network for healthcare, notable suppliers, and
manufacturers, encompassed through blockchain’s transparency factor. Combining
transparency and validation with automation via smart contracts, one could envision
a supply chain that operates on an automated basis on pre-specified rules [12]. It can
surface allocation of real-time information on goods along the chain, through permis-
sioned network. In case of an uncertainty, BCTcan provide uncomplicated commerce
of information and establishes a platform that connectsmedical suppliers/distributers
and hospitals to avail necessary PPEs and medical supplies promptly to meet the
demand. As it promotes just-in-time solutions, financial loss is avoided.

3.4 Action to Finance

COVID-19 Pandemic imposed lockdowns everywhere, thus freezing the supply
chains. Therefore, a lot of money is frozen in these pharma supply chain. This
is observed even in normal working scenarios. As valuable assets become inac-
cessible, working capital is restricted. Whereas, blockchain can facilitate a huge
amount of capital back into the chains by cutting off interest on credits, encom-
passing payment orders as collateral [8]. Thus, blockchain in a way can increase
productivity by ensuring elasticity in the supply chain through collateralized assets
[8] through tokenization. The utilization of smart contracts as policy agreements
can eliminate inherent processing delays of traditional paper-based policies [13].
Blockchain eliminates third-party intermediaries [13]. Hence, a blockchain-enabled
system can be set up at a low cost to grant insurance records, accessed within no
time for medical insurance.

4 Conclusion

Understanding and fundamental implementation of blockchain technology in health-
care industry can facilitate a resiliently structured paradigm of industry operations in
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order to optimize performance as awhole, in response to an uncertainty inmanagerial
architecture of the structure. Classification of these stated cyclic uncertainties, i.e.,
record management, workforce management, resource allocation, and financing; in
the healthcare industry, jointly blow down performance rate hinged on factors, i.e.,
productivity, quality of service, and use of resources. Blockchain-enabled framework
presented in this paper, homogeneously integrate application tools of BCT linea-
ments, i.e., smart contracts, certification, transparency, tokenization to restructure
healthcare operations digitally, and optimize performance by providing a distributed
skeletal structure to overcome some of the crucial challenges posed by COVID-19.
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Effects of Al Content on Corrosion
Behavior of High Entropy
Alloys—A Review

Parth Vaidya

1 Introduction

Most of the conventional alloys are based on primary elements, and additional
elements are added as per desired properties to improve the mechanical properties.
With increasing alloying elements and minor elements, conventional alloys have the
disadvantage of forming unstable and fragile intermetallic phases [1, 2]. Ye et al.
[3] proposed a concept of a new class of material called that is called “high entropy
alloys” (HEAs) about 16 years ago. High entropy alloys consist of 5 ormore elements
with a concentration of around 5–35% in the equimolar or nearly equimolar ratio
[3, 4]. The effects such as high entropy, sluggish diffusion, lattice distortion, and
cocktail are generally observed in HEAs. Out of these effects, the most significant
effect is high entropy effect that is more in case of HEAs compared to conven-
tional alloys. This high entropy will not make the formation of the intermetallic
compound and favor the formation of disordered solution states [4]. HEAs possess
some superior properties compare to conventional alloys such as high hardness, good
elasticmodulus, elastic strain, goodwear resistance, fracture strength, thermoelectric
property, catalytic property, and corrosion resistivity [1, 5–8]. Although the cost of
HEA may be higher than typical conventional alloys because it consists of multiple
elements, it is still cheaper than many superalloys and Ti alloys [4].

Generally, HEAs are solid solutions that consist of a simple face-centered and
body-centered cubic structure or a mix of both [1, 4]. HEAs are applicable for special
applications such as engine materials, nuclear materials, tool materials, hard-facing
materials, marine structures, chemical plants, and functional coatings [9, 10]. HEAs
are manufactured by many techniques such as laser cladding [2, 5], arc melting [11,
12], and powder metallurgy [13]. For more improvement in surface performance,
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cladding is important, which provides another layer on substrate materials without
reforming the composition of bulk material. Laser cladding is widely used for HEAs
coating, having advantages over a large heat-affected zone, poor process stability,
and low deposition rate [1].

Corrosion is the gradual deterioration of material mainly because of chemical
or electrochemical reaction between the material and the surrounding environment.
More than three percent of GDP is affected by corrosion [13]. Corrosion is respon-
sible for 25% of induced failure of total equipment failures in the oil and gas industry
[14]. HEAs and coatings are alternative to conventional alloys and show good corro-
sion resistance and mechanical properties. The effect of corrosion on HEAs mainly
depends on composition and itsmolar proportion. So, it is necessary to investigate the
effect of a particular composition and molar fraction. Previous researchers already
investigated the effect of various compositions and their molar fractions, such as Al
[5, 6, 15–17], Ti [17], Mo [18], and Cu [19]. Al is a more preferable element in the
design of HEAs as it has a low melting point temperature and also has a large atomic
radius and can be easily dissolved in Fe, Co, Ni, and other elements [20]. In this
paper, the corrosion behavior of HEAs coatings by varying Al content in the past
decade has been summarized. The present study will help the researchers to work in
this domain.

2 Corrosion Measurement Technique

Corrosion measurement is the practice of studying and acquiring the information
of corrosion damage to the material. There are numerous techniques to measure
corrosion behavior such as weight-loss technique, surface analysis techniques, polar-
ization technique (Tafel polarization technique), electrical resistance technique, and
non-destructive technology such as visual inspection, liquid penetrate inspection,
magnetic particle testing, and radiographic inspection.

Potentiodynamic polarization is one of the standard techniques to study corro-
sion behavior [13] because it is faster than a weight-loss method, and it separates
cathodic reactions from anodic reactions; it is also a qualitative method. The impor-
tant parameters such as corrosion current density (Icorr), corrosion potential (Ecorr),
pitting potential (Epit), and passive current density (Ipass) are shown in potentiody-
namic curve in Fig. 1. Icorr is a more detrimental parameter than Ecorr, and it is used to
calculate the average corrosion rate. Corrosion potential is a thermodynamic value,
and it will change quickly with different corrosive environments compare to corro-
sion current density [5]. Corrosion potential gives only the corrosion tendency of
the solution, while the corrosion rate is directly proportional to corrosion current
density [13]. The intersection of the anodic Tafel line and cathodic Tafel line gives
a point and projection of this point on the X-axis and the Y-axis gives Icorr and Ecorr,

respectively.
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Fig. 1 Potentiodynamic
polarization curve in 3.5%
NaCl showing parameters
[13]

3 Literature Review of HEAs Showing Effect of Al
on Corrosion Behavior

Corrosion is the result of interactions between metals and the environment which
results in degradation and wastage of material. Metals are extracted from ores, and
pure metallic form is achieved. Metals are unstable in this form and tend to go back
to ore form. Hence, corrosion is considered as the reverse of metal extraction.

Li and Shi [5] carried out the research on the corrosion behavior of
AlxCrFeCoNiCu HEA coatings on AA5083. Laser cladding was used to prepare
AlxCrFeCoNiCu HEA coating with different molar ratios of Al (x from 0 to 1.8)
on the AA5083 surface, and the polarization test was carried out in a 3.5% NaCl
medium to study corrosion behavior. It has been observed that with increasing Al
content, initially, free corrosion current density (Icorr) decreases and then increases.
Icorr is the deciding factor that gives an idea about corrosion rate, and its lower
value indicates that material is having high corrosion resistance. Figure 2 shows the
polarization curve of AlxCrFeCoNiCu HEA coatings by varying Al content, and it
has been observed that up to x = 0.8, Icorr decreases, and then it shows increasing
trends. The value of Icorr for Al content up to 0.8 is on the order of 10−7, and then
it increases to 10−6 while substrate material has Icorr on the order of 10−5, larger
compared to coating samples. Passive films fail mainly by Cl− ions, the active Cl−
ions first attack at the interface and then penetrate through the oxide films [5, 13].
In HEAs, Cu segregation to the interdendritic region causes intergranular corrosion.
Increasing Al content up to 0.8 promotes uniform distribution of Cu, which improves
corrosion resistance. Further increasing Al content increases AlNi phase (B2), and
its corrosion resistance is poor compare to BCC1 phase, so additional increasing Al
content results in decreasing corrosion resistance [5].

Lee et al. [21] synthesizedwork on corrosion behavior ofAlxCrFe1.5MnNi0.5 HEA
in aqueous environments (NaCl and H2SO4) for different Al content. Increasing Al
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Fig. 2 Polarization curve for AlxCrFeCoNiCu HEA coatings [5]

content in acidic and chloride environment drops the corrosion resistance compared
to Al-free alloys. It was observed that there is no pitting corrosion in Al-free HEA
(x = 0) while in Al0.3CrFe1.5MnNi0.5 HEA, there is a small surface attack of pits.
An increasing trend of pitting corrosion was observed with increasing Al content,
which indicates deep localized corrosion (x = 0.5). Al tends to form porous oxide
films and increases localized corrosion. Corrosion current density and passive current
density of AlxCrFe1.5MnNi0.5 were measured lower in aqueous environments [21].
Sathyanarayana Raju et al. [12] successfully fabricated AlxCoCuFeNiTi by varying
Al content from x = 0 to 1. It was observed that increasing Al content up to
0.25%, Icorr decreases, and then it increases. The corrosion rate will be lower in
Al0.25CoCuFeNiTi compare to other HEA samples. Also, it was observed that as
Al content increases in HEAs, the melting point of the alloy also increases and the
density of the alloy decreases [12]. Ye et al. [2] carried out the research on corro-
sion behavior of AlxFeCoNiCuCr HEAs coatings on AISI1045 substrate material
prepared by laser cladding. The corrosion test was performed in 0.05 M HCL elec-
trolyte at room temperature. The current density for x = 1, 1.3, 1.5, 1.8, 2 was 29.2,
47.9, 31.4, 7.6, and 31.7, respectively. Al0.3FeCoNiCuCr shows the highest corro-
sion current density of 47.9 µA cm−2, which indicates a high corrosion rate where
no passivation region, while x = 1.8 shows the lowest corrosion rate. It has been
concluded that with increasing Al content, corrosion behavior exhibits little regu-
larity in 0.05 mol/HCL electrolyte [2]. Muangtong et al. [22] studied the corrosion
behavior of CoCrFeNi-X (X = Cu, Al, Sn) in chloride medium by adding Cu, Al,
and Sn alternatively and compared with SS304 and SS316. It has been observed
that CoCrFeNiSn possesses good corrosion resistance properties. Sn addition shows
a wide passivation region and highest Ecorr, which indicates good corrosion resis-
tance. Al addition in HEAs shows weak corrosion property because it forms oxide
of Al2O3, weak in chloride solutions [22]. Zang et al. [23] performed a corrosion
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test of AlxCoCrFeNiTi0.5 HEAs by varying Al content in aqueous solution. The
aqueous solution was of 0.5 MH2SO4 at room temperature. As Al content increases,
Ecorr shows an increasing trend, and Icorr shows a decreasing trend, which concludes
that pitting corrosion resistance increases significantly. Al1.0CoCrFeNiTi0.5 exhibits
better corrosion resistance compared to other HEA samples. This trend was observed
becauseBCCphaseproportion increases asAl content increases andBCCplays better
corrosion resistance [23].

Liu et al. [15] studied about corrosion of AlxCoCrCuFeNi in acidic, alkaline, and
saline solutions, and the corrosivemediumwereHCL,NaOH, andNaCl, respectively.
Figure 3 is showing polarization curve using different mediums for every attempt
to study corrosion behavior. It was observed that free corrosion potential and free
corrosion current values −0.378 V and 6.231 × 10−5 A cm−2, respectively. From
Fig. 3a, it is concluded that Al2CoCrCuFeNi corrodes faster in an acidic medium
than in the alkali environment [15]. From Fig. 3b, it is observed that as Al content
increases from 0.5 to 2.0, corrosion potential decreases from −0.230 to −0.378 V
while corrosion current density increases from5.237× 10−7 A cm−2 to 6.231× 10−5.
The corrosion test shows almost the same trend for rising and falling in Ecorr and
Icorr density in an alkali environment, as shown in Fig. 3c. As shown in Fig. 3d, both
Ecorr and Icorr decrease, and passivation film growth was observed with increasing

Fig. 3 a Al2CoCrCuFeNi HEA in various solutions; b AlxCoCrCuFeNi HEAs in (HCL + NaCl)
solution; cAlxCoCrCuFeNiHEAs in (NaOH+NaCl) solution;dAlxCoCrCuFeNi inNaCl solution
of 3.5 wt% [15]
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Al content. Refinement of grain, dislocation, and increase grain boundary helps for
the growth of the initial nucleation position in aspect to passivation film [15].

Bachani et al. [6] successfully deposited coatings of VNbMoTaWAlwith different
Al molar fractions on 304 SS and studied corrosion behavior in 0.5 M H2SO4. As
increasing Al content, corrosion resistance of coatings can be improved significantly.
The sample made of 2.37% Al contained VNbMoTaWAl coating was observed
polarization resistance of 768,754 � cm−2 that is highest, and a good passiva-
tion range was also observed [6]. Qiu et al. [17] studied corrosion property of
AlxCoCrFeNi in 0.6 M NaCl at 25 °C by potentiodynamic polarization test (x =
0.3, 0.6, 0.9). Passive window (Ecorr − Epit) was seen decreasing with increasing
Al content because of the lower concentration of Cr in HEAs as Al increases.
However unexpectedly, Al0.6CoCrFeNi and Al0.9CoCrFeNi show more Ecorr and
low Icorr which means better corrosion resistance than Al0.3CoCrFeNi and Al-free
alloys [17]. Raza et al. [24] successfully fabricated AlxCrFeMoV HEAs by powder
metallurgy, and samples were formed by varying Al content (x = 0, 0.2, 0.6 and
1.0). It has been observed that with increasing Al content by 0, 0.2, 0.6, and 1. Ecorr

values were observed − 397, − 410, − 460, and – 307 mVSCE, respectively. Inter-
estingly, Al1.0CrFeMoV was observed with the highest Ecorr and lowest Icorr values.
There is inconsistency in an observed trend due to volume fraction variation of the
BCC2 phase [24]. Shi et al. [16] studied the corrosion behavior of AlxCoCrFeNi in
two conditions, namely forged and equilibrated, and observed that as fraction of Al
content increases, Ecorr decreases and Icorr increases. Further, increasing Al content
also decreases critical pitting potential (Ep) and increases passivation current density
(Ipass) indicates that localized corrosion rate is less in Al-free HEAs. For localized
corrosion, Ep is a determining factor to measure corrosion behavior [16].

4 Conclusions

This paper reviews the effect of varying Al content in corrosion behavior of different
types of HEAs and coatings of HEAs during the past decade. As volume fraction
of the Al-rich phase increases in HEAs which results in decreasing volume fraction
of other contents such as Cr and Cu. BCC phase is prone to attack by Cl− ions
in Cr depleted phase and results in decreasing corrosion resistance, while in HEAs
containing Cu, corrosion resistance increases up to some level with increasing Al
content because of uniform distribution of Cu in dendrite and interdendritic region
but more addition of Al causes a change in microstructure and corrosion resistance
decrease. From past research analysis, there is no clear trend that can be predicted
for corrosion behavior as it depends on many factors such as elements of HEAs,
electrolyte medium, and volume fraction of content although HEAs show better
corrosion resistance andmechanical properties compared to conventional alloys. The
coating of HEAs over conventional alloys or utilization of pure HEAs is advisable
for better corrosion resistance property applications.
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Effect of Microstructure
on the Tribo-mechanical and Wear
Behaviour of Thin PVD Films: A Review

Alok Vats, Amar Patnaik, M. L. Meena, and Dinesh Shringi

1 Introduction

Physical vapour deposition (PVD) coating techniques are usually deployed bymanu-
facturers and researchers to increase the component life. PVD is a one of the branch
vacuum coating technologies. Other processes like magnetron sputtering process
also belong to the same class. These processes are used to deposit the hard materials
over the substrate. These hard substances include both the oxide (TiOx) coatings, the
nitride (TiN, TiAlN) coatings and carbide (TiC) ones. They are grouped into three
classes which include the cathode arc evaporation (CAE), magnetron sputtering and
combinedmagnetron and arc sputtering. The difference between these coatings is the
established on how the metallic or non-metallic target materials are converted from
solid to vapour form. In the magnetron sputtering process, the Ar atoms are ionized
using a strongmagnetic field. They are bombarded on to the target. It causes the target
atoms to be ejected towards the substrate material for deposition. This method is very
energy efficient as compared to arc methods [1, 2]. While in the case of arc methods,
the cathode area, which is very small, is provided with a high energy arc. The energy
from this arc converts the solid target into vapour form. The schematic of PVD equip-
ment has been shown in Fig. 1 while PVD deposition process is shown in Fig. 2.
Enhanced mechanical properties make PVD a better choice for industrial purposes.
These properties include superior hardness, thermal stability and better hardness-to-
elastic modulus ratio (H/E ratio). Due to the enhancement in the mechanical and
wear behaviour, the PVD coatings are used in marine, high-temperature oxidation
and excessive wear environments. As a result, the application areas of PVD coat-
ings are many and quite diversified. They include aircraft industry, power plants,
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Fig. 1 Schematic PVD
coating process setup
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automobile and transportation sector, hydraulic machinery, petroleum, printing and
paper industry, manufacturing, metal processing and textile machinery. The reason
for enhanced features of PVD coatings is their compact and hard microstructure with
relatively less porosity. It is this microstructure which provides the PVD coatings its
well-known coating characteristics. Themicrostructure of the PVD coatings depends
on the deposition and geometrical parameters like pressure in vacuum chamber, arc
current, arc temperature, nitrogen flow rate. Themicrostructure of PVD coatingsmay
also contain the precipitates, hard phases and salts like nitrides, oxides and carbides.
The conformance of these phases is done by XRD, EDAX, while the surface char-
acterization is done by SEM analysis. In this paper, a review on the influence of
microstructure on the tribo-mechanical and wear behaviour of PVD-coated layers is
done.

2 Phase Composition and Microstructure

In a study, involving WC-Co-Cr powder, WC was the main phase and Co3W3C
was the secondary phase. There was the formation of the solid solution of Co and
Cr, as confirmed by the XRD peaks. Co3W3C was the product of decarburization
of WC in the presence of Co and Cr [3]. Similar results were obtained in a study
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involving the cemented carbides in which the WC phase appeared bright and the
Co binder phase appeared dark. The softness and ductility of Co binder, as well as
the hardness and wear resistance of WC particles, provided a good combination to
enhance overall performance. It improved the ability of the tools to sustain high-
temperature effectively [4].

The spherical or flakeα phasemicrostructure of Ti-6242S resulted in better fatigue
strength, good thermal stability and fracture toughness. The duplexmicrostructure of
Ti-555 with few α phase b/w β phases provided it strength, plasticity and toughness.
Therewasmicro-chipping for thefirst 5minon (Ti-Al)N+Ti-N tools [5].Acolumnar
microstructure with high density and clear grain boundaries was observed while
studying the behaviour of TiN coatings [6].

In a similar study, the CrN (thickness 1.80 µm) displayed a monolayer cubic
microstructure. There was a primary deformation zone in near proximity of the
interface b/w the chip and tool. Grain refinement was observed in this zone [7]. The
uniform and dense microstructure of PVD coatings was obtained in Al-TiN PVD 1
(2.5 µm monolayer) and PVD 2 (5 µm monolayer) [4]. In a study involving Ti-Nb
alloy coating, the Nb was deposited by triode plasma nitriding process. The coating
had a dense columnar (cubic) structure with 33 atomic% Nb (Ti:Nb 2:1). The degree
of coating crystallinity on Ti-AVM substrate was higher [8].

In a polymeric study, PTFE was found to consist of a long chain of C-atoms. The
F-atoms surrounded the C-atoms (ratio 1:2), and there existed a great bonding b/w
them. PTFE thin film was deposited as the top layer. PTFE was present above the
Al2O3 thin film [9]. The α-Zr phase (HCP crystal structure) was present in the Zr-4
alloy [10].

In another study, the attached droplets in TiAlN coatings were loosely bonded to
the coatings’ surface. The subsequent adhesion of WS2 soft coatings suffered. The
presence of micro-cracks at the WS2/Ti-Al-N interface supported this phenomenon.
These micro-cracks acted as nuclei that resulted in fractures and cracks along the
interface of WS2/TiAlN coating system in early stages [11]. PVD technique could
also be used to deposit materials like carbon (Avg. 26 µm thick) on the Ti-6Al-4V
alloy system. In the XRD analysis of D-1250-1.6-70 sample, the peaks of TiN, TiO2

and Ti2AlC phase were found [12].
The XRD patterns of the (Cr47Al53) N-coated samples had a cubic CrN and a

cubic AlN phase. By adding Mo and Cu, there was a shift in the Cr-N and Al-N
peaks at 2θ of 37.5° and 37.8°. The shift with Cu was less. And the formation of
cubic Mo phases was favoured [13]. In another study, the bond and top coats were
deposited during the coating process. They had different percentages of elements in
them. The top coat had fairly large % of Zr, Y and O (small). While the bond coat
had large % of Ni, Cr, Al, O and C & Y (small). The presence of melted particles
in the stationary substrate was more compared to the substrate rotating at 20 rpm
[14]. The nitride coating like TiN grew on orientation plane (220) [15]. Crystalline
phases like TiN (111) and TiO2 (112) were found in the coatings deposited on Si
(100) substrate at various angles [16].

The grain growth in the columnar microstructure decreased the hardness and
mechanical strength of coatings. The multilayer state of the coatings prevented this
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[17]. Certain PVD coatings had the presence of nitride salt like TiN. In some of the
PVD coatings, a layered architecture was observed. It was seen that the modulation
period decreased from 60 to 30 nm with the introduction of Ni [18].

The SEMwas also used to study the interfacial area. This particular area exhibited
either sharp (50 nm thick) or blurred (125 nm) images depending on coating thickness
[19]. There was fine carbide particle formation, in the Co matrix in Al-TiN (2.7 µm)
and Al-CrN (3.1 µm) coatings. The micro-defects were in the form of micro-holes,
micro-droplets and macro-defects. The oxide phase of CoO was evident as peaks
at 2θ angles of 36.49°, 42.38°, 61.49° and 73.65° respectively [20]. The features of
PVD coatings like porosity and defects were exhibited in Fe3Al coatings (120 µm
thick). The presence of melted and un-melted particles was also observed. The CrN
and DLC films (100 µm thick) were deposited on substrate [21].

3 Mechanical Aspects

3.1 Scratch Test

Scratch test is usually conducted by means of a diamond stylus. In the case of softer
coatings like WS2, there was a low value of COF stabilization. After that, excessive
plastic deformation increased the value of COF. Due to continued rubbing, the WS2
layer was scraped off and TiAlN coating was exposed [11]. In the adhesion test of
TiN coating (SS substrate), the first crack was at critical load of Lc1 13.6 N. The
coating was up rooted at Lc2 17.2 N [6].

The maximum adhesive strength was observed at Lc = 14.1 N for coating no.
6. It was followed by detachment of the coating from substrate. A cohesive failure
was observed in coating no. 8 at a critical load of 2.5 N. In this case, there was no
detachment [22].

In the scratch test of the CrC hard coating, on Cu alloy, a gradual wear process was
indicated. The fine scratch pattern with no sharp abrasive scratches of the CrC-coated
surface was visible [23].

3.2 Coefficient of Friction

In a study, there was a drop in the COF of the T-T-T samples. The middle layer was
exposed. Diffusion took place up to atomic level (2500 cycles). Plasma nitriding
greatly improvement the wear resistance of nano-structured TiN coating [24]. In the
case of [9], the wear mechanisms of cold-sprayed (higher friction) and the sputtered
(PVD) samples surfaces were different. This variation in COF was because of the
production of wear debris. It increased the wear rate. The increase in the applied
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load, and consequently, the loss of energy owing to excessive deformation (plastic)
caused an increase in COF [9].

The evolution of the COF with sliding time for the steel–steel and the steel–TiN
system was studied. Lubrication of glycerol (4 N load; 1.16 GPa contact stress) was
used during the test. For uncoated steel, COF was 0.19 for the S-S (steel) system and
0.04 for steel+TiN system. Thewear rate of uncoated steel discwas 8.3× 10−5 mm3

N−1 m−1. In a steel+ TiN system, COF had a high value only during initial sliding.
After 1000 s, it was gradually reduced to 0.018 [13]. For the C-C samples, after the
run-in stage the average value of COF was in the range of 0.70–0.85. However, the
COF increased to > 1.0 (4000 s), because of de-lamination of Ti-Al-N samples [11].

The COF was described as the function of sliding distance as in the case of
untreatedTi-6Al-4V andD-1250-1.6-70 samples.A normal load of 10Nwas applied.
Average COF of the D-1250-1.6-70 sample was reduced up to 66%, as compared to
the Ti-6Al-4V sample [12].

The COF for coatings (Cr37Al50Mo13)N, (Cr5Al7Mo88)N and
(Cr23Al31Mo40Cu6)N was in the range 0.08–0.1. For the (Cr34Al47Cu19)N coating,
COF increased from 0.10 to 0.11, within the first 70 m. It was followed by a decline
in the COF. After sliding distance of 300 m, the COF was around 0.10, indicating
strong fluctuation in COF. Surface roughness also influences the COF. The variation
of mean surface roughness of the nitride coatings containing Mo and Cu is shown
in Fig. 3 [13].

In the study of ion-bombarded TiN samples, the frictional forcewas quite unstable
because of thewave-like pattern. In the scratch test, theTiN samples (lowbombarding
time) had higher adhesive properties, when compared to the high bombarding timed
ones [15].

During the initiation of sliding, COF values were minimum but, they increased
suddenly in the stage-II. The COF of Ti-6Al-4V substrate was 0.6 (unstable). The
distance of sliding was 100 m, and it caused excessive wear. The COF for C1 spec-
imen was between 0.2 < Frictionco-efficient < 0.3 before 50 m and became 0.3 <
Frictionco-efficient < 0.4 later on. Its average value was 0.38. The steady state was
reached much earlier C2 and C3 [16]. In Al-Cr-N coatings, initially there was a peak
in Frictionco-efficient. After that, the COF value was stabilized to 0.4 (after 0.05 m of

Fig. 3 Surface roughness of
the Mo and Cu containing
nitride coating
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sliding). However, for Cr-W-N samples, the friction underwent peak initially and
was stabilized to 0.45 [25]. There was a temperature function, involved in the COF
of Al0.66Ti0.33N coating by arc PVD method. The graph between Frictionco-efficient
and coating distance was drawn in Ar jet environment. A COF of 0.2 was obtained
at room temperature (10,000 cycles) [26].

There was a higher coefficient of friction in un-reinforced PA (no G.F.). It was
because of higher adhesion of PA to steel substrate. There was a reduced adhesion
because of lesser polymeric contacts [27].

3.3 Composite and Multilayer PVD Coatings

The TiAlN layers had FCC structure (NaCl type) with (220) plane orientation. So,
Al substituted for Ti atoms in the TiN lattice and the solid solution of c-Ti(Al)N was
formed. The peaks for Ti phase were detected in ML1 and ML2 coatings. The mass
gain of SL1 coating increased steadily (80 cycles). After that, it began to increase
rapidly. The mass gain of the other three coatings were consistently lower than that
of SL1 coating during the cyclic oxidation process. The N2 inward diffusion caused
the formation of a compound layer composed of TiN and Ti2N on the surface of the
substrate, followed by an Al-rich layer and a N2-stabilized Ti layer [28].

Excess of O2 existed at the top surface of TiOxNy-TiN composite layered film
due to the parent oxides. As the time for etching was increased, the N (atom level)
conc. also increased, while O2 concentration decreased. In the XRD patterns of CrN
and TiOxNy-TiN sealed CrN (FCC structure) coatings, the CrN phase was present
in planes of (111), (200) and (220). There was a red shift in the diffracted peaks for
CrN, after the samples were sealed with ALD-TiN (360 °C) [29].

There was an interface formation b/w the inner layer of SiC and outer layer of
ZrB2-MoSi2-SiC. Cracking did not take place. SiC nano-whiskers were present in
the coating structure. The length of these nano-whiskers was less than 5 µm, and
their diameter was about 50–100 nm. ZrB2 and MoSi2 particles were also present. In
the C/SiC/ZrB2-MoSi2-SiC samples, the two coats were there, namely the top coat
(ZrB2-MoSi2-SiC and 70µm thick) and a bond coat (SiC overlay and 200µm thick).
White (secondary phase) particles were also present in the top coat of coating [30].

3.4 Surface Roughness

In a study, involving theTi or Ti-Nb coatings, the nitriding treatment led to an increase
in the Ra values. Consequently, the PVD coatings deposited before the nitriding
treatment had low Ra values. During the micro-abrasion testing, a greater Ra led
to higher pressure of contact at the surface asperities. It fastened the detachment
process of the (nitride) asperities. A reduced Ra value proved better for the Ti and
Ti-Nb coating system in terms of the wear performance [8].
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Fig. 4 Diagram depicting
the structure and thickness of
Cr coatings

Cr - Coat-

Zircalloy – 4 

The substrate and the coating (29.0± 2.0 µm) had a strong interface. Mechanical
inter-locking enhanced the bonding between the two. The Cr layer for AR-Zr4-Cr-
PVD sampleswas 6.48± 1.41µm thick. TheRa valuewas 0.434µmfor the substrate
AR-Zr4 and 1.222µm for the AR-Zr4-Cr-CS samples. The observed Ra of the coated
samples was greater, as compared to the substrates. The structure and thickness of
Cr coatings are shown in Fig. 4 [10].

There was a reduction in the peaks of blasted samples as compared to those of un-
blasted ones. It was because of the abrasive action of media (MB) which levelled the
droplets. There was an improvement in surface finish after micro-blasting process.
Droplets’ density at the top surface was also decreased. An optimal combination of
micro-blasting and ion bombardment was necessary for enhanced wear resistance.
It was observed that excessive micro-blasting alone was in-sufficient for better wear
resistance [15].

The deposited films had very low Ra value. The Ra value of C1 was higher in
comparison with C2 and C3. There was an increase in the columnar size of TiO2

layer (upper C2 or C3), as compared to TiN layer (upper C1) [16].
Very low roughness values were found for LST + Al-TiN and LST + Al-CrN

samples. The uniform growth of coating and a reduction in coating macro-particles’
size were the reasons for low Ra of LST surfaces. As a result of it, the available
surface area for coating was increased. The LSP samples had high Ra values for both
coatings [20].

The indentation resistance was for CrN (0.048± 0.006µm) coatings in CrN/HSS
samples. Initially, there was residual impression (10 mN). The residual impressions
dominated the scene, on increasing the force to 30 mN. Cracks in form of ring were
formed at the force of 50 mN. There occurred cracking and removal of material b/w
30 and 50 mN. Such cracks depended on the energy of impact [31].
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3.5 Hardness

The movement of the indenter with respect to coating thickness and the penetration
depth influence the hardness level in case of Cr-coated samples. The AR-Zr4-Cr-
PVD and AR-Zr4-Cr-CS layers were deposited on AR-Zr4 substrate. 5 and 10 mN
loads were employed for hardness measurement. The Cr coatings were harder, as
compared to that of the substrate [10]. The micro-hardness of the samples treated
with laser was 2.5–4.5 times that of the substrate. The highest micro-hardness was
in Ti-1.6-1250-D samples. The generation of hard and brittle compounds like TiC
and TiN was the reason for this behaviour [12].

The influence of substrate movement (rotation) on hardness was also observed
in certain coating types. The hardness of stationary substrate was 878.94 HV, while
that of the rotating substrate was 834.66 HV [14]. In the multi-layer PVD coatings,
it is the thickness of layers and their number which affects the micro-hardness.
There is a direct relationship between the total coating thickness and hardness to be
achieved [22]. However, there was a little influence of increase in coating thickness
on mechanical properties like hardness, elastic modulus and mechanical strength
[17]. The thicker alumina layer in TiAlN was α-Al2O3 modification [32]. Various
treatment of the coating surfaces can also influence hardness. There was an increase
in the hardness of the WC surface after LSP treatment. However, with the LST
treatment, no change in hardness was observed for both un-coated and coated WC
surfaces [20]. TiN (hardest coating) was studied in pre- (207 VHN) and post-heat
treatment (613 VHN) modes [33].

3.6 Coating Thickness/Porosity/Stress

There was a little variation in thickness in the stationary substrate (207.59 mm thick)
coatings, as compared to the rotating ones (200.40 mm thick). The speed of rotation
was 20 rpm.Lesser number of poreswere present in the surface of stationary substrate
[14].

A residual state of stress existed for all coatings. However, the residual stress was
low for T1–T3 coatings. The deposition parameters also influenced the state of stress.
The SFC technology and a low bias voltage were the reasons for low residual stress.
The increased thickness effected the tool geometry and mechanical properties of the
coated inserts. Edge radius was increased as the coating became thicker [17].
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4 Wear Performance

4.1 Tool Wear

The coated tools show an enhancedwear resistance. The various factors that influence
thewearwere the feed, spindle speed, frictionproperty, cutting forces, cutting temper-
ature and time for the test. Flank wear resistance was improved (43% reduction) by
the TiAlN-coated micro-drills [34].

Improper friction and large forces of cutting in uncoated tool led to micro-
chipping. During milling of Ti-6242S (uncoated tool), the wear mechanisms were
chipping, diffusion and adhesion while in case of Ti (C, N) + Al2O3 + TiN-coated
tool micro-chipping and adhesion were main wear mechanisms. In (Ti, Al)N +
TiN-coated tool micro-chipping, diffusion and adhesion were (rake and flank face)
predominant [5].

There was a reduction in the resultant forces in TiAlN-1 and TiAlN-2 coatings.
The value of decrease was 27.46 and 23.51% for 90 m/min and 34.85 and 21.52% for
120m/min, respectively. The cutting temperatures of TiAlN-1 andTiAlN-2were also
decreased, as compared with uncoated tool. During turning operation, the suitability
of PVD Ti0.55Al0.45N-coated tool was established for Inconel 718 at high cutting
speeds of 90–120 m/min [35]. No detachment was seen in the CrN monolayer PVD
coating on TiAl6V4 alloy. The CrN coating had the ability to form thermal barrier
films of Cr2O3. This influenced the intensity of crater wear strongly, leading to an
increase in tool life [7]. Better plasticity and load carrying capacity rendered CVD
1 as the best performing coating. The tribological properties like CCR, metal flow
and shear band were also enhanced. A combination of Co binder with TiC in CVD
1 reduced hardness and improved fracture toughness. There was not much effect of
the thickness on the wear behaviour of PVD coatings [4].

The erosion wear amongst CrN, TiAlN and Ti-Al-N/CrN (Ti45Nb substrate) coat-
ings was maximum for CrN coating (8 × 10−3 mm3/N m). Also, the erosion wear
rate amongst Ti-Al-N (1), Al-Cr-N (2) and Ti-Al-Si-N (3) was maximum (1.5 ×
10−7 mm3/N m) for (1) and (2). The greatest hardness was for TiN-coated AISI 304
because of the absence of Al. As the Si content was increased, the hardness also got
improved (maximum value of 18.7 GPa at 5.09% Si) [24].

There was a change in the wear mechanism of Ti-6Al and Ti-10Al from adhe-
sion to abrasion. The self-lubricating film (thin) was removed from the wear track
completely. The primary wear mechanism for PVD sputtered Ti-6Al and Ti-10Al-
coated samples was abrasion. The inter-particle cracks were present on the worn
surface. For cold-sprayed sub-surfaces, de-lamination and cohesion mechanisms
dominated under high loads. The friction and wear were increased due to this [9].

The de-lamination dominated in PVD samples. No de-lamination was there in
CS-coated Zr-4 alloy. The width and depth of the scratch were increased until the
load reached critical length, Lc at 312 µm [10].

The ternary coatings like Ti-Al-N covered by WS2 film (CC + W 6100 s; CM
+ W 7000 and 2850 s; CP + W 7800 and 4300 s; CF + W 7900 and 4400 s; CPF
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+ W 8800 and 5200 s) exhibited a better wear resistance, as compared to the bare
Ti-Al-N samples (CC 4000 s) [11].

On the samples (Cr37Al50Mo13)N-LVO-100Cr6 (sample I), (Cr5Al7Mo88)N-FVA3

+ S-100Cr6, (Cr37Al50Mo13)N-FVA3 + S-Si3N4 and (Cr23Al31Mo40Cu6)N-FVA3 +
S-Si3N4 slight wear tracks were detected. There was a strong co-relation b/w the
increase in wear track’s width (up to 6.60 × 10−2 µ), with the evolution of COF on
sample I [13].

There was a direct relationship b/w the coefficient of wear and media pressure.
The higher media pressure (upto 5 bar) and exposure time (upto 30 s) deteriorated
the wear resistance property. Hence, optimal media pressure and time of exposure
are desirable. A graph between the coefficient of wear in TiN coating with time of
exposure is plotted in Fig. 5 [15].

As the erodent particles were impinged on the coating, there started a reduction
in the thickness of coating. It occurred during the time of re-strained wear. Material
loss was less in coating no. 8 as compared to the wear of coatings no. 1 and 2. The
greatest stress (shear) τmax existed at the edges of cleavages and micro-cracks. The
lower the stress (shear) level, the better was the resistance of erosion. A graph of the
erosion wear has been plotted in Fig. 6, depicting the above-said phenomena [22].

Without MB 1 bar 3 bar 5 bar
10 Sec 0 2.72 3.38 3.43
30 Sec 0 2.93 3.54 3.64
Without MB 4.58 0 0 0
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Fig. 5 Graph of the coefficient of wear of TiN coating with time of exposure

Fig. 6 Erosion wear of
coatings
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The stick and slip phenomena took place during the cutting process. The thicker,
the coating, the better is the ability to withstand wear. It was also observed that T2

coating underwent minimum wear [17].
In a particular study involving Cr/CrN layers, the cracks were formed. The gener-

ation of chips (both internal and external) was also observed at an increasing rate.
Despite all these phenomena, the anti-wear properties of coatings were intact [36].

4.2 Abrasion Wear

The coating properties like hardness, fracture toughness and plasticity influenced
the wear mechanism strongly. In a study, the Ti-Al-Mo-N coating had high fatigue
resistance, good hardness and enough plasticity. As a result, the coatings suffered
less wear and good resistance to the initiation and propagation of cracks [18].

There was a better exhibition of wear performance by TiAlTaYN samples, as
compared to Ti-Al-Ta-N, Ti-Al-Y-N and Ti-Al-N counterparts. There were grooves
located within the wear tracks, in all these coated samples. The wear track was wider
for coating containing Y. The debris were mostly oxide particles [32].

The ternary coatings like Cr-W-N exhibited a higher wear resistance than the Al-
Cr-N coating. Pressure of contact was 5 MPa, sliding velocity 0.1 ms−1 and sliding
distance 0.075 m. Surface pores (less than micron size) generated lots of small
wear debris. The 22Mn-B5 alloy steel deposited with Al-Si had brittle mechanical
behaviour due to the formation of the complex entities like Fe-Al-Si. There was a
distinct interface between the Fe-Al layer of inter-metallic and PVD layers. This
was mechanically attached and the homogenous in appearance suggesting that it
was well-bonded to the surface. There was large Al content in the inter-metallic
complexes [25].

In a certain study, the coats were studied after a duration of 600 (stage-1) and 1200
(stage-2) cycles. In stage-1, Al-Cr-O-coated tools had the lowest wear (0.4 mm3). It
was followed by the DLC (0.8 mm3). The other two coatings Ti0.57 Al0.43 N/Mo-
Si-B and TiN/Mo-Si-B had greater material loss. In stage-2, the build-up volume
increased for the DLC but reduced for the Al-Cr-O coating. The Ti0.57Al0.43N/Mo-
Si-B multilayer coating also experienced a reduction in wear [19].

There were parallel grooves inside the wear track of the Fe3Al/SS304 coating,
as compared to the CrN/Fe3Al/SS304 and the DLC/Fe3Al/SS304 duplex coatings.
Large pits were observed at this stage. A schematic showing wear tracks is shown in
Fig. 7 [21].

There was more wear in the areas where the carbide was exposed. The location
of wear was in between WC grains. It covered partly the Co and consisted of both
Cu and Zn. The transferred material on CrN coating was rich in the partly oxidized
Zn [23].

The salt nitrided samples had a wear track of 4 µm while its value was less
than 1 µm in the ionic nitrided samples. Nitriding experienced most of the wear in
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Fig. 7 Schematic of the
surface of the wear track

Wear Tracks

Sliding direction

the initial discharge. It was followed by a less loss of material. The formation of
compound and diffusion layers was responsible for such behaviour [27].
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Fatigue Crack Initiation and Life
Prediction of Rail Weldment Under
the Effect of Vertical and Lateral Load
Conditions in Indian Railways

Prakash Kumar Sen, Mahesh Bhiwapurkar, and S. P. Harsha

1 Introduction

Nowadays, evolution of railways industries in the world is experiencing the need of
much efficient working and alongwith development of new andmore flawless design
approach to minimize the costs and maximize the reliability and safety. Between all
the sub-structures and segments which are part of a rail–track, the rail–wheel contact
interface and joint connections are the most sensitive for performance analysis of the
train and security perspectives as well.

The above consideration justifies the monitoring of these components and the
need for frequent non-destructive control operations to monitor the condition of the
rail and the welding surface on rail [1–4]. These checks, however, are a bit costly
and if possible, may be reduced. This is only feasible if some new design methods
could be introduced which can predict precisely the growth of failure processes and
thereafter show the requirement of regular non-destructive inspection.

Fatigue is most frequent and dangerous among slow wear deterioration process.
A sudden fracture is developed by fatigue in wheel, rail, rail weldment, and loss of
surfacematerial. Such deficiencies can lead to damage toweldments on rail specially,
which ultimately tends to damage serious derailment of train having a big loss in
infrastructure and lives. In order to correctly define the condition of stresses at rail–
wheel contact, Hertz theory of contact is very simple to utilize if the problem satisfies
the Hertz contact assumptions [5]. Numerical approaches for contact analysis, such
as FEM and BEM, are often generally used to cope with the complexity resulting in
the analytical approach from some decades. Myers et al. [6] attempted a 2D FEM
model and a fatigue model based on multiaxial study created by Chau-Cho et al.
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[7] for RCF investigation in bearing which can be also utilized for finding contact
stresses on wheel–rail/weld [8, 9].

Rail Defect Manual [10] and Yu and Keer [11] made a study with Hertz contact
hypothesis to compute the stress outcomes and fatigue results, consideringmultiaxial
analysis as a uniaxial analysis problem; thus, only one directional component of
principle stress and strain was used for fatigue calculation. UIC, Leaflet 518 [12]
proposed a semi-analytic approach to calculate the stresses, by using 3D FEM, but
it was under the contact stresses as per theory of Hertz [13].

In this work, a 3D FE model with fine mesh method is implemented at contact
zone. To find the life under the fatigue stress of the weld, this paper has used the
numerical simulation and stress responses under contact of weldment and wheel
specifically on weld under rolling.

The criteria Von Mises, which is most often used for multiple axis fatigue of
materials with ductile properties, is assumed here. The modified Goodman theory
is then opted to better understand the impact of moderate stresses developed. The
outcomeswithmultiple parametric values are calculatedon thebasis of data collected,
and several results are presented graphically.

In general, primary and secondary loading elements are under service in rail and
itswelding.Under rolling contact, there is bending stresses due towheel–axle vertical
loading, axial stresses due to creep and also stresses considering Hertzian contact
theory.

The bending stresses are developed by the axle vertical load, which is typically
between 8 and 22.5 tons (it is proposed to be up to 25 tons for heavy transport
in India) along with moving vehicle dynamic magnification factor. A little bit of
bending stresses also comes in to account due to self-load of the rail. Defects on the
rail surface, like joints, twist, and dips and abnormalities in the wheel like flats and
non-roundness play a significant act in fatigue. When train starts and stops, due to
irregularities in track structure and dynamic movement of the train, there is a growth
of axial stresses. In case of early crack formation phase, rolling contact load plays
an important part. We must note here that for tracks having curves, switches, and
crossings, there is an extra load in the lateral direction. With an increase in rpm,
these forces are also dynamically intensified. In vehicles having tilting technology,
the irregularities in local track, especially in small radius of curvatures, impose an
important role to increase the lateral loads on track and on wagon too [14], noting
that lateral bending is the main problem for rails in switches. Boudnitski and Edel
[15] indicated about the occurrence of majority of rail failures in Europe at or a
little above 0 °C in temperatures. Large tensile thermal stresses are associated with
comparatively low rail material toughness properties at this temperature to induce
catastrophic collapse.

In rails, the residual stresses initially induced by the manufacturing, mainly from
the heat treatment and straightening with rolling operations [16, 17], and the mainte-
nance activity of two standard rails likewelding, etc. Amaximumaxial residual stress
of tensile in nature about 200 MPa has been measured on rail weldment beneath the
running surface center line in vertical direction and in the other rail section’s region
with rail foot over where those are specified by residual stresses in compressive in
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nature. Natural differences have been observed in distribution for residual stresses
in the HH rail sections due to method used in welding for joining two rails [18]. It is
found that the condition of residual stresses at the rail sections ends at the position
of joint is different from its central section because of the variations in procedures
adopted for straighten the rail beam other than rolling straightening method and
fracture repair [19].

2 Crack Types in Rail and Rail Weldment

Cracks may be induced at or below to rail surfaces as well as on the rail weld-
ment. Cracks on surfaces are getting started because of high tractive forces at rapid
rail movement and continues to flow influenced by lubrication at inclination angle
between direction of motion of vehicle and in the direction of the rail. Transverse
spreading of its branches may further approach to the ultimate weld fracture. There
is an intention of beginning of under surface crack below the weld top surface. It
is presumed that crack starting position is 12–14 mm from side of the rail weld
and about 8–10 mm down from rail head surface [20, 21]. After penetration due to
contact, these crack linings are supposed to flow toward the surface of weld section
and pretends as cracks on surface plane [22].

3 Methodology and Simulation Discussion

This work has used 3D FEM models of rail having a weld on it with grinded head
surface and wheel made on ANSYS 19 Student Edition’s software under Space-
Claim, which is its model drafting module. The description for procedure is stated
below.

TheUIC60 section profile rail and coachwheel profile are used for contact analysis
[23, 24]. The length of a rail is appropriate for the distance of two sleepers. Analysis
setting has been made as fixed supports on two cross-sectional areas at the ends and
its bottom in all directions of the rail. After modeling the rail and wheel, a weld is
prepared having a real look of extra extruded part of AT welding in side of rail of
25 mm of length with bonded contact as in Fig. 1. Figure 2 shows the final assembly
of this all.

Since the analysis is nonlinear in nature, it will be better to apply fine mesh of
about 2 mm average in size at the close contact region. Concider a node as a pilot
node at the centre of the wheel which is an important location and here this pilot
point is connected to the wheel using a rigid link element. At this pilot point, all
the boundary conditions and external loading of the wheel/axle are to be applied. It
is possible to obtain these loading and boundary conditions by field calculation or
through computational simulation of motion analysis of the track structure.
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Fig. 1 An alumino-thermit
weld on rail

Fig. 2 Rail–wheel weld in
ANSYS

Contact elements as target (Green) and contact (Red) are used for the meshing
of wheel and rail geometry at the possible contacting faces of the weld head and
wheel flat. Pre-existing augmented Lagrangian algorithm method (as in ANSYS)
is used for contact analysis. The Coulomb frictional model is used to provide the
frictional effect on the material property of the contact zone. Elastic properties of
the weldment material is given in Table 1, in which the frictional coefficient is taken
as 0.3, assembly setup is chosen as kinematic harden, and then, analysis based on
quasi-static assumptions is performed with recording the outcomes of each step at

Table 1 Parameter of elastic
plastic weld model [26]

Mechanical property Value

Ultimate tensile strength 996.7 MPa

Young’s modulus 207 GPa

Poisons ratio 0.3

Yield strength 675.7 MPa

Percentage elongation 3.09

Percentage reduction of area 4.22
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Fig. 3 FE modeling of
wheel and rail contact with
weldment simulation
observation

contact surface area, and in some depth, fine typemesh is applied for obtaining results
accurately. The accuracy of the findings can be compared with physical examination.

Assembly contains wheel diameter about 0.90 m having flange contour as per
Indian Railways criteria. Overall design load is 146.2 kN in this simulation work
considering it as vertical load. Assuming rail and wheel properties equal to 205 MPa
for Young modulus, 500 MPa as yielding strength, coefficient of friction as 0.3,
4000 MPa tangent module, and hardening model considering linear kinematics.

The rail length is chosen to be 800 mm in this work [25] and welds as alumino
thermites with a weld length of 25mm. Initially, it is believed that contact point exists
on the mid of rail weld’s upper surface and the rolling wheel surface. Under static
load analysis, the assembly simulation (Fig. 3) gives the result as shown in Figs. 4
and 5 with contact patch. The Von Mises stresses on the weld from various sectional
views are there in Fig. 4. Figure 5 indicates shear stress on the weld. Figure 4 repre-
sents the occurrence of maximum Von Mises stresses just under the weld surface, as
depth becomes higher, the stress value descends quickly. High stresses are developed
on the rail weld and the wheel under a limited contact area. Figure 4 also shows that
the maximum stresses is experienced by rail weld below its surface at a distance
about 6–8 mm. The presence of underlying crack nucleation on the weld may be

Fig. 4 Weldment Von Mises stress distribution at contact area



398 P. K. Sen et al.

Fig. 5 Weldment shear
stress distribution at contact

τxyResult

the controlling factor for this. The numerical outcomes precisely established the
corresponding laboratory outcomes of the crack sight. Though in other parts of rail
have no stresses observed, it is better to simulate only a small portion of assembly
which helps to reduce computing time for unnecessary zero contact stresses calcu-
lation elsewhere. Shear stress τ xy is found in Fig. 5 which is like a butterfly pattern.
The highest value of τ xy often exists at down around 6–8 mm under surface of the
rail weld from the contact location of rail weld–wheel assembly.

As indicated in Figs. 4 and 5, the stress pattern represents several contact points
between wheel–weld contact interfaces. The Von Mises principle is used after
obtaining the stress record of the contact on weld zone for the multiaxial fatigue
measurement and evaluating the initiation of fatigue life. Mean stress effects on
model can be explained by modified Goodman method. Rail weld is under constant
vertical load for each step and ranges between the highest value to zero. To study the
results for loads applied under varying steps, the magnitude ranges between 55 and
155 kN, which can be seen in Fig. 7a.

For fatigue crack propagation, the critical location on the weld is designated as
the position of the highest Von Mises stress. Figure 6 shows plot of S–N curve
for fatigue under torsional and uniaxial loading. Plot on fatigue damage distribution,

Fig. 6 Stress-life plot for
torsional and uniaxial load
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Fig. 7 a Vertical loading
versus damage per cycle.
b Hardness versus damage
per cycle

hardness, and vertical load is shown in Fig. 7a, b. By applying different vertical loads
on the wheel–rail–weld component, their respective values are measured and plotted
in Fig. 7a on the basis of the cumulative damage rate. The damage compilation rate
rises as per prediction, while increasing the vertical loads. In this case, in load below
110 kN in vertical direction, the endurance limit is higher than the equivalent stress
amplitude. Figure 7b shows that as the hardness increases the damage compilation
rate also increases. This may conclude as a result that reduction in contact area
between the rail–wheel model creates maximum stresses on area of contact.

Figure 8 demonstrates the influence of lateral movement on the wheel when the
maximum stress observed in rail weld. Stresses will significantly boost in this region;
it is observed that region of contact is shifted towardwheel flange to left. Furthermore,
it is seen that there is a rise in stresseswhere theweld andwheel are in closely in touch
at wheel’s varying gradient. As a result, it can be stated that the weakest position for
wheel and weld contact seems to be very close to the rail flange, hence transmitting
the inclination changing zone inside wheel surface which will be quite good.
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Fig. 8 Lateral displacement
versus max. stress on
weldment

4 Conclusion

Study has been carried out to find distribution of mechanical stresses and fracture
damage risk of rail weldment under different loading conditions to perform just like
actual service condition. Not like most of the earlier studies, the present work used
a 3D CAD model and FEM analysis under nonlinearity to compute stress values.
Finite element simulations of models were successfully simulated and performed
stress visualization for hardness, vertical loads, and various damage levels.

Load analysis under static condition was executed for predicting the damage risk
of railways rail weldment and historical data for stress and then used to evaluate the
life under fatigue. The study of effects of various parameters such as fatigue strength,
rail–wheel contact on weldment, vertical loads, material stiffness and damage due
to fatigue in the rail component has been conducted using the Von Mises model.
Figures plotted show the maximum stress distribution for Von Misses theory under
rolling contact with vertical and lateral load due to lateral movement conditions of
the wheel, respectively.

In the current study, the outcomes based on various parameters have been studied
individually. Because thewheel–rail/weld contact problems are of highly nonlinear in
nature, so the forthcoming research must need the interactive effects of above-stated
parameters.

Other issues such as rail and its welding residual stress due to manufacturing and
servicing, braking loads, thermal loads, effect due to impact and dynamic loadings,
flows in material, etc., may be adopted under above-discussed technique for detailed
simulation and recognition of the principal source of welding failure and its service
life.
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Effect of Process Parameters on Weld
Bead Geometry, Microstructure,
and Mechanical Properties in Submerged
Arc Welding

Vinod Aswal, Jinesh Kumar Jain, Tejendra Singh Singhal, Rajeev Agrawal,
and Sundeep Kumar

1 Introduction

The welding process is a joining process of two comparable or non-comparable
materials. Welding has affected various enterprises by increasing productivity and
the life of the product.Welding is a process to produce a good quality weld by varying
the process parameters [1]. SAW is a fusion welding process which used over other
processes because of its high deposition rate, smooth finishing, deeper penetration,
and high reliability [2]. Due to these properties, the SAW process is utilized in
pressure vessels, offshore structures, LPG cylinders, and pipelines [3]. SAW process
comprises a formation of an arc between the electrode tip and workpiece at the
joint area. This joint area completely covered by a flux contains various chemical
compounds such as calcium silicate and manganese used to remove phosphorous
from weld pool, the addition of SiO2 and TiO2 reduces the mechanical properties
and increases the heat input, ammonium chloride, and borax flux which is used to
reduce the melting point of the unwanted iron oxide. Thus, the use of these chemical
compounds depends on the workpiece material to produce an efficient weld that is
free from atmospherical contaminations [4]. The weld produced in the SAW process
depends on different parameters such as voltage, current, welding speed, wire feed
rate, and electrode polarity. Gunaraj and Murugun [5, 6] studied that by increasing
arc length, the gap between the workpiece and electrode tip increases which gives
more melting of the workpiece surface and shallow penetration, and by increasing
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welding current, the heat input increases, which results in deeper penetration [7].
Similarly, the effect of various welding parameters is studied in this paper, and their
effects are observed. Yang et al. [8] explained the impact of parameters on the weld
pool of the SAW process, and for a particular value of heat input, welds made using
direct current electrode negative at high welding speed and low voltage produce
large weld-deposited area [9]. Ghosh et al. [10] studied that the thermal diffusivity
of workpiece makes a significant impact on the heat-affected zone.

Higher diffusivity provides higher cooling rate which gives smaller heat-affected
zone and when diffusivity is low, lowers the metal cooling rate, which results in
larger HAZ. Some properties of the weld pool region are significantly affected by
varying percentage dilution such as ductility, strength, resistance to weld cracking,
and corrosion resistance. In welding applications, for the joining of similar types
of material, maximum percentage dilution is required, and for joining of dis-similar
types of materials (like cladding and hard facing), required minimum dilution.

2 SAW Process Parameters

The selection of appropriate parameters is necessary for producing a good quality
welded joint. Welding process parameters may be variable or held constant.
Parameters of SAW are discussed below.

2.1 Welding Voltage

In the SAW process, the voltage measured between the electrode and the workpiece
at a joint area at the time of initiation of an arc is known as the welding arc voltage.
Systems for automatic welding can maintain consistent control of arc voltage, but in
manual arc welding processes, control and monitor of welding voltage are difficult.
Welding voltage is an important parameter for producing a good quality weld joint.
It controls the consumption of flux, arc length, and weldment properties. Welding
arc voltage having a positive effect on arc length and by increasing voltage arc length
increases and gives shallow penetration. The arc lengthmakes a significant impact on
weld beadwidth because as the arc length increasesweld beadwidth increases. Junior
et al. [11] studied that with an increase in welding voltage, penetration decreases and
weld bead width increases, but loss in penetration is lesser than the weld bead width,
which results in increases in the weld pool size. Hence, the percentage of dilution
increases. Gunaraj and Murugun [5, 12] studied that the welding voltage decreases
the penetration and reinforcement of the weld pool and increases the weld beadwidth
and percentage dilution.
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2.2 Welding Current

In a circuit, the term electric current is used as a transfer of energy from one terminal
to other. The type of electrode polarity, the intensity of current, and composition of
thewire covering significantly affect themelting rate [13]. Variation in current signif-
icantly affects the weld pool. As welding current increases, melting rate increases
and results in deeper penetration, and also increase in welding current increases the
consumption of flux. Too much reduction in welding current produces an unstable
arc. Cho et al. [14] studied that with an increase in welding current, the heat content
of the droplets increases, and molten droplet quickly striking the weld pool causes
more heating of the base plate, results in deeper penetration. Balasubramanian et al.
[15] studied that with an increase in welding feed rate, arc current also increases,
which results in higher heat input and metal deposition rate. Hence, the reinforce-
ment of the weld bead increases. Mahapatra et al. [16] observed that welding current
and a voltage having more impact on reinforcement and with 625 A and 35 V better
reinforcement is achieved.

2.3 Wire Feed Rate (WFR)

In manual arc welding processes, the amount of filler material deposited on the
weld pool depends on the wire feed rate which is manually operated. To prevent
the problem of incomplete fusion also done by adjusting the WFR. By increasing
WFR, the welding current and the metal deposition rate increase which results in
deeper penetration and large bead width. Cho et al. [14, 17] studied that increasing
the wire feed rate, welding current increases, and improved heat input results in
increasing weld bead width. By increasing WFR, penetration, weld bead width, and
reinforcement increased, but these factors decrease with an increase in welding speed
[5, 12]. Om and Pandey [18] studied that using DCSP and increasing welding speed
with lower WFR gives a smaller heat-affected zone in the SAW process.

2.4 Welding Speed

The electrode wire travels along the weld pool region is termed as welding speed.
The precise welding speed produces a good weld pool appearance. By increasing the
welding speed, heat input decreases, and less filler material is applied to the weld
pool resulting in shallow penetration, smaller bead width, and lesser reinforcement.
Penetration depth is more affected by welding speed other than welding current. Too
large welding speed may cause undercutting. Gunaraj and Murugun [6, 19] studied
that by increasing the welding speed, the torch travels at a higher speed, which results
in a reduction in metal deposition rate and heat input. Hence, the percentage dilution
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and weld bead width decrease. Om et al. [20] studied that percentage dilution is
generally affected by the weld travel speed and electrode polarity. Khallaf et al. [21]
studied that the crack length decreases by increasing welding speed results in low
heat input. Hence, penetration decreases.

2.5 Contact Tip to Work Distance (CTWD)

The distance between the contact tip to theworkpiece surface is known as a contact tip
to work distance. CTWD significantly influenced the weld bead properties. Gunaraj
and Murugun [5, 6] studied that by increasing the CTWD, it results in expansion
of the arc cone. Similarly, because of the Joule’s heating effect, at higher values
of N, the metal fusion rate increases. Hence, bead width increases. By increasing
the WFR, welding current increases, which results in wire melting, and deposition
rate increases. Therefore, the bead width increases. Shen et al. [23] studied that by
increasing CTWD, heat input decreases and results in reinforcement of weld bead
decreases. The stand-off distance (SOD) increases arc length, results in the heat
supplied over a wide range of the joint area of the workpiece surface. Hence, the
percentage of dilution decreases [19].

Although, these parameters are making a significant impact on weld bead. Some
more parameters like wire diameter, flux composition, electrode polarity, and preheat
current alsomake a huge impact onweld bead properties. The electrode diameter is an
important parameter to perform any welding operation. The selection of the diameter
of the electrode depends on the thickness of the workpiece material. For achieving a
high deposition rate, thicker electrode is selected. Theweld pool region is completely
covered by a flux that contains various chemical compounds to protect it from envi-
ronmental contaminants. Fluxes deoxidize and clean the weld pool and improve the
mechanical properties. Submerged arc fluxes are available in fused agglomerated
or bonded types for welding stainless alloys. Some agglomerated or bonded fluxes
contain alloys such as chromium, nickel, molybdenum, or niobium to compensate for
element loss across the arc. Thus, the use of these chemical compounds depends on
the workpiece material to produce an efficient weld that is free from atmospherical
contaminations [24]. Preheat is used to bringing the workpiecematerial to a specified
minimum temperature before welding begins, is used to achieve a variety of oper-
ating factors, including reducing the hardness ofweldmetal andHAZ, reduce residual
stresses, and achieve the desired microstructure or avoid an undesired microstruc-
ture. Cho et al. [17] studied that DCSP without changing OCV and WFR, a quick
reduction in dilution takes place, and this is because of a reduction in current. Yang
et al. [25] studied that constant current power source with acidic flux has no impact
on bead width but when the basic flux is used, bead width increases. Om et al. [20]
studied that percentage dilution is generally affected by the weld travel speed and
electrode polarity. Changing polarity from electrode positive to electrode negative
results in a decreasing percentage dilution at the similar OCV, welding speed, and
welding feed rate. For electrode positive, the dilution level increases with the WFR
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and for electrode negative, around 20% reduction in the level of percentage dilution
observed. Balasubramanian et al. [15] studied that an increase in torch oscillation
frequency, the torch speed is also increased and covers a wide area of the workpiece
material, results in decreasing percentage dilution. At a lower feed rate of powder,
less heat is used for melting the powder and more heat is utilized for melting the
workpiece surface which results in higher percentage dilution.

3 Effect of Welding Parameters on Weld Bead
Characteristics

The weld bead width is the maximum width of the weld pool on the workpiece
surface. Cho et al. [14, 17] studied that by increasing the wire feed rate, welding
current increases, result in improvedheat input, andby increasing current, the droplets
containing heat increases which rapidly striking the weld joint causes more heating
of the base plate, which results in increasing weld bead width. Gunaraj andMurugun
[5, 6] studied that by increasing the CTWD, resulting in expansion of the arc cone.
Similarly, because of the Joule’s heating effect, at higher values ofN, themetal fusion
rate increases. Hence, bead width increases. By increasing theWFR, welding current
increases, which results in wire melting, and deposition rate increases. Therefore,
the bead width increases. Yang et al. [25] studied that constant current power source
with acidic flux having no impact on bead width, but when the basic flux is used,
bead width increases.

Penetration is the maximum distance from the workpiece to fusion depth. Cho
et al. [14, 17] studied that by increasing the wire feed rate, welding current increases,
which result in improvedheat input, and by increasing current, the droplets containing
heat increases which rapidly striking the weld joint causes more heating of the base
plate, results in deeper penetration. In single DC welding, a different type of weld
bead geometries measured by varying the torch angle results in deeper penetration
achieved in negative torch angle and vice-versa. Gunaraj and Murugun [5, 6] studied
that increasing the arc length results in more melting at the workpiece surface gives
shallow penetration, and by increasing speed, heat input decreases and the welding
torch travels at a higher speed over the workpiece surface results in a lower rate of
metal deposition on the weld joint. So, because of a lower metal deposition rate and
less heat input, penetration decreases. Andwith increasingwire feed rate, welding arc
current increases and the rate of metal deposition also increases. Hence, penetration
increases. Balasubramanian et al. [15] studied that lower torch oscillation frequency
covers a narrow region of theworkpiece surface, results in deeper penetration.Khallaf
et al. [21] studied that the crack length decreases by increasing welding speed results
in low heat input. Hence, penetration decreases.

The ratio of the area of melted base metal to the total area of weld bead measured
across its cross section, known as percentage dilution. Some properties of the weld
pool region are significantly affected by varying percentage dilution such as ductility,
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strength, resistance to weld cracking, and corrosion resistance. In welding appli-
cations, for the joining of similar types of material, maximum percentage dilu-
tion is required, and for joining of dissimilar types of materials (like cladding and
hard facing), minimum percentage dilution is required. Om et al. [20] studied that
percentage dilution is generally affected by the weld travel speed and electrode
polarity. Changing polarity from electrode positive to electrode negative results in a
decreasing percentage dilution at the similar OCV, welding speed, and welding feed
rate. For electrode positive, the dilution level increases with the WFR and for elec-
trode negative, around 20% reduction in the level of percentage dilution observed.
All the welding parameters such as an increase in wire feed rate, welding speed, and
OCV favor higher percentage dilution. Gunaraj and Murugun [6, 19] studied that by
increasing the welding speed, the torch travels at a higher speed, results in a reduc-
tion inmetal deposition rate and heat input. Hence, the percentage dilution decreases.
The stand-off distance (SOD) increases arc length, results in the heat supplied over a
wide range of the joint area of the workpiece surface. Hence, the percentage dilution
decreases. Balasubramanian et al. [15] studied that to an increase in torch oscillation
frequency, the torch speed is also increased and covers a wide area of the workpiece
material which results in decreasing percentage dilution. At a lower feed rate of
powder, less heat is used for melting the powder and more heat is utilized for melting
the workpiece surface results in higher percentage dilution. Khallaf et al. [21] studied
that the travel speed increases crack length, which results in heat input decreases.
Hence, the percentage dilution decreases.

Reinforcement is a distance between the workpiece surfaces to weld pool height.
Gunaraj and Murugun [5, 12] studied that the welding voltage decreases the rein-
forcement of the weld pool. Balasubramanian et al. [15] studied that with increasing
WFR, arc current increases results in a higher rate of metal deposition and heat input.
Hence, reinforcement increases. Shen et al. [23] studied that with increasing CTWD,
the heat input decreases results in reinforcement decreases and vice-versa.

The heat-affected zone (HAZ) contained a uniform and fine-grain microstructure
of pearlite and ferrite with a large amount of carbide distributed evenly throughout
the zone, which could guarantee a high hardness at this zone. Ghosh et al. [10]
studied that the thermal diffusivity of theworkpiecemakes a significant impact on the
heat-affected zone, higher diffusivity provides a higher cooling rate gives a smaller
heat-affected zone and when diffusivity is low, lower the metal cooling rate, results
in larger HAZ. Om and Pandey [18] studied that using DCSP and increasing welding
speed with lower WFR gives a smaller heat-affected zone in the SAW process.
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4 Effect of Welding Parameters on Microstructure
and Mechanical Properties

Some properties of the weld pool region are significantly affected by varying the
percentage dilution such as ductility, strength, resistance to weld cracking, and corro-
sion resistance. Qiu et al. [26] studied that the fine-grained heat-affected zone has
fine productive grains and a high density of mis-orientation grain boundaries, which
makes a significant impact on crack propagation and increasing heat-affected zone
toughness. Kolhe andDatta [27] while performing a detailed study on themicrostruc-
ture andmechanical properties of SAWmulti-pass joint found that welding heat input
can control the percentage of phase formation in the welded joint which influences
the microstructure. Microstructure and wear property study of alloy cladding by
SAW revealed that the presence of increased content of retained austenite in the
microstructure results in lower hardness [28]. Crack susceptibility of carbon steel
plates in SAW decreases as current decreases and welding speed or WFR increases
[21]. Tarang et al. [29] during the determination of SAW process parameters in hard
facing observed that GRA can be used to convert optimization of multiple character-
istics into a single characteristic called gray relational grade. Jesus et al. [30] while
studying the influence of the SAWprocess in themechanical behavior of steel derived
energy life relation by using the strain life data. Funderburk [31], these relations indi-
cated that fatigue resistance of weld metal is defined in terms of strain energy of the
cycle and is lower than as observed for the base metal. Heat input affects the weld
bead, cooling rate, and mechanical properties of the weld pool region [32]. Kanjilal
et al. [33] when focused on the combined effect of parameters and flux onmechanical
properties of SAW and observed that electrode polarity has a greater effect on the
chemical composition of the weld joint. Further welding parameters mainly deter-
mined the hardness and yield strength, whereas flux mixtures variable determined
the impact toughness. Suitable regression models are found to be useful in expecting
the transfer of elements such as oxygen, manganese, silicon, and sulfur across the
weld joint and chemical reaction related to SAW fluxes which affected the metal
transfer [34]. Kaçar and Baylan [35] studied microstructural properties in dissimilar
welding between austenitic SS and martensitic and observed that the tensile strength
of the weld joint for electrode E2209-17 was lesser than that of electrode E308L-16.
The impact toughness for both the electrode was accepted at low temperature and
exhibits ductile fracture. Singhal and Jain [36] investigated various process param-
eter to control corrosion in welded and cladded parts. Study shows diffrent processes,
microstructure obtained and their effect on corrosion resistance.
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5 Conclusions

Various parameters and their effects on the weld bead, mechanical properties, and
microstructural properties were studied from the study, we have found that the pene-
tration kept increasing with increasing current and wire feed rate but keeps on
decreasing with welding speed and nozzle to plate distance. Similarly, width and
reinforcement increase with the wire feed rate and decreases with dropping voltage,
whereas the width also increases with high voltage.

We have also found that with more heat input the dilution kept on increasing, and
high dilution is good for weldments but a limited limit. Apart from dilution, HAZ
has also kept increasing with high heat input, but this is generally not acceptable
for the application of the weldments. As HAZ is the weakest part of the weldment,
welds are prone to break from this portion. Also, most of the weldments studied lied
in the austenite and martensite forms, which lower the tensile properties of the weld.
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Condition Monitoring of Surface
Grinding Process Using Low-Cost
Vibration Sensor Module

Shivam Seth, Avinash Bhashkar, Prameet Vats, Tushar Singh,
Farooqui Rizwan Ahmed, and Anupam Keshari

1 Introduction

The grinding process is considered as a critical surface finishing process which
accounts for about 70% within the spectrum of precision machining [1]. Grinding
adds the surface quality value to the parts which are already of high value, thus
required a continuous and expertise condition monitoring over the processes, either
by manual efforts, mathematical and process physics understanding or through
sensor-based real-time monitoring and control. Moreover, it is highly required to
balance two phenomena: quality/tolerances and productivity/cost.

There are various types of devices/sensor systems (dynamometer, power sensor,
Industrial accelerometer, acoustic emission sensor setup, etc.) which are researched
for the monitoring of different type of grinding processes [2–6], but the cost of such
devices/sensor systems is considerably high and mostly does not fit with industries
economic concerns. Thus, there is a strong need to develop low-cost devices/sensor
system which can enable the monitor the different type of grinding processes, or can
be utilized with a high-cost industrial sensor as supporting device/system. Here, a
low-cost acceleration and vibration sensor-based setup is developed, which is utilized
for real-time condition monitoring of the surface grinding process. The developed
setup is equipped with low-cost ADXL-335 three-axis accelerometer, microcon-
troller, data storage card and Node MCUmodule [7]. It is portable and facilitates the
data storage to the cloud as well.

Arun et al. [2] determined the condition of grinding by utilizing acoustic emission
sensor and a machine learning approach. Wherein the elastic waves are produced
during the process. Acoustic signals are sensed by the piezoelectric sensor after
which piezoelectric crystal converts the mechanical signal into an electrical signal
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and predicts the surface roughness of the grinding surface. Lin et al. [3] demonstrated
the characterization of grinding wheels (soft wheel, normal wheel and hard wheel)
using the AE signals. By use of AE signal characteristics (root mean square (RMS)
and ratio of power (ROP) statistics using frequency band) and frequency bands,
grinding wheel was characterized. D’Addona et al. [4] demonstrated a method to
distinguish the different dressing wear condition by the use of vibration signal anal-
ysis and artificial neural networks (ANN). The input data such as epochs, number
of nodes, training function and network function this features are extracted from
vibration signal. The output of which is coded into three dressing conditions, i.e.
Class 1—New Dresser Condition, Class 2—Half Life Dresser Condition and Class
3—Worn Dresser Condition. Cheng et al. [5] utilized a deep convolutional neural
network (DCNN) to monitor the wear of the abrasive belt using vibration signal. The
experimental setup uses a ceramic abrasive belt. The wear is classified as fracture,
adhesion, fall off and abrasion. Baban et al. [8] build a fuzzy logic-based process
planning and wheel maintenance scheme for automated grinding lines. The three-
axis vibration monitoring scheme is developed to monitor the grinding conditions.
Devendiran andManivannan [6] developed a method to detect worn out wheel which
works on acoustic emission signalswhich extracted the features such aswavelet trans-
form and statically which can be used with RMS and standard deviation for wavelet
decomposition, and then data are classified using decision tree C4.5 data mining
technique. Oliviera et al. [1] demonstrated many challenges regarding the grinding
processes and their industrial implementations. Besides the grinding precision, there
aremany other challenges such as inventory reduction, need for automation and batch
production problems on which researchers should be focused for improving overall
production efficiency. For some grinding situations, utilization of advanced grinding
wheels is promoted, i.e. use of electroplated wheels in more precise grinding opera-
tions, implementation of CBN wheels for grinding operations, self-cooling grinding
wheel, etc. Moia et al. [9] proposed a method to monitor the dressing of grinding
wheel by using the AE sensor after which by the use of statistics neural network is
used to classify the grinding wheel as sharp or dull.

2 Experimental Setup

All the experiments are performed on a horizontal surface grinding machine, where
the axis of the rotating wheel is parallel to the reciprocating electromagnetic table.
The maximum speed of the rotating wheel is 2840 RPM. The workpiece is placed
to the electromagnetic table. It is moved beneath the grinding abrasive wheel by a
power feed (Fig. 1).
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Fig. 1 Condition monitoring of surface grinding process using low-cost acceleration/vibration
sensor setup, (1) grinding wheel (carborundum); (2) mild steel workpiece; (3) reciprocating table
with electromagnetic platform; (4) ADXL-335 sensor; (5) data acquisition and logging system

3 Low-Cost Vibration and Acceleration Sensor Module

The low-cost vibration and acceleration sensor module comprises of an ADXL-335
acceleration sensor, Node MCU (ESP8266), Arduino Nano, data loggers and data
storage cards (SD card), as shown in Fig. 2. All the components are installed in the
zero PCB board alongwith 7.4 battery which is behind the PCB board, and the sensor
is fixed over a 3D printing tiny box-shaped structure. The SD card is inserted inside
the data logger for the collection of data. It is low-cost and a portable setup, which
also gives possibilities to upload the sensor data to the cloud.

Arduino Nano is a low-cost small microcontroller board based on ATmega328p
(Arduino Nano V3.x) which is compatible and flexible in working with different
sensors [1, 10]. It has the same functionality as Arduino Uno; the only difference
is small in size. There is no prior requirement of any device to use Arduino Nano,
and all you need is Arduino IDE software along with mini USB cable for transfer of
program between devices which runs both online and offline. Node MCU is an ESP
module alongwith ESP8266 chip which contains 32-bit LX 106microprocessor. The
operating frequency of the system is 80–160MHz of which microprocessor supports
real-time operating system (RTOS). Node MCU contains 128 KB RAM and 4 MB
of flash memory. It is suitable to be used for IoT applications. A block diagram of

Fig. 2 Low-cost
acceleration and vibration
sensor setup
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Fig. 3 Connection between
different sub-modules used
in the low-cost sensor setup

the connection between different elements is shown in Fig. 3. There is a switch that
is attached on the side of the data logger for the power connection.

3.1 Calibration and Data Transformations

ADXL-335 acceleration sensor is an analog sensor, but the values are changed to
digital form with the help of Arduino Nano. The raw data collected from X-, Y-
and Z-directions are in voltage form which can be converted to other meaningful
forms [10]. ADXL-335 data sheet shows all the important technical details about
the accelerometer. The acquired signals are digital values (V r) in mV. We are using
Arduino Nano in our experiment with 10-bit ADC (210 = 1023).

Acceleration in g = {((V r × V s)/1023) − (V s/2)}/sensitivity [10].

Sensor parameters Specification

ADXL-335 tri-axial Analog sensor

Sensitivity (mV/g) 330

Sampling rate (Hz) 10

Voltage supply (V s) 3.3 V

Measurement range ± 3 g (gravitational constant)

4 Case Studies

Surface grinding processes are carried out for two materials, i.e. mild steel and
aluminium. Two grinding parameters such as depth of cut and table speed are varied
during the experimentation. The grinding wheel speed (2840 rpm) is constant during
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the whole experiment. Some experiments are conducted when the condition wheel is
good. During the later experiments, the grinding wheel was in worn condition (rough
or irregular). ADXL sensor is mounted on the workpiece, and the vibration data are
stored in the data logger after the signal processing through the Arduino Nano. There
are possibilities to store the data on the cloud, but for this work, data are stored into
SD card only (Fig. 4).

Experimental details of the grinding experiments: Mild steel case

Table Speed: 4.81, 5.15 and 5.53 m/min,
GrindingWheel: Carborundum grinding wheel, AA60 K5 V8 white wheel, Size
200 mm × 20 mm × 31.75 mm,
Depth of Cut: 30, 40, 50 and 60 (µm) (Table 1).

Fig. 4 Block diagram
representing the grinding
process condition monitoring
system

Table 1 Examples showing three different process conditions alongwith the obtained surface finish

Depth
of cut
(µm)

Table
speed
(m/min)

Workpiece
material

Wheel
speed
(rpm)

Process condition (surface finish shown through camera
picture)

30 4.81 Mild steel 2840

40 5.15 Mild steel 2840

50 5.53 Mild steel 2840
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Experimental details of the grinding experiments: Aluminium 6061 case

Table Speed: 4.81, 5.15 and 5.53 m/min,
Grinding Wheel: Carborundum grinding wheel, AA60 K5 V8 white wheel, size
200 mm × 20 mm × 31.75 mm,
Depth of Cut: 10, 20, 30 and 40 (µm).

A total of 48 experiments have been performed for each case study. Seventy
percent data were used to train the NNs, and rest 30% data were used for validation
and testing. Pattern recognition NN model is developed for the predictions; the NN
configuration is shown in Fig. 5. In initial grinding experiments, the grinding wheel
is fresh. But in later experiments (grinding passes), the wheel is in worn condition.
For example, three data samples obtained in different experiments are shown in Table
2. Acceptance (output) of the process conditions is decided on the basis of obtained
surface finish, operator’s recommendation regarding the process stability and sound
generated during the grinding.

Fig. 5 Pattern recognition neural network configuration

Table 2 Example of some data samples utilized to train the NNs

Data sample (inputs) Data sample
(outputs)

X-axis
vibration
signal
(μx)

X-axis
vibration
signal
(σ x)

Y-axis
vibration
signal
(μy)

Y-axis
vibration
signal
(σ y)

Z-axis
vibration
signal
(μz)

Z-axis
vibration
signal
(σ z)

TS
(m/min)

DoC
(µm)

Output label

331.45 0.66 334.95 0.724 400.551 1.355 4.81 30 Accepted (2)

331.24 1.80 334.92 1.69 399.61 3.36 4.81 50 Moderately
accepted (1)

329.52 13.89 342.94 3.88 416.58 18.344 5.15 60 Not-accepted
(0)

Note Where μx , μy and μz represent the mean of the sensorial signals in x-, y- and z-directions,
respectively. σ x , σ y and σ z represent the standard deviation of the sensorial signals in x-, y- and
z-directions, respectively
TS Table speed, DOC depth of cut
Accepted, moderately accepted and not-accepted outputs are coded as 2, 1 and 0.



Condition Monitoring of Surface Grinding Process Using Low-Cost … 419

Fig. 6 Confusion plot obtained through the NNs during the grinding of aluminium workpiece

5 Results and Discussions

After taking the data from the data logger, pattern recognition techniques are applied
for classification of data into three categories—accepted, moderately Accepted and
not-accepted cases. Figures 6 and 7 show the results in the form of confusion
matrix for aluminium and mild steel material case studies, respectively. Wherein
the achieved success rates are about 84.1 and 86.6%.

6 Conclusions and Remarks

Day by day, low-cost sensor modules are gradually being advanced towards its
applicability, efficiency, availability; even in some studies, these low-cost sensors
have shown its remarkable usability in industrial applications as well. This study
demonstrates the utility of low-cost acceleration sensor for grinding process condi-
tion monitoring. The accelerometer provides the x-, y- and z-axis vibration signals



420 S. Seth et al.

Fig. 7 Confusion plot obtained through the NNs during the grinding of mild steel workpiece

generated during the surface grinding process. And using the real-time acceleration
data, condition monitoring is performed by a pattern recognition-based NNmodel. A
low-cost acceleration sensor setup includes anADXL-335 acceleration sensor, Node
MCU (ESP8266), Arduino Nano, data loggers and data storage cards (SD card). Its
portability and connection reliability are ensured through a compatible construction,
and a suitable frame is designed so that the sensor can easily/reliably be placed at
vibration sensitive areas. In presented case studies, the success rate of the developed
system is quite good. The research explores that even if the sensitivity/sampling
rates of these sensors are inferior to the industrial sensors, but with the help of cogni-
tive/computational support. These sensors can be capable of providing compromised
but acceptable solutions for many industrial applications.
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Biocompatibility Enhancement
of Magnesium Alloys via Surface
Modification Method: A Review

Mahesh Choudhary , Jinesh Kumar Jain, Toshit Jain ,
Rajeev Agrawal , and Sundeep Kumar

1 Introduction

1.1 A Subsection Sample

Bone defect repair implants that would resorb after completion of the healing process
is still a challenging task in the orthopaedic clinic [1, 2]. A perfect resorbable implants
would minimize the chances of secondary operation required to remove the defected
implant from the body and hence prevent from the cost of multiple operations [3–5].
For an ideal bone regeneration environment suitable bone substitutes and fixation
devices are required [6–8]. A very popular standard in routine clinics is autoge-
nous bone graft in which, the bone is obtained from the same patient, but donor site
complication donor shortage and secondary operation are some of the shortcomings
associated with autogenous bone graft [9, 10]. Another popular approach for bone
defect repair is an allogeneic bone graft in which the bone tissues are obtained from
a deceased donor. Synthetic or natural biomaterials such as metals, ceramics, poly-
mers are widely used in bone defect repair and bone fracture fixation and bone defect
repair in both orthopaedic and dentistry [6, 10, 11]. A perfect resorbable material
implant should resorb after complete healing of bone, i.e. not earlier than 12 weeks.
The resorbablematerial implant should not create any adverse effect on the biological
function after degradation and should not be toxic, i.e. resorbable material should
be biocompatible with the biological fluid and helps in gone regeneration and cell
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growth. For a resorbable material as a load-bearing implant, it should provide suffi-
cient strength to healing bone [12]. Magnesium is a suitable resorbable material
implant because of its biocompatibility and non-toxicity and sufficient mechanical
strength (40–55 GPa) adjacent to natural bone (10–20 GPa). Magnesium is the natu-
rally occurring element in the human body, our body contains 25 gmmagnesium, and
about 50% to 60% is found in human bone. The stress shielding due to implants of
higher mechanical strength (Young’s modulus) in comparison with the bone, can be
avoided in magnesium resorbable implant materials [13], however, the problem with
magnesium is its fast degradation rate which will release hydrogen gas on contact
with fluids [8, 14]. In water, magnesium hydroxide accumulates on the surface of
the magnesium implant to form a corrosion layer, also known as a degradation layer.
While this film slows corrosion under aqueous conditions, it reacts with chlorine ions
present in the blood to produce highly soluble MgCl2 and hydrogen gas. Hydrogen
gas affects primary implant stability in bone by interferes with normal tissue healing
[14]. Due to the corrosion ofmagnesium, the release of magnesium ions will increase
the pH level, for the proper function of biological function the pH level should be
appropriate [15, 16].

2 Biodegradable Magnesium Implant

The metallic biomaterials are used to provide structural support and replace the
broken or damaged human bone, so the biomaterials should possess sufficient
mechanical strength and Young’s modulus adjacent to the human bone and it should
not release any toxic elements by reaction with living cells or body fluid. Magnesium
and its alloys are the advancements in biomaterials because magnesium is the part
of the bone composition and help in metabolism. Magnesium is the second most
abundant element next to Na in the hydrosphere and the fourth most abundant cation
in the living organism (human body: Ca > K > Na >Mg) [17]. Also, the physical and
mechanical properties of magnesium are similar to human bone. Other metals such
as titanium and its alloy (Ti6Al4V), stainless steel (316L) [18], Chromium and its
alloy and other metals and their alloy are widely used as biomaterials and commer-
cially available in the market, but the problem with this alloy is their high Young’s
modulus (> 100 GPa) leads to stress shielding, stress shielding is a phenomenon in
which the bone-implant mechanical strength is more than bone’s strength and the
more load is bear by the implant and the bone in contact with implant losses its
density and leads to wear due to less load is exposed to the adjacent bone. Whereas
the mechanical properties of magnesium are similar to the bone, i.e. the Young’s
modulus of bone is 10–27 GPa, whereas Young’s modulus for magnesium is approx-
imately 42 GPa which is adjacent to bones and the problem of stress shielding can
be avoided. Another reason which makes magnesium as new generation biomaterial
is its biodegradability, i.e. the magnesium will degrade itself with time and there is
no need to secondary operation to remove the implant from the body, whereas in
case of other metals the degradation rate is very low and due to release of some toxic
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Table 1 Comparison of the mechanical and physical properties of the natural bone and various
biomaterials

Material Density
(g/cm3)

Elastic modulus
(GPa)

Yield strength
(MPa)

Fracture
toughness
(MPa m1/2)

References

Human cortical
bone

1.80–2.10 3–20 130–193 3–6 [14]

Mg 1.74–2.00 41–45 65–100 15–40 [21]

AZ91 1.81 45 160 N/A [22]

WE43 1.84 44 170 N/A [23]

Mg–6Zn N/A 42.3 169.5 N/A [24, 25]

Mg–1Ca–Zn N/A 45.3 67 N/A [7, 26]

Ti6Al4V 4.40 115 900 N/A [17]

Ti alloy 4.40–4.50 110–117 758–117 55–115 [18, 27]

XLPE 0.47–1.26 0.005–0.69 20 N/A [28]

Co–Cr alloy 8.3–9.20 230 450–1000 N/A [29, 30]

Synthetic-HA 3.10 73–117 600 0.7 [31]

elements after some time approximately twelve months to some year due to reaction
with a living organism. But the problem with magnesium is its very fast degrada-
tion rate (4–6 week). Magnesium is biocompatible and osteoclast in nature which
enhance the new bone generation and cell growth on the artificial implant, the new
bone generation rate on the implant is less than the degradable rate of magnesium
which is a serious problem related to magnesium and its alloy as biomaterials and a
lot of research is going on this topic.

Magnesium and its alloys are widely used as biodegradable orthopaedic implant
due to its mechanical property closer those of natural bone. Table 1 summarises the
physical and mechanical properties of different biomaterials and natural bones. A
comparison is trying to show in this table to better understand the various physical and
mechanical properties, similarities and difference between biomaterials and natural
bone.

2.1 The Reactions Involved in the Corrosion of Pure
Magnesium

Corrosion of magnesium and its alloy are mainly influenced by the characteristics
by the surface film. The reaction involved in the corrosion of pure magnesium in
contact with water is showing through the equation. [19, 20]

Mg → Mg2+ + 2e−(anodic reaction) (1)
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2H2O + 2e− → H2(anodic reaction) (2)

Mg2+ + 2(OH)− → Mg(OH)2(product formation) (3)

Mg2+ + 2Cl− → MgCl2 (4)

The main oxide layer which is not compact and present on the surface of Mg
is Mg(OH)2. Hence pitting corrosion on the alloy surface due to solution infiltrate
the film. The thermodynamic equilibrium of Eq. (3) can be break by chloride ions,
which is the dynamic equilibrium through the reaction (4). The increase in chloride
ion concentration results in the formation of MgCl2. Therefore, the corrosion of
Mg alloys exits the formation and dissolution of oxide layer containing Mg(OH)2.
The in vitro corrosion properties are tested by immersion and electrochemical tests,
whereas animal models are used to assessed vivo corrosion properties.

2.2 Problem Due to Mismatch Mechanical Properties
of Adjacent Bone and Implant Materials

For a load-bearing implant an appropriate strength and stability are required, but
when there is a mismatch between the elastic moduli of adjacent bone and the scaf-
foldmaterialsYoung’smoduli than stress shieldingwill occur andmake the operation
unsuccessful or failure of the operation. Stress shielding is phenomena which occur
when there is a mismatch between the adjacent bone and scaffold materials elastic
moduli, due to high-mechanical strength (elastic moduli) of implant material more
load with being transferred to the implant and less to the adjacent bone due to this
the adjacent bone will become less dense and bone bearing capacity of the bone
will decrease. When fatigue load is subjected to the adjacent bone the bone may
break and result in the failure of the operation, this phenomenon is called stress
shielding. To prevent stress shielding the mechanical strength of adjacent bone and
the implant materials should be closer to each other. Amongst all possible bioma-
terials, magnesium is a better biomaterial and consideration of attention due to its
mechanical strength (40–45 GPa) closer to adjacent bone(3–20 GPa). Whereas the
mechanical strength of titanium and steel is greater than 100 GPa which will create
stress shielding. During the last decade’s researchers, interest is increasing towards
magnesium due to its potential biodegradation, which avoids secondary operation
and appropriate mechanical strength which prevent stress shielding.

To reduce the mismatch of mechanical strength of materials with adjacent bone
researchers have developed another technique to reduce the difference of mechanical
strength mismatch. Researchers have made porous scaffold to overcome the stiffness
mismatch. The porous implant enhances the biocompatibility by increasing bone
regeneration on the scaffold surface, cell growth and fixation of bone in their place,
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but due to increase in porosity the surface area of the scaffold will increase and the
density of scaffold will decrease which results in the decrease in fatigue strength of
the scaffold. Themechanical properties were effective by the change in pore size pore
volume and number of pores. By increasing porosity compression strength, fatigue
strength, Young’s modulus and yield strength of the scaffold will decrease.

3 Biocompatibility Enhancement Technique of Magnesium

Magnesium is the biodegradable biomaterials and the essential elements of the human
body. Magnesium is used as an orthopaedic implant due to its mechanical properties
is close to themechanical properties of natural bone.Due to corrosion, themechanical
strength and fatigue strength of the implant will reduce and make the operation fail.
The problem associatedwith the use of puremagnesium as an implant is due to its fast
degradation rate and excess release of magnesium ions which will increase the pH
level of the surrounding environment and may damage the host tissues. To improve
the corrosion resistance of the magnesium, and enhance the biocompatibility various
magnesium alloys are used as bio-implants which does not create any adverse event
on the biological fluid and help in cell proliferation and bone regeneration. Another
technique to improve the biocompatibility or to improve corrosion resistance is to
use of surface modification method, i.e. coating of different materials on magnesium
scaffold because corrosion is governed by the surface characteristics.

The two different surface modification processing techniques of the deposited
coating or conversion coating are used to increase the corrosion resistance of the
implant material, and the surface modification is done before the implant is inserted
into the body. The materials used for coating must be corrosion protection nontoxic
biocompatible and Osseointegration and control degradability. The processing tech-
niques in which the electrochemical interaction or in situ interaction of magnesium
with environment and results in the formation of inorganic ceramic coating on the
magnesium scaffold surface is called conversion coatings. Different methods such
as spraying, painting, dip coating, spin coating or immersion materials coated on the
magnesium scaffold are mostly organic coating called deposited coating.

4 Coating of Different Bioactive Materials and Their
Results

Hydroxyapatite similar chemical and structural nature as bone and due to its
exceptional bioactivity, biocompatibility property it is widely used as biomaterials
implants. The corrosion resistance of magnesium scaffold is enhanced by a coating
of hydroxyapatite. Different coating techniques such as electrophoretic deposition,
biomimetic deposits, sol–gel process and the sputtering process can be used to coat
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Fig. 1 Micro-CT image of amagnesium scaffold and b hydroxyapatite scaffold as a control group.
The new bone tissue in-growth is shown in green colour [32]

hydroxyapatite materials and to enhance cell proliferation cell growth and bone
regeneration on the magnesium hydroxyapatite implant. Since a high temperature
is required to densify the coating on the magnesium substrate and magnesium is
poor heat resistant material, none of these technologies will give an effective result.
Therefore, electrochemical deposition techniques are used to surface modification
of magnesium scaffold in electrochemical deposition low temperature is required
to control and uniform thickness and chemical composition coating of hydroxya-
patite. Hydroxyapatite brittleness and low strength limit are its application in the
load-bearing application. Loose coating of hydroxyapatite helps in cell adhesion and
accelerate the healing process by new bone formation on the implant. In an, in vivo
assessment, the biocompatible behaviour of pure magnesium scaffold and hydrox-
yapatite are studied, and it was observed that the new bone formation was observed
on both the scaffold which is shown in Fig. 1. The new bone formation is shown in
the green colour.

Fluorine is also used as corrosion-resistant materials to enhance bioactivity and
biocompatibility of magnesium scaffold. Fluorine is an essential element of teeth and
the human skeleton. Li et al. reported review where enhancement to the corrosion
resistance and biocompatibility of magnesium alloy by using a vacuum evaporation
deposition technique to coat Mg–1Ca alloy with MgF2 is been done [19]. It was
observed that the corrosion resistance of Mg–1Ca was increased and cell adheres to
the implant surface hence enhance biocompatibility. Thus, the experiment demon-
strates that the corrosion resistance ofMg–1Cawas increased by surfacemodification
coating of MgF2 and enhanced biocompatibility was also observed.

Calcium phosphates (CaP) are also used as surfacemodificationmaterials tomake
a ceramic coating on the magnesium substrate to increase corrosion resistance and
new bone formation cell proliferation and cell growth on the coated magnesium
implant in contact with the host tissue. One of the different phases of calcium phos-
phates is hydroxyapatite, both are the essential part of human bone. The effect of
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Table 2 Surface modification by organic and polymer coating on magnesium scaffold and their
results

Methodology Coating material Substrate
material

Result References

Hydrothermal
treatment

CH3(CH2)16COOH Mg Corrosion
resistance enhance
four order
magnitude, bone
growth

[31]

Dip-coating
technique

nHAp/PCL Magnesium
alloy (AM50)

Good corrosion
resistance in SBF
medium,
enhancement of
cell adhesion,
proliferation and
rapid CaP layer
formation

[33]

Dip-coating
technique

Polyvinyl acetate
(PVAc)

AM50 The corrosion rate
of the coated alloy
is stabilised

[34]

Micro-arc
technique

MAO/PLLA WE42 Coating layer
prevents WE42
from corrosion and
decrease the
corrosion rate

[29]

Direct
deposition

PCL and
dichloromethane
membrane

AZ91 Produce several
pores to reduce the
corrosion rate of
magnesium alloy
implant

[35]

surface modification by organic and polymer coating on the magnesium and its alloy
is shown in Table 2. The coating of biocompatible organic and polymer coating
results in increase corrosion resistance and new bone formation on the substrate was
observed hence result in enhancement of biocompatibility of magnesium scaffold.

5 Conclusion

Bone fracture caused by accident or diseases which are too complex to treat by
external medical treatment and surgical operations are required to replace, repair
or provide structural support to damaged bones. The traditional method used inert
permanent materials as medical implants of titanium, steel or other metals or ceramic
or polymer, but these materials required a secondary operation to remove these
implant after some years of operation. Hence to avoid the secondary operation or
to prevent the cost of multiple operation degradable implants are the new scope of
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research. Magnesium is used as biodegradable biomaterials, but the problem with its
fast degradation rate which increases the pH level and releases excess hydrogen gas
under the skin which may damage the host tissue, therefore to increase the corro-
sion resistance and biocompatibility of magnesium and its alloy surface modification
techniques are used to deposit a coating of different bioactive and biocompositemate-
rials to enhance cell adhesion and new bone formation on coated implant surface in
contact with host tissue. The coating materials should not create any adverse effect
on the body fluid and host tissues.
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Sustainable Natural Bio-composites
and its Applications

Ankit and Moti Lal Rinawa

1 Introduction

In recent years, a strong awareness of emerging goods from green energy has been
raised by customers. Green ads, new recycling directives, social effects, and cogni-
tive transition have driven customers to eco-friendly goods. Both Synthetic fibers
and Natural fabrics have been appealing to researchers and have been tremendously
developed/Studied [1–3]. Recently the focus of study on natural fibers and their
applications has generated tremendous interest due to environmental considera-
tions and rising synthetic material expense. In particular, because of their similar
properties in certain instances in glass, polymer, carbon fibers, etc. the study of
lingo cellulosic fibers attracted researchers [4]. Today the production of renewables,
biodegradables, and environmental goods which are better affordable from natural
sources is becoming increasingly environmental conscious. It was discovered that
natural fibers, also possible to substitute synthetic fibers, can be used in many engi-
neering applications. Natural fibers are commonly referred to as vegetable fibers in
the composites industry, though. Natural fibers like sisal, hemp, and Jutewere used as
reinforcing materials, but for most high-end applications, in particular in the tireless
and high-temperature settings, they lack insufficient strength [5]. Composites have
been created and revamped, in particular, to strengthen, evolve and sustainably, and
safely incorporate traditional goods. Other qualities, including high water absorp-
tion and low polymer matrix compatibility, made it impractical for all technological
applications. Furthermore, synthetic resin systems have strengthened lignocellulosic
fibers, which impair the biodegradability of the material. Bio-based materials remain
a significant focus of current research in the composite industry, considering all the
challenges that remain, in large part due to the rise in synthetic raw materials and the
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decline in vehicle, aerospace (indoor), civil, and textile resources costs [6]. Study
into natural fibers-enhanced composites has gained more attention in recent years.
The main objective of the research was to incorporate plant fibers as a reinforcing
agent in composites to an environmentally sustainable environment. Compounds
reinforced with natural plant fibers can be used as parts for reinforced glass-fibers
composites in structural applications, and the car industry and construction indus-
tries have taken a keen interest [7]. Biocomposite materials, which are made up of
natural fibers reinforced by polymer matrix, are considered composite materials. In
the automotive field with different fillers and/or reinforcements, polymer composites
are widely used. Due to the benefits of minimizing the total lower weight of a vehicle
and improving the sustainability of production processes, several such compounds
have been developed for internal and outside use in recent years. The wide-ranging
manufacturing of composites of natural fibers poses the problem of poor adhesion
between fibers and matrices and the presence of fibers. The key features of CO2

include avoiding, reusing, limiting, and minimizing. In last decades, textiles were
manufactured from natural fibers from daily textiles to patriotic and ceremonial [8].
In recent years, the awareness of the need for sustainable production has increased,
which has raised concern to use natural fibers as a reinforcement for synthetic fibers
in polymer composites. Weight saving benefits may also be reached by the substi-
tution of existing composites with fabrics with natural composites. A viable means
for mitigating environmental effects and for promoting the sustainable growth of
the transport sector can be used with less denser recycled natural product by using
thermoplastic and thermoset composite materials [9]. The use of natural composites
in the shopper’s goods has grown greatly in recent years in the growth of industries.
The distributed knowledge and variations in mechanical properties are one of the
problems of natural fibers. The lack of standards in respect of the methods of gather,
packaging, and post-process natural fibers, for both manufacturers and consumers
of these product contributes to the difficulty of choosing. In fact, these concerns
are crucial deterrents to the widespread use of natural fibers. Brief Study of various
mechanical characteristics of natural fibers and their applications is discussed in this
paper to fill this void.

This paper includes the following Sections. In Sect. 2, A brief introduction to
Natural fibers and bio-composites like bamboo, Sisal, Jute, andmanymore have been
discussed. In Sect. 3, Applications of Natural fibers Bio-Composites in Sustainable
Development. Conclusion was eventually addressed.

2 Natural Fibers Bio-composites

Simple-defined natural fibers are fibers that are not manmade or synthetic and are
graded according to origin from sources of animals, minerals or plants. Certain
natural fibers, including herbs, cotton, and many others, are ready-made. Thus, fiber
is collected from various portions of plants that belong to diverse places. The cellu-
lose fibers can be categorized by plants in fiber bases, such as Flax, hemp, jute, leaf
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fibers, seed fibers (coir or cottons), and all other kinds, as well as fibers making
plants with cellulose fibers. Many uses in the raw materials field for example sisal,
flax, jute, hemp, and bamboos. Cellulose, lignin, hemicelluloses, pectin, and wax
are the major chemical constituents of natural plant fibers [10]. Organic composite
materials, where at least one of the elements is derived from natural products, is
rejected as composites. In terms of comparatively sustainable materials, the bene-
fits of natural fibers over synthetic fibers consist of quantity, less risk to manufac-
turing facilities, compact weight, low expense, strong relative mechanical properties
such as tensile modulus, bending modulus, and better surface finish for composite
components. The bio-composite fabrics fromnatural fibers blends, such as reinforced
polymers and bio-polymers, are non-biologically degradable and are not entirely
ecological synthetic fiber-reinforced polymers such as gas and glass. Bio-polymers
are naturally-generated polymers composed of monomeric units covalently bound
to larger structures. The melting low indices, impact properties, hardness, vapor
transfer characteristics, frictional coefficient, and decomposition differ between bio-
polymers. Thermoset, thermoplastic, and elastomer can be bio-polymers [11]. Bio-
polymers can and will be applied in a wide variety of areas such as automobile sector,
medical/pharmacy products, hygiene, and many other sectors [12]. The industry
includes many different kinds of polymers. The properties and efficiency of products
constructed from composites of natural fibers depend on the methods of manufac-
turing and the characteristics of their different components and their compatibility
and interfacial bonding. Many inconveniences of composites such as higher water
absorption, lower resistance to air, and lessmechanical character of natural fibers will
limit their application as against synthetic fibers. The method will further increase
the physical and mechanical properties and the air resistance of the natural fibers,
while the moisture absorption by changing the surface and the binding agents can
be minimized. A crucial consideration for superior fibers reinforcement material
properties is the attachment strength between the composite fibers and the polymer
matrix. Coupling agents serve as a barrier to and strengthen communication between
polymers and natural fibers. Polyester or polypropylene are the most commonly
used polymers, while lax, hemp, and sisal are the natural fibers [13]. Many cars and
building industries have taken a great deal of exposure to natural fibers composites.
However, the use of natural composites in this industry is motivated by costs, weight
reduction, and the marketing rather than technological criteria as depicted in Table
1 [14].

3 Applications in Sustainable Development

There are many sectors like automobile industry, building, electricity, and aerospace,
which for example, are forced to make environmentally sustainable goods and to
reduce their reliance on fossil fuels by society and governments as shown in Table
2 [15]. In applications which also include automobile, aerospace, maritime, sport,
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Table 1 Various mechanical properties of fibres

Fiber Density (g/cm3) Diameter (µm) Length (µm) Tensile Strength (N/m2)

Jute 1.23 15 3.4 480

Sisal 1.2 27 4.4 681

Bamboo 0.85 56.5 2.75 566

Coir 1.2 18.5 1.65 175

Hemp 1.47 30.5 30 845

Flax 1.38 21.5 37.5 689

Table 2 Applications of fibers in sustainable development

Fiber Applications

Jute Covered door panels, and seat backs

Sisal In the interior door linings, panels, and door panels

Bamboo Modular house construction

Coir Car seat covers, mattresses, doormats, and rugs

Hemp Carrier for covered door panels, racing bicycle, and cases for musical instruments

Flax In the interior door linings, panels, door panels, package trays, door panel inserts,
racing bicycle, cases for musical instruments, and green wall panel

and electronics industry, natural fibers reinforced composites evolve very quickly as
potential replacements for metal or ceramic-based materials.

3.1 Application in Automobile Sector

Currently, above 50% of the car’s interior contains numerous polymeric materials
[16]. Fuel performance development and lower emissions are under immense demand
from automakers and associations. The best approach is to reduce the total vehicle
weight that can be replaced by lightweight composite materials by metal [17]. The
application of natural fibers emerges in automobile, in 1940swhenH. Ford developed
the 1st compound component that used the hemp fibers. The authors took steps to
create and use natural sustainable products as part of composites. In interior compo-
nents such as door panels, dashboard parts, packing racks, seat coiling, and backrests,
cable lining are commonly used to manufacture naturally fiber-reinforced compo-
sitional composites. External uses are constrained because of the high mechanical
strength requirement.
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3.2 Wind Turbine Blade

Different sources of biomass, petroleum, coal, and today’s products are used for
electricity production, including coke, natural gas, nuclear material, etc. [18]. When
population, civilization, and industrialization grew greatly, energy consumption
increased several times. In the scenario of today, this lack of balance in the climate has
led to an increasing interest in green and alternative energy sources through increased
environmental consciousness and strict national laws and policies. The continuous
search for renewable sustainability has contributed to wind energy development with
a minimal emission and increased efficiencies, leading to energy reduction. It is a
leading source of clean energy for humanity that can contribute to addressing the
issues of global energy [19]. The industry of wind energy is increasing in popularity
and highly efficient solutions are available that transform kinetic wind energy into
mechanical or electrical energy.

3.3 Structural Applications

A variety of fibers that have proven their value in the thermal and thermoplastic
matrix, such as oil sisal, jute, wheat, flax straw, cotton, silk, and bamboo, have been
found to be a strong and efficient enhancement [20]. Natural fiber composites have
been used for a number of structural uses because they have a high specific strength
and anti-metal modulus. These technologies vary from household applications to
more critical and advanced areas such as satellites and aircraft. The use of natural
fibers in composite materials is expected to be a growing market [21]. The key
arguments for the use of natural fibers are sustainable pricing, combinedwith growing
understandingof environmental problems such as ‘renewable energy,’ ‘recycling’ and
‘decreasing carbon dioxide emissions,’ etc. The challenges for both of these regions
can easily be met by natural fibers [22].

4 Conclusions and Future Scope

Natural fibers bio-composites may be used to replace synthetic fibers with environ-
mental and cost advantages. Compound construction composites based on organic
fibers (cement, lime, hydraulic lime, gypsum, etc.) are often exposed to wet condi-
tions during their lifespan, such as bamboo, flax, jute, sisal fibers. Technical hemp
is becoming a significant subject of interest because of the health benefits of green
housing. Bio-composites have various pros on synthetic fiber such as lower coeffi-
cient of friction, environmentally friendly, and lower density. This makes these bio-
composites more popular and has already created a tremendous amount of scientific
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awareness. This paper addresses the various uses of natural fibers and its compos-
ites. This study concludes that natural fibers composites are one of the new fields
for use in the materials sciences. Practical explanations for environmental efficiency
considering bio-materials must therefore be established. This helps artists to make
educated opinions and lose time and money without performing exhaustive exper-
imental work. Such approaches which involve designing the more desired nature
eristics of components of bio-composites that designers may consider for sustainable
designs to increase potential performance.
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A New Constrained-Based Multiobjective
Optimization Method for Electric
Discharge Machining

Neeraj Agarwal , Nitin Shrivastava , and M. K. Pradhan

1 Introduction

EDM is an unconventional machining procedure. An electrically conductive work-
piece is submerged in the dielectric fluid. Two electrodes are used to regulate the
machining operation (workpiece and tool). There is a usage of straight polarity, i.e.,
the workpiece is made positive electrode, while the tool is a negative electrode. Both
electrodes are held at a certain distance and are subject to a potential differentia-
tion. Sparking between electrodes is generated by this potential gap. Between the
workpiece and the electrode, there is a sequence of sparks [1]. The temperature of the
workpiece increases past the melting point of the sparking spot owing to the sparking
of electrical energy transferred into thermal energy. At the point of flickering, there
is a method for flushing the dielectric. Any material from the workpiece is melted
and separated by evaporation and, due to successful flushing, any molten material
is moved away [2]. The strength-to-weight ratio of titanium alloy is strong, so it is
commonly used in the aerospace industry [3]. Machining of the Titanium alloy is
difficult, hence EDM is chosen for machining [4]. EDM has many input parameters,
such as discharge voltage, peak current (Ip), pulse on time (Ton), voltage (V ), duty
factor (t) the polarity of the electrode, a distance of the electrode, dielectric flushing
[5]. For the machining of titanium alloy 685, four significant input parameters ‘Ip’,
‘Ton’, ‘V ’, and ‘t’ is chosen as the control parameter. An electrode is chosen from a
10-mm diameter copper rod.

Response surface methodology (RSM) is used in the model generation of mate-
rial removal rate (MRR) and surface roughness (Ra) [6]. MRR to be maximized
to increase productivity. Better surface finishing increases the product’s longevity,
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thereby minimizing Ra is also required [7]. There are also sophisticated strategies
of computation, such as the Bat algorithm, GA, PSO, Firefly algorithm, bacteria
foraging, Sine–cosine algorithm, adaptive dynamic computing, optimization of
teaching–learning-based optimization, and many more [8, 9]. A new heuristic opti-
mization technique ‘Jaya Algorithm’ is gaining popularity among researchers [10].
The Jaya algorithm is simple to implement because it is an algorithm without param-
eters [11]. Multiobjective optimization is the strategy to optimize more than two
quality measures [12]. Multiobjective optimization allowsMRR and Ra to be config-
ured simultaneously [13]. The aim is to optimize MRR and to concurrently reduce
Ra. Both goals are conflicting, i.e., Ra also rises with the rise of MRR, and MRR
declines with a reduction of Ra. In general, multiobjective optimization requires a
single objective function; all answers are allocated separate weights in this method
[14]. This givesway to a single blendof the twoobjective functions (qualitymeasures)
[15].

The multiple options of multiobjective optimization are presented in this article.
This provides many variations using multiobjective optimization with restriction Ra
for MRR and Ra. Thus, the customer has a vast range of combinations to select from.
This is a special component of this paper and so far no study has been published. This
is going to be helpful for the prosecutor. In this paper, Ra is restricted and attempts
to optimize MRR (while Ra is fixed). Several consequences are produced in such a
way. The customer has finished with the best approach with a wide range of options
(a mixture of Ra and MRR).

2 Experimental Details

Aplate ofTitaniumalloy685with size (40×40×5mm) is chosen as aworkpiece and
a 10-mmdiameter copper rod is picked as a tool electrode. In a dielectric solution, the
workpiece is completely submerged. As an input control parameter, four significant
input parameters ‘Ip’, ‘Ton’, ‘V ’, and ‘t’ are selected. Total 30 numbers of machining
operationswere performedwith theRSMdesign of experiments. The duration of each
is for 30 min. As process performance, MRR and Ra are chosen. Surface roughness
is measured with Tesa Rugosurf 10G Profilometer. The weight of the workpiece is
measured using a digitalweighingmachinewith 0.1mg resolution. Table 1 represents
a selected range of input parameters. The duty factor is the ratio of sparking time
to the total cycle time. ‘Ton’ is the duration of each spark in microseconds. ‘Ip’

Table 1 Input parameter range

Parameter Ip (A) V (V) Ton (µs) t (% duty factor)

Level 1 4 40 50 8 (25.0%)

Level 2 6 70 100 12 (37.5%)

Level 3 8 100 150 16 (50.0%)
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is the maximum current for each spark. ‘V ’ is the potential difference between the
workpiece and the electrode. Table 2 represents the experimental values of MRR and
Ra. The MRR is calculated as follows

MRR = Mf − Mi

Tp
(1)

Table2 Experimental observations of MRR and Ra

S. No. Ip (A) V (V) Ton (µs) t (%) MRR (mg/min) Ra (µm)

1 8 40 150 16 4.183 5.351

2 8 40 50 8 3.735 3.416

3 4 40 50 8 2.442 3.188

4 8 40 50 16 3.187 4.926

5 6 70 100 12 3.230 4.065

6 6 70 100 12 3.433 4.004

7 6 70 100 12 3.435 3.168

8 4 40 50 16 2.828 3.206

9 4 40 150 16 2.810 4.383

10 4 100 150 8 1.577 4.222

11 4 40 150 8 2.502 3.521

12 4 100 50 16 1.957 3.763

13 4 100 50 8 2.005 3.253

14 8 100 50 16 2.570 9.480

15 6 70 100 12 3.163 4.033

16 8 100 150 16 3.462 4.756

17 8 100 150 8 3.167 4.909

18 8 40 150 8 4.460 4.271

19 4 100 150 16 2.165 3.982

20 8 100 50 8 2.930 3.816

21 6 70 50 12 3.555 3.363

22 6 40 100 12 3.998 4.068

23 6 100 100 12 2.565 3.489

24 6 70 100 16 2.853 4.149

25 6 70 100 8 2.968 3.478

26 6 70 100 12 3.237 4.401

27 6 70 150 12 3.359 3.429

28 8 70 100 12 3.990 3.519

29 6 70 100 12 3.282 3.870

30 4 70 100 12 2.598 4.038
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Where Mf = Final weight of workpiece after maching, Mi = Initial weight of
workpiece, Tp = Time period of machining.

Software package Minitab 18 is used to develop a response surface equation of
MRR and Ra, after elimination of not significant terms final response surface model
of MRR (in mg/min) given as Eq. (2) and response surface model of Ra is given as
Eq. (3).

MRR = 1.276 + 0.3099 ∗ Ip − 0.01435 ∗ V

− 0.01417 ∗ Ton + 0.721 ∗ t − 0.02767t ∗ t

+ 0.001893 ∗ Ip ∗ Ton − 0.01660 ∗ I p ∗ t

+ 0.000464 ∗ Ton ∗ t (2)

Ra = 4.03 − 1.27 ∗ Ip − 0.0426 ∗ V + 0.0577 ∗ Ton

+ 0.004 ∗ t + 0.078 ∗ Ip ∗ Ip + 0.000349 ∗ V ∗ V

+ 0.00424 ∗ Ip ∗ V − 0.00316 ∗ Ip ∗ Ton

+ 0.0543 ∗ Ip ∗ t − 0.000218 ∗ V ∗ Ton

− 0.00192 ∗ Ton ∗ t (3)

3 Jaya Algorithm

This is an optimization technique. Let ‘i’ as generation number ‘j’ as a number of
control variables, population size as ‘k’, Xj,best,i, and Xj,worst,i are marked best and
worst solution. If Xj,k,i is the current value of jth design variable, kth population, for
ith generation; and the modified solution is represented by X ′

j,k,i as per Eq. (4). Two
random numbers are considered as r1,j,i and r2,j,i.

X ′
j,k,i = X j,k,i + r1, j,i

(
X j,best,i − ∣∣X j,k,i

∣∣)

− r2, j,i
(
X j,worst,i − ∣∣X j,k,i

∣∣) (4)

4 Multiobjective Constraint Optimization (User Selection)

There is a limitation of a classical multiobjective optimization that it generates only
one solution. If one wants to increase one objective value by compromising to other
objective function values, this would not possible. This limitation is overcome by
constraint optimization. In this case, we constraint Ra to a certain limit and attempt
to optimize MRR. A large number of combinations is created for MRR and Ra in
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this section. The flow diagram of multiobjective optimization with constraint Ra is
shown in Fig. 1.

The target is to concurrently optimize MRR and minimize Ra. The measured
spectrum of Ra is (2.40, 4.3) in the experiment.

The restriction for the process

Ra ≤ 2.40 (5)

h(x) = Ra − 2.40 ≤ 0 (6)

where Ra from Eq. (3).
Let’s say that Ip, V, Ton, and t are design variables, and population size 5 is

condsidered. The goal is to maximize MRR according to Eq. (2), while Ra should be
satisfied in conjunction with Eq. (5). Here, penalty is assigned if Eq. (6) breaks. The
penalty is added to the objective function (2). If h(x) ≤ 0 then the assigned penalty
value would be 0 and if h(x) ≥ 0 then 1000 * h(x)2 would be assigned as the penalty.
In comparison, the penalty could be 25 * h(x)2, 75 * h(x)2, 200 * (x)2, 250 * h(x)2.
To address the application, the higher value of the penalty is required. The penalty is
1000 * h(x)2 in this situation. Now assigned value of the penalty is substracted from
the objective function (2). The updated objective function as Eq. (7) is prepared. A
pseudo-objective function is called the function f′(x). The new objective function is
as below

f ′(x) = f (MRR)−penalty (7)

where f (MRR) from Eq. (2)

and penalty = 1000 ∗ h(x)2

if h(x) ≤ 0;Penalty = 0

else penalty = 1000 ∗ h(x)2 (8)

Step 1: Let us consider population size 5 into account. As shown in Table 1, within
the given range, the initial population is generated randomly and the corresponding
objective function value (MRR) is calculated.As perEq. (3), Ra is determined aswell.
As per Eq. (3), for candidate 1, Ra = 3.2352. Value measured as 3.2352 − 2.40 =
0.8352 that breaks the (6) function, i.e., h(x)≥ 0, so the penalty can be given and value
is taken as 1000 * h(x)2, i.e., 1000 * (0.8352)2 = 697.5818. The updated objective
function is determined as 3.0574 − 697.5818 = − 694.5244 (Penalty assigns 0 if
h(x) ≤ 0) as per Eq. (7). Penalty = 1000 * (3.4008 − 2.4)2 = 1001.6379 for the
second nominee and changed target feature as 3.6364 − 1001.6379 = − 998.0015.
Penalty = 1000 * (3.1642 − 2.4)2 = 583.9571 for the third nominee and changed
objective function as 3.0360− 583.9571= − 580.9211. Penalty for fourth applicant
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Fig. 1 Flow diagram of multiobjective optimization with constraint Ra
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= 1000 * (3.8628 − 2.4)2 = 2139.6441 and target feature updated as 4.0623 −
2139.6441 = − 2135.5818. Penalty = 1000 * (3.7259 − 2.4)2 = 1757.9990 for the
fifth nominee and changed target feature as 2.3938 − 1757.9990 = − 1755.6051.

Step 2 Because maximization is the case, the highest f ′(x) for the best value is
selected and the lowest f ′(x) is selected as the worst. Candidate 3 is the
strongest candidate, and candidate 4 is the weakest candidate.

Best Ip = 5.1102, Best Ton = 60.3670, Best t = 10.8977, Best V = 66.3564,
Worst Ip = 7.2751, Worst Ton = 145.1366, Worst t = 10.3032, worst V = 55.6996
random variables are now generated as r1= 0.9619, r2= 0.7556 for Ip; r1= 0.8778,
r2 = 0.5111 for Ton; r1 = 0.6935, r2 = 0.3221 for t; r1 = 0.5592, r2 = 0.2894 for
V. New value for candidate 1 from Eq. (4) is calcutead as follow

Ip = 4.9188 + 0.9619 ∗ (5.1102 − |4.9188|)
− 0.7556 ∗ (7.2751 − |4.9188|)

= 3.3224(= 4 because the lower bound is 4 )

Ton = 85.4961 + 0.8778 ∗ (60.3670 − |85.4961|)
− 0.5111 ∗ (145.1366 − |85.4961|)

= 32.9555 (= 50 because lower bound is 50)

t = 10.54131 + 0.6935 ∗ (10.8977 − |10.54131|)
− 0.3221 ∗ (10.3032 − |10.54131|) = 10.8663

V = 59.8420 + 0.5592 ∗ (66.3564 − |59.8420|)
− 0.2894 ∗ (55.6996 − |59.8420|) = 64.6835

Calculate the new value of MRR and Ra from the Eqs. (2) and (3). Since Ra-2.4
= (2.9081 − 2.40) = 0.5081, it is higher than 0, hence penalty would assigned as
1000 * (2.9081 − 2.40)2 = 258.1916 and f′(x) = 2.8035 − 258.1916 = − 255.3882.

Similar calculations for all candidates have been made. The changed values are
now inserted into Table 4.

Step 3 Since Table 4 candidate 1 is higher than Table 3 candidate 1, hence Table
4 candidate 1 is then placed into Table 5 as candidate 1. Similarly, in Table
5, candidates (2, 3, 4, 5) from Table 4 are added. The first version has just
finished.

Step 4 Repeat a similar procedure for 100 iterations (step 1–step 3) and insert
optimum value in Table 6.

Step 5 Now start a new equation with an increment of 0.05 (maybe 0.1, 0.2) for
Ra. Modify Eqs. (6)–(9), and repeat the same procedure from step 1–4.
Repeat 100 iterations and insert results (Maximum MRR for Ra ≤ 2.45)
into Table 6.

Ra ≤ 2.45 (9)
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Table 3 Initial population for Jaya algorithm

Candidate Ip (A) Ton (µs) T (%) V (V) MRR
(mg/min)

Ra
(µm)

Penalty f ′(x)

1 4.9188 85.4961 10.5431 59.8420 3.0574 3.2352 697.5818 − 694.5244

2 6.9529 103.7071 8.9708 54.0208 3.6364 3.4008 1001.6379 − 998.0015

3 5.1102 60.3670 10.8977 66.3564 3.0360 3.1642 583.9571 − 580.9211

4 7.2751 145.1366 10.3032 55.6996 4.0623 3.8628 2139.6441 − 2135.5818

5 5.5376 146.5337 8.0434 92.1662 2.3938 3.7259 1757.9990 − 1755.6051

Step 6 Now, change the equation to Ra ≤ 2.50 (in the series of 0.05 or other)
and repeat the same procedure. After 100 iterations insert results in Table
6. Repeat the similar procedure till Ra ≤ 4.20 (as per user requirements).
Table 6 depicts combination of MRR and Ra.

5 Results and Discussion

Table 6 shows a combination of MRR and Ra with the control variable’s value. If the
researcher agrees to consider the Ra value as 2.4134 µm, then the maximum MRR
value 2.9898 mg/min will be attained. Corresponding control parameter values are
given in the first row of Table 6. Corresponding to the second row, if a researcher
agrees to increase the acceptable limit of Ra to 2.4514µm, theMRRwill be increased
to 3.2287 mg/min (second row). Table 6 shows a combination of MRR and Ra with a
corresponding control parameter’s value. Figure 2 represents a combination of MRR
and Ra.

6 Conclusion

A new constrained-based multiobjective optimization using the Jaya algorithm is
successfully applied for multiobjective optimization. The user has a large number
of choices, while another multiobjective optimization technique produces a single
optimumvalue. A computer program inMATLAB is used to handle themathematical
calculations involved in this algorithm.
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Table 5 Updated value for all variable after fitness comparison

Cand Ip (A) Ton
(µs)

T (%) V (V) MRR
(mg/min)

Ra
(µm)

Penalty f ′(x) Remark

1 4.0000 50.0000 10.8663 64.6835 2.8035 2.9081 − 258.1916 − 255.3882

2 4.9370 50.0000 9.8780 60.4325 2.9873 2.8119 − 169.6706 − 166.6833 Best

3 4.0000 50.0000 11.0892 69.4407 2.7509 2.9849 − 342.0941 − 339.3432

4 5.1927 70.7274 10.7155 61.6585 3.1182 3.1750 − 600.6685 − 597.5503

5 4.0000 71.6123 9.2951 88.2883 2.2269 3.2813 − 776.6150 − 774.3881 Worst

Table 6 Combination of MRR and Ra with design variable

S. No. Limiting Ra (µm) MRR (mg/min) Ip (A) Ton (µs) t (%) V (V)

1 2.4134 2.9888 5.2364 50 8 44.0712

2 2.4514 3.2287 5.9043 50 8 40

3 2.5009 3.3343 6.2927 50 8 40

4 2.5507 3.4097 6.5705 50 8 40

5 2.6006 3.4717 6.7985 50 8 40

6 2.6505 3.5256 6.9967 50 8 40

7 2.7005 3.5738 7.1742 50 8 40

8 2.7504 3.6179 7.3365 50 8 40

9 2.8004 3.6588 7.4869 50 8 40

10 2.8504 3.6971 7.6277 50 8 40

11 2.9004 3.7332 7.7606 50 8 40

12 2.9503 3.7674 7.8866 50 8 40

13 3.0003 3.7998 8 50.3454 8 40

14 3.0503 3.8279 8 56.3406 8 40

15 3.1003 3.856 8 62.3358 8 40

16 3.1503 3.8842 8 67.2935 8.028 40

17 3.2003 3.9128 8 71.352 8.0823 40

18 3.2503 3.9419 8 75.4248 8.1391 40

19 3.3003 3.9717 8 79.5495 8.1976 40

20 3.3503 4.002 8 83.7317 8.2578 40

21 3.4003 4.0329 8 87.9716 8.32 40

22 3.4503 4.0646 8 92.3026 8.3833 40
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Effect of Spiral Pattern of Electrolyte Jet
on Material Removal Rate and Surface
Roughness During Electrochemical
Machining of 100Cr6 in NaCl

S. K. Tiwari and R. K. Upadhyay

1 Introduction

Electrochemical machining (ECM) has got an industrial importance due to its capa-
bility of controlled atomic-level metal removal [1, 2]. It is an anodic dissolution
process utilizes the principles of electrolysis, where a high-amperage, low-voltage
current is used to dissolve the metal and to remove it from workpiece [3, 4]. ECM
offers atomic-level material removal which results in higher surface finish with
stressed crack-free surface irrespective of hardness of the workpiece materials [5].
Because of these facts, the ECMprocess is opted as best alternative within the field of
machining process tomachine alloy steelswithout generation of thermal stresseswith
less tool wear, thus suitable for mass production work with low labor requirements
[6, 7].

In electrochemical machining, electrolyte is pumped into the interelectrode gap
maintained between tool and workpiece, and a low-voltage high-amperage current
passes through this electrochemical circuit [8]. Mobility of ions accompanied by
electron flow promotes the dissolution of metal according to Faraday’s law [9].Many
researchers have optimized the ECM parameters at different angles although the
potential of ECM is unexplored. From the literature, it has been found that different
jet patterns of tool electrode have significant effect on the electrolyte solution during
electrochemical dissolution of workpiece material, which directly influences on the
material removal rate and surface roughness of the machined workpiece [10]. The
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achievement of higher material removal rate and better surface finish in ECM is a
strong research base which may be possible by change in composition of electrolyte
solution and change in electrolyte flow pattern [11]. Therefore, the present work
focused on the flow of electrolyte jet in spiral pattern to improve the machining
characteristics.

2 Experimentation

The design resulted in total ten experiments, which were performed at 12 V supply.
A brass tool was used as cathode and 100Cr6 as anode. Chemical composition of
100Cr6 is Fe 96.92%,Cr 1.43%,C0.97%, Si 0.28%,Mn0.28%,Ni 0.11%, P 0.006%,
and S 0.002%. A typical experimental setup of electrochemical machining is shown
in Fig. 1.

2.1 Working Condition

The machining parameters selected based on performance characteristics are shown
in Table 1.

Fig. 1 Experimental setup
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Table 1 Working conditions
for analysis

S. No. Parameters Values

1 Voltage 12 V

2 Current density 10–50 A/cm2

3 Interelectrode gap 0.005–0.009 (cm)

4 Electrolyte flow rate 10 l//min

5 Electrolyte and its concentration NaCl aqua solution

6 Tool material Brass

7 Workpiece 100 Cr6

8 Machining time 2 min

2.2 Estimation of Material Removal Rate

The experiments were performed at different current densities with and without tool
rotation, and rest of the parameters are set according to Table 1 for each run. Table
2 portrays the experimental design. The initial weight of the workpiece was taken
for by using weighing machine. The electrode was then fed continuously toward the
workpiece, and time was recorded. After machining, the cavity was formed on the
workpiece. The final weight of the workpiece was taken, and material removal rate
was calculated as per the following formula [12].

MRR = Initial weight− Final weight

Density× Total time
(1)

Table 2 Experimental design

S. No. Current density (A/cm2) Tool rotation (rpm) Feed rate (cm/s) IEG (cm)

1 10 0 0.0030 0.0090

2 10 300 0.0030 0.0090

3 20 0 0.0058 0.0080

4 20 300 0.0058 0.0080

5 30 0 0.0075 0.0070

6 30 300 0.0075 0.0070

7 40 0 0.0098 0.0060

8 40 300 0.0098 0.0060

9 50 0 0.025 0.0050

10 50 300 0.025 0.0050
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2.3 Estimation of Surface Roughness

The quality of the machined surface was measured with Talysurf (Model: Taylor
Hobson) with sampling length of 4 mm. The experimental results of surface rough-
ness for machining with two different patterns of jets are shown in Tables 3 and
4.

Table 3 Experimental results of MRR and surface roughness during machining with straight jet in
circular pattern

S. No. Weight before
machining (g)

Weight after
machining (g)

MRRth (g/s) MRRact (g/s) η SR (µm)

1 360.4 360.2 0.1430 0.0886 62.0 0.922

2 375.6 375.4 0.1430 0.0956 66.9 0.810

3 387.8 387.4 0.2860 0.2010 70.3 0.765

4 398.8 398.3 0.2860 0.2073 72.5 0.650

5 411.5 410.9 0.4290 0.3080 71.8 0.686

6 417.7 417.3 0.4290 0.3372 78.6 0.600

7 431.8 430.9 0.5720 0.4187 73.2 0.630

8 445.5 444.5 0.5720 0.4622 80.8 0.501

9 340.6 339.5 0.7150 0.5412 75.7 0.405

10 310.5 309.3 0.7150 0.6027 84.3 0.290

Table 4 Experimental results of MRR and surface roughness during machining with straight jet in
spiral pattern

S. No. Weight before
machining (g)

Weight after
machining (g)

MRRth (g/s) MRRact (g/s) η SR (µm)

1 360.2 359.9 0.1430 0.1060 74.1 0.818

2 375.4 375.1 0.1430 0.1151 80.5 0.734

3 387.4 386.9 0.2860 0.2382 83.3 0.605

4 397.5 397 0.2860 0.2482 86.8 0.528

5 410.8 410.1 0.4290 0.3599 83.9 0.567

6 416.3 415.5 0.4290 0.3960 92.3 0.480

7 430.9 429.9 0.5720 0.4873 85.2 0.499

8 444.5 443.4 0.5720 0.5394 94.3 0.387

9 339.4 338.1 0.7150 0.6277 87.8 0.290

10 309.3 307.9 0.7150 0.6921 96.8 0.180
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2.4 Estimation of Current Efficiency

Current efficiency mainly depends on the current density, workpiece material, elec-
trolyte type, and machining conditions. Here, in this experiment, current efficiency
was calculated by using Eq. (2) [13].

Current Efficiency, η = Actual metal removed

Theoretical metal removed
(2)

3 Result and Discussion

The variation of current density with varying feed rate and varying interelectrode
gap (IEG) is shown in Figs. 2 and 3. It is observed that current density increases with
increase in feed rate and decrease with increase in interelectrode gap. The material
removal rate during machining is greatly influenced by rotary action of the tool. In
this work, the geometrical characteristics of tool electrode is employed to apply the
electrolyte solution into the interelectrode gap with circular and spiral patterns of the
jet under stationary and rotary conditions of the tool.

Fig. 2 Plot of current density against feed rate
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Fig. 3 Plot of current density with respect to IEG

3.1 Effect of Tool Rotation on Material Removal Rate

The results of effects of tool rotation onmaterial removal for two different jet patterns
rate are shown in Tables 3 and 4. The experimental result shows an improvement
of MRR while machining with rotational tool compared with the stationary tool. It
is because rotary action of tool causes more mobility of ions from the metal to the
solution which increases the speed of the chemical reactions [14].

3.2 Effect of Straight Jet with Spiral Pattern on Material
Removal Rate

The experimental results shown in Table 4 reveal that straight jet in spiral pattern
facilitates the better use of electrical current which prevents the generation of short
circuits during machining process. Because of better electrolyte distribution pattern
of jet in spiral pattern, a maximum MRR of 0.6921 g/s was achieved under rotary
condition of tool. This result is 13% higher when compared to the results of MRR
using straight jet in circular pattern. The experimental MRR at different current
densities is plotted in Figs. 4 and 5 for circular and spiral patterns of jets, respectively.
The maximum MRR obtained using rotational tool is 0.6027 g/s for circular pattern
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Fig. 4 Plot of current density versus MRR (for straight jet in circular pattern)

Fig. 5 Plot of current density versus MRR (for straight jet in spiral pattern)
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of jets and 0.6921 g/s for spiral pattern of jets which is more than obtained using
stationary tool under same set of machining conditions.

3.3 Effect of Tool Rotation on Surface Roughness

From the results of surface roughness under the effect of tool rotation, it was observed
that rotating tool gives better surface finish when compared with the stationary tool.
The enhancement rates with circular and spiral pattern of jets are 13.2, 15, 12.5,
20.5, 8% and 10.3, 12.8, 15.3, 22.5, 28.4%, respectively, for same values of current
density.

3.4 Effect of Straight Jet with Spiral Pattern on Surface
Roughness

The results of effect of straight jet in spiral pattern on surface roughness show that
spiral pattern of electrolyte jet tends to produceminimum surface roughness. It is due
to the fact that the flow of electrolyte admitted into the interelectrode gap provokes
a minimum fluid turbulence at workpiece surface when compared with straight jet
in circular pattern and consequently promotes the homogeneous condition of metal
dissolution duringmachining ofmetal [15]. The plot of surface roughness at different
current densities is shown in Figs. 6 and 7 for circular and spiral patterns of jets,
respectively. The minimum surface roughness achieved using rotational tool was
0.290 µm for circular pattern of jets and 0.180 µm for spiral pattern of jets which is
more than obtained using stationary tool under same set of machining conditions.

An improvement in current efficiencywas observed by using rotary tool compared
with that using a stationary tool for machining with two different patterns of jets.
The efficiency is improved by (7.3, 3, 8.7, 9.4, 10.3) %whenmachining with circular
pattern of jets and (8, 4, 9.1, 9.7, 9.3, 9.3) % when machining with spiral pattern of
jets for current density values (10, 20, 30, 40, 50) A/cm2, respectively.

4 Validation of Experimental Observations Through CFD
Analysis

Figures 8 and 9 demonstrate the CFD analysis of turbulence kinetic energy for
both straight jet in circular and spiral pattern. The analysis reveals the fact that
the minimum and maximum turbulent kinetic energy associated with the eddies
of the fluid flow in case of straight jet in circular pattern are 9 m2/s2 and 33.87
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Fig. 6 Plot of current density versus SR (for straight jet in circular pattern)

Fig. 7 Plot of current density versus SR (for straight jet in spiral pattern)
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Fig. 8 Turbulence kinetic energy for straight jet in circular pattern

Fig. 9 Turbulence kinetic energy for straight jet in spiral pattern

m2/s2, respectively, while in case of spiral pattern, it is 0.89 m2/s2 and 11.6 m2/s2,
respectively.

Higher turbulent kinetic energy leads to a high surface roughness, whereas low
turbulent kinetic energy gives better surface finish. CFD analysis of selected jet
patterns evidenced for smooth surface finish while electrochemical machining of
100Cr6 in NaCl with spiral pattern of jets. The analysis of percentage improvement
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Table 5 Improvement analysis of MRR and SR with reference jet pattern

S. No. Description Types of jet patterns

Straight jet in circular
pattern

Inclined jet in spiral pattern

1 Maximum achieved MRR
(g/s)

0.6027 0.6921

2 Minimum achieved SR (µm) 0.290 0.180

3 Working conditions 50 A/cm2 50 A/cm2

0.025 cm/s 0.025 cm/s

300 rpm 300 rpm

4 Percentage improvement on
the selected objective

Reference jet pattern 13% in MRR and 38% in
SR

inmaterial removal rate and surface roughnesswith reference to straight jet in circular
pattern is shown in Table 5.

5 Conclusion

The electrochemical characteristics of 100Cr6 in aqueous NaCl solution have been
analyzed experimentally to study the influence of jet patterns on MRR and SR under
rotary and stationary conditions of tool. The effects of major influencing parame-
ters like feed rate, interelectrode gap, and current densities have been studied for
improving the material removal rate using two different jet patterns. The experi-
mental investigations support the conclusion that machining of 100Cr6 in aqueous
NaCl solution under rotating condition of tool using straight jet in spiral pattern gives
better material removal rate and minimum surface roughness of around 0.6921 g/s
and 0.180 µm, respectively, at 50 A/cm2. The rates of improvement in MRR and
SR were found to be 13% and 38%, respectively, for the same sets of machining
conditions.
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Soft Modeling of WEDM Process
in Prediction of Surface Roughness Using
Artificial Neural Networks

H. D. S. Aiyar, G. Chauhan, and N. Gupta

1 Introduction

Modern-day industries find huge application of materials like composites, ceramics
and super alloys due to their superior mechanical properties like better fatigue char-
acteristics, high bending stiffness, high strength, good damping capacity and low
thermal expansion. These materials are widely used in manufacturing of automotive,
aviation and surgical components. Such materials are difficult to machine owing to
their superior characteristics. Non-conventional machining processes like WEDM
can be used to produce a precise and complex irregular-shaped job [1].

WEDM works by creating a voltage difference between the workpiece and the
wire electrode which is immersed in a dielectric medium. The wire electrode serves
as the cathode, and the workpiece serves as the anode. Between the workpiece and
wire electrode, a certain gap is maintained so that the spark is generated and is
sustained due to the breakdown of dielectric medium. The spark produces a very
high temperature which erodes the metal surface. Upon cooling, the metal chips are
removed by the dielectric fluid due to its flushing effect. There is a huge surge of
interest in WEDM process as it produces highly precise and accurate surface quality
parts [2, 3].

The input parameters of WEDM include pulse off time, voltage, pulse on time,
dielectric pressure, wire tension, wire feed rate and peak current which affects the
operating parameters [4–8]. Surface roughness affects the friction, fatigue, corrosion
resistance, light reflection and wear resistance. Determining surface roughness by
analytical equations is very difficult due to the intricacies involved in the formation
mechanism of surface roughness process. Surface profilometer is used in measuring
the surface roughness which is a time-consuming and expensive process and also
requires trained workers [5–13]. Thus, an attempt has been made in this paper to

H. D. S. Aiyar · G. Chauhan · N. Gupta (B)
Mechanical Engineering Department, DTU, New Delhi, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
R. Agrawal et al. (eds.), Recent Advances in Smart Manufacturing and Materials,
Lecture Notes in Mechanical Engineering,
https://doi.org/10.1007/978-981-16-3033-0_44

465

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-3033-0_44&domain=pdf
https://doi.org/10.1007/978-981-16-3033-0_44


466 H. D. S. Aiyar et al.

develop a mathematical model for measuring the surface roughness based on the
process parameters.

Over the years, numerous researches havebeenperformed in predicting the surface
roughness using experimental and analytical models. But in recent times, artificial
intelligence approaches have become highly popular over conventional approaches.
TheAI approaches do not require the explicit defining of themachining process. Only
a dataset of the process involving the process parameters and operating parameters
is sufficient which can be designed by performing the experiments. Artificial neural
networks (ANNs) are one of the most popular and widely used artificial intelligence
techniques for developing predictive models. ANN is an artificial way to represent
a human brain which is used to simulate the learning process. An ANN is a directed
graph where nodes perform calculations and are connected with other nodes.

Upon reviewing the literature, a lot of information regarding ANN was acquired.
Tarng et al. predicted the two most important operating parameters of the WEDM
process, cutting speed and surface roughness, using ANN. Then, the optimal cutting
parameters were predicted using a simulated annealing algorithm [14]. Spedding
and Wang modeled the WEDM process with very high accuracy using responsive
surfacemethodology andANN.Autoregressivemodelswere also used to describe the
stochastic components of surface roughness [15]. Risboodet et al. predicted dimen-
sional deviation and surface roughness of a mild steel rod during the dry and wet
turning process using ANN. Taguchi’s experimental technique was used in devel-
oping the dataset containing 26 experiments [16]. Caydas et al. worked on building
an adaptive neuro-fuzzy inference system which can estimate the surface roughness
and white layer thickness [17].

In one of the studies performed by Ramaiah and Rajyalakshmi, the WEDM
process parameters—mrr and surface roughness—were optimized by Taguchi’s grey
relational analysis. Taguchi’s L36 orthogonal array was used to prepare the dataset
for the experiment [18]. Huan et al. in their study selected the optimal process param-
eters of WEDM process using grey relational analysis. A Taguchi’s L16 dataset was
built by performing experiments on the Chromium12 alloy steel [19]. Neeraj et al.
in their study used response surface methodology to predict the surface roughness
and metal removal rate on a high strength low alloy steel workpiece [20]. Kuppan
et al. prepared a dataset with current, power-on, rotational speed and duty factor
as the process parameters using Taguchi’s experimental design method. Response
surface methodology technique was used in the estimation of average metal removal
rate and surface roughness and [21]. In another study by UlasCaydas and AhmetHas-
calik, response surfacemethodologywas used to predict the recast layer thickness and
electrodewear. Analysis of variance (ANOVA) pointed out that the output parameters
are significantly influenced by the input process parameters [22].

In the present study, the dataset for WEDM was obtained from the article:
Process optimization and estimation of machining performances using artificial
neural network in wire EDM [23]. CONCORD DK7720C four axes wire electric
discharge machine was used for performing the experiment. Bed speed, pulse on,
current and pulse off were chosen as the process parameters and surface roughness
as the output parameter. Taguchi’s L16 orthogonal array was used for designing the
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experiment. The obtained surface roughness values were predicted using ANN. The
ANNmodel is trained onMATLABNNTOOLBOX. Feed forward back propagation
neural networks are used for building the model. Levenberg–Marquardt algorithm
is chosen as the optimizer as it converges the result very quickly with high accuracy
and is best suited for small datasets.

2 Experimental Work

The WEDM dataset used was an experimental dataset used in research work [23].
In this work, the WEDM experimentation was conducted on CONCORD DK7720C
four axes CNCwire electric dischargemachine. According to the workpiecematerial
and desired output, the personwho operates themachine has to choose the parameters
for input. Pulse off, pulse on, current and bed speed are the four process parameters
considered to investigate the surface roughness of the workpiece.

In Fig. 1, schematic setup of the WEDM is shown. High-frequency AC current
is ejected from the wire to the workpiece, and a spark is generated. The positioning
system which is controlled by the computer maintains a 0.02 mm gap between
the wire electrode and workpiece. Figure 2 shows the experimental setup on the
CONCORDDK7720C four axes CNCWEDMwhich uses a molybdenumwire with
0.18mmdiameter as the electrode. Fixed parameters and the control features selected
are listed in Table 1. The debris is removed by flushing the dielectric fluid (water is
used in this case). Each of the control factors have four levels and are listed in Table
1 [23].

Classical experimental designmethods are complex and become highly expensive
in terms of time as well as cost. So, Taguchi method is used to conduct experimen-
tation efficiently [23]. Taguchi’s L16 orthogonal array is used for designing the
experiment. The process parameters are shown in Table 2 with their selected levels.

Fig. 1 WEDM schematic
diagram
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Fig. 2 Experimental setup

Table 1 Input parameters and their levels

S. No. Control factors Level 1 Level 2 Level 3 Level 4

1 Pulse on 16 20 24 28

2 Pulse off 4 6 8 10

3 Current 3 4 5 6

4 Bed speed 20 25 30 35

Table 2 Experimental results

Run (µm) Pulse on
(µm)

Pulse off
(µm)

Current (A) Bed speed
(µm/s)

Surface
roughness
(µm)

Predicted
surface
roughness
(µm)

1 16 4 3 20 2.392 2.392000017

2 16 6 4 25 2.384 2.383999979

3 16 8 5 30 2.526 2.511744596

4 16 10 6 35 2.792 2.945800769

5 20 4 4 30 2.631 2.615439361

6 20 6 3 35 2.541 2.541

7 20 8 6 20 2.843 2.842999994

8 20 10 5 25 2.891 2.891000011

9 24 4 5 35 3.317 3.316999992

10 24 6 6 30 3.281 3.280999991

11 24 8 3 25 2.476 2.476000018

12 24 10 4 20 2.253 2.655811313

13 28 4 6 25 3.024 3.024000013

14 28 6 5 20 2.586 2.585999993

15 28 8 4 35 2.482 2.482000025

16 28 10 3 30 2.348 2.347999969
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3 ANN Model Development and Training

ANN is an artificial way to represent a human brain which is used to simulate the
learning process. An ANN is a directed graph where nodes perform calculations and
are connected with other nodes. The connections transfer a signal from one node to
another which are linked with some weight. These weights are responsible for the
augmentation of the signal. The weights in the graph are randomly initialized, and
a learning function tweaks the weights and biases after every epoch such that the
predictions come closer to the target values.

In this study, feed forward back propagation neural networks will be used. The
ANN was created using the neural network toolbox in MATLAB as shown in Fig. 3.
The neurons are arranged in a first-order sequence, and the last layer receives the
results. Since four process parameters have been chosen, the input layer consists
of four neurons. The output layer has a single neuron with linear activation which
predicts the surface roughness. In between the input and the output layers, hidden
layers exist. Based upon repeated experiments and extensive literature review, 16
neurons in a single hidden layer with Tanh activation were found to be the most
favorable architecture. Tanh activation binds the activation between − 1 and + 1.
Continuously fed activation rates from one layer to another in a forward direction
allow their names as a feed supply network.

The learning function optimizes the weights and biases so that the predictions
come close to the actual values. Levenberg–Marquardt algorithm (trainlm) will be
used as the learning function because of its fast convergence and is best suited for
small datasets. The metrics as well as the loss function is chosen as mean square
error. The dataset was divided randomly into training and testing dataset each with
70% and 30% of the total data, respectively. The networks were trained up to 3000
epochs.

4 Results and Discussions

After the models were trained, tested and evaluated successfully, the model with 4-
16-1 architecture was found to be the most optimum in the present work. The neural
network toolbox of MATLAB was greatly used in predicting the output parameters,
and errors were well within the range of experimental and predicted values of the
ANN model. The model was trained for 3000 epochs, and the goal MSE for training
was kept at 1e − 8 (Fig. 4).

The performance of the model is calculated using mean squared error method.
The mean of squared difference between actual and predicted values is known as
MSE. The values close to 0 are desired while using MSE. In Fig. 5, the validation
performance shows that the optimum solution is reached at zeroth epoch. The MSE
target is achieved in third epoch with trainingMSE= 2.01e− 16 and testingMSE=
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Fig. 3 MATLAB NNTOOLBOX settings

1e − 1. The predicted surface roughness values for the whole dataset are very close
to the experimental values.

In Fig. 6, the regression values for training are 0.98903, testing is 1, and validation
is also 1. The regression values are closer to unity, indicating that the ANN model is
able to very well capture and learn the behavior of the trained dataset.
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Fig. 4 Comparison of predicted and experimental values

Fig. 5 Error plot of train, test and validation

5 Conclusion

This paper has presented a mathematical model for the prediction of surface rough-
ness using ANN which will lead to massive reduction in production time and cost,
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Fig. 6 Regression plots of train, test, validation and overall dataset

eventuallymaking theWEDMprocess highly efficient and paves theway for automa-
tion. The 4-16-1 ANN model is effectively used for prediction of output parameters
with training MSE 2.01e − 16 and testing MSE = 1e − 1 on a batch of 70% data in
training set and 30% data in testing set. The overall regression value is 0.94 which
is very close to 1, indicates that the ANN model has performed exceptionally well
and has high efficacy. This technique can be generalized and used to calculate the
operating parameters of other non-conventional machining processes, and this leads
to the focus of our further research work.

The ANN predicted values are very close to actual experimental values, which
makes it accurate and reliable [24]. The soft modeling approach is widely used in
the optimization of various manufacturing process problems.
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Education 4.0 to Industry 4.0 Vision:
Current Trends and Overview

Shruti Agrawal, Nidhi Sharma, and Sumedha Bhatnagar

1 Introduction

1.1 Industrial Revolution till 4.0

The term Industry 4.0 was firstly coined in 2011 in Germany that includes the repre-
sentatives from business class, political and academic field, together they initiate
the word known as Industry 4.0 [1]. Industry 4.0 can be considered as recent trend
in manufacturing organization which aims at the exchaning automation and data
between the physical entities. The motive of the government of Germany was to
promote computerization ofmanufacturing via a research project. The term “Industry
4.0” was then publicly introduced in 2011 at Hannover Fair. It is also known as IIoT
that is Industrial Internet of things or smart manufacturing that denotes physical
production along with the smart digital technology, machine learning and large data
that complies into a more holistic and updated connected ecosystem that focus on
manufacturing and supply chain management for the companies. The concept of
Industry 4.0 is a transformation that enables faster, flexible and efficient processes
that generates high-quality products at minimum cost. The emergence of Industry 4.0
helps the manufactures to overcome current challenges and issues by adopting more
flexible approaches that enhance the speed of innovation and give enough focus
to customer-centred approaches. Further, different components for Industry 4.0 is
represnted in Fig 1.

The revolution in industrial sector has evolved in several steps from almost past
200 years ago [2]. In Table 1, the evolution from phase Industry 1.0 to latest Industry
4.0 is shown.
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Fig. 1 Components of
Industry 4.0 revolution

Table 1 Evolution from Industry 1.0–4.0

Industrial Revolution Time period Technology

Industry 1.0 Till 1760 Mechanization, steam power and
weaving loom

Industry 2.0 In the beginning of twentieth
century

Mass production, assemble lines,
electrical power

Industry 3.0 In the beginning of 1970s period Automation production,
computers, IT systems and
robotics

Industry 4.0 Present period The smart factory, autonomous
system, IoT, machine learning

Dating back towards 1760, the first phase of Industrial Revolution starts that
considers the process of water and steam power machines in the field of manufac-
turing and mechanical production [3]. The first field that experienced such impact
was laid down on the textile industry. The first phase was thoroughly favourable in
terms of manufacturing a huge number of goods that creates an improved standard
of living. Since after Industry 1.0 has taken place, there has been a massive increase
in the production sector. This is then followed by the second revolution of industry
which is known as Industry 2.0 and also “TheTechnological Revolution” as common.

In the beginning of twentieth century, in second revolution, electricity has played
a major role in the entire process which results into greater production and suave
machines. The first T production process model developed by Henry’s Ford proved
as a climax factor in the revolution chain along with the establishment of conveyor
belts and increased demand of labour in the manufacturing sector.

In the phase of Industry 3.0, the third Industrial Revolution began with the first
computer era. Earlier, these computers were often very easy, difficult and incredibly
huge relative to the computing power before theywere able to supply. In this stage, the
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use of programmable electronic devices was implemented by the industries. These
updated programmable devices are more efficient and flexible in the production of
digital automation. In the modern automation system sector, the Third Industrial
Revolution is still being used.

Industry 4.0, the Fourth Industrial Revolution, is known as the era of smart
machines with more storage systems and feasible production facilities that create
autonomous exchange of information, trigger actions and facilitate each other with
no human interference. With the support of the Industrial Internet of things (IIoT),
the exchange of information is being made possible. In the Industry 4.0, it has been
seen the major two key development directions that can be defined in expected future
time [2]. Application-pull is the first direction that states the need for changes in way
to adoption of dynamic operative framework conditions. Such directions lead to flex-
ibility on the development of products, lessen the development of product time, and
customers choose to individualize the products.

On the other hand, the second direction is known as technology-push that leads to
the improvement of automation, mechanization, digital technology and networking
in the industry sector [4]. The focus of this direction is implied on the technology
that is being used in the current time in the industries and manufacturing sectors
including the factors on how to improvise it more.

The fundamental paradigm shifts in Industry 4.0 can witness the combination of
Internet technologies along with the future-oriented technologies. It could enable
the open communication pathway with each other in between the devices, machines,
sensors and people bymaking use of Internet technology known as Internet of Things
(IoT) [5]. This entire process is named as cyber-physical system (CPS) in which the
whole components in the system, machines-to-machines and machines-to-human,
could hold communication with each other and transfer from the production to
consumption process [6].

This concurrent revolution in industry may impact various other fields except
manufacturing, such as recruitment of labour workforce, information and commu-
nication technology (ICT), various ventures, business, education sector and much
more [7]. There will be significant change in the recruitment of labour workforce in
Industry 4.0 as the talent needed will be completely changed as will the updating
technologies. The different talents or skills are required in order to compress some
basic technical qualifications in specified industries. The knowledge of informa-
tion technology (IT), organizational understanding, procession knowledge and new
technologies is important for the development of Industry 4.0.

In case of business sector like small–medium enterprises (SME), Industry 4.0 has
made it to go through various difficulty as they are not skilled as needed in terms
of applications and technical surroundings [8]. The reasons behind this are that the
SMEs do not owe a skilled labour class staff who possess the basic skills to cooperate
with current technologies, less availability of funds which is required to set up the
updated technologies, and hence, it counts as loss to their business.

In the education sector, Industry 4.0 has played a major role and turned the wheel
out for a lot of big changes [9]. In the era of the new Industrial Revolution, the
industries now demand the more qualified candidates to work with them as it leads
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to better quality of production and results [10]. In the education sector, it provides
the candidates with required training and skills and by the due course makes them
prepare as a qualified candidate for the industry sector in upcoming time [5]. Along
with this entire concept, a new term has generated in between researchers, education
practitioners and policy makers that is Education 4.0.

India, being a developing country, will constantly face the same challenge with
Industry 4.0 and Education 4.0. Hence, this paper aims to highlight the overall
overview on Indian higher education system towards Industry 4.0. This paper
comprises various reported literature amended on Industry 4.0 and Education 4.0
from 2011 to up till the present policies. The use of various online platforms are
being used during this study which includes Google Scholar, Science Direct, Web of
Science and policies by Indian government. The use of snowballing method is being
used so that it helps to gather more sources as maximum as possible also keeping in
view the emergence of Education 4.0.

The paper is being categorized in five sections that are as follows:

2 Emergence of Education 4.0

Education 4.0 is the term appeared publicly during the uptrend of Industry 4.0 as
it inevitably motivates almost every other sector and most specially the education
sector. The role of teaching methods now would rather focus on student-centric
approach instead of teacher-centric approach along with the updated technology in
teaching style. At the time of the pandemic of COVID-19, it resulted into the entire
reform of the education system, and thus, it may promote Education 4.0 in almost
every country. Adopting such changes at the time of pandemic has given a boost to
Education 4.0 in alignment with Industry 4.0.

2.1 Education Revolution

The revolution of education is as similar to the Industry 4.0 that could be categorized
on the basis of its emergence from the past as shown in Table 2. The evolution of
education started decades ago or even centuries ago. In that period, teaching verbally
was a mode of transmission of knowledge, teachers act as a medium to share that
knowledge, and students just receive the information in the specified manner.
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Table 2 Education 1.0–4.0

Education revolution Methods Technology used

Education 1.0 Oral dictation
instructions
One-way communication

No technology is being used at the
time of education process

Education 2.0 Progressive
A step towards access to Internet

Limited access

Education 3.0 Production of knowledge
Co-constructivism

Allow full access for knowledge,
constructivism and transmission

Education 4.0 Innovation and invention
Virtual classrooms

Blended learning
More of Internet and technology
driven

Education is just not simply a means of transferring knowledge, but it is about
imparting the knowledge in such amanner that may enhance an individuals’ perspec-
tive and help him to make a standard of living and survive in the world. Hence, with
every Industrial Revolution, we can see a subsequent revolution in the education
sector too. The vision of Education 4.0 has beenmodelled a decade ago. The research
paper published by Harkins described “leapfrogging” and its practices and paradigm
of education [11]. Leapfrogging stands to go forward in the ongoing competition or
the current state of art via innovation, saving time and cost.

In the education sector, the teaching learning process has evolved along with the
improvement of technology. Education 1.0 is more like the first generation of Web
that is one-way process. Teaching–learning activity takes place in the classroom.
Teachers are the suppliers of knowledge, and students are the receptors. This method
is called as instructivism where the knowledge receivers do not interact much and
behave passively [12]. Mainly, it can be said as a teacher-centric approach where the
decision of teachers is meant to be of utmost importance.

Education 2.0 initiated with the boom of Web 2.0 that recognized this education
revolution [13]. It promotes the communication among individuals and users, and
also, it is the initial phase of growth of social media. Education 2.0 is grounded on
progressivism where the learning process is not just restricted to teacher to student
but also student to student and student to experts. The growth of Education 2.0 gives
enough emphasis on the use of the Internet as a medium of learning activity though
its access is limited. Also, Education 2.0 focus on the use of skype, wikis, sharing
of blogs and use of other social media networking websites in the classrooms for
teaching purposes.

Education 3.0 is purely constructed on the belief that content is actively and
freely available. This phase is self-directed, interest-based learning inwhich problem-
solving approach alongwith innovation and creativity is promotedwith the education.
In this revolution, there are no specified teaching professionals but also those who
have required source of materials can conduct the learning activities. It can also be
stated as a cross-institutional, cross-cultural way of education opportunity. The entire
learning phase is student-centric.
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Education 4.0 is the updated recent trend that caters to the needs of society as
a whole in the “innovative era”. Parallelism, connectivism and visualization are the
special characteristics of Education 4.0 [14]. This recent learning behaviour surely
motivates the learners to develop critical thinking and cognitive thinking skills along
with the application of new technology. Education 4.0 is trusted to empower the
learners to come up with innovations and substantiations production of knowledge
[15].

2.2 Applied Technology

During the continuous revolution in education, various technologies are used in the
entire learning process. Early in the nineteenth and twentieth century, from 1840
to 1950, the correspondence and broadcast courses were the first technology that
is being used in the education sector. Sustainable developement and minimizing
carbon emissions are the major concerns in industries of developing nations [16–
18]. This mentioned technology included mail facility to the community to spread
the knowledge content which was further followed by the operations of televisions
and radio to transmit the information.

At the period of twentieth century, in this phase of revolution of education, mainly
the technologies are based on the computer-based training programs. In 1960, Donal
L. Bitzer developed the first software named as Programmed Logic for Automation
Operations (PLATO) to the learning-based computers. However, the role of training
programs and local awareness program is also important for sustainability practices
in industries [19]. After this development, many familiar technologies have been
started to develop by the other researchers. In Fig. 2, the timeline of education has
been illustrated.

The first educational revolution was initiated in the 1990s in alignment with the
procurement of the World Wide Web (WWW). This is known as Education 1.0
revolution which was completely aligned with the first stage of Web 1.0. The first
stage ofWWWWeb 1.0 development is a one-way information and one-way process,
but this technology was used too less in the Education 1.0 phase [12].

TheWeb 2.0 was developed along with the second revolution of known as Educa-
tion 2.0 [13]. The Web 2.0 is the next stage of WWW with some additional read
and write characteristics and also an improvement over the first phase of Web 1.0.
The interactions between machine and human are being permitted in this phase. The
concept of blended learning in education comes after this technology in the 2000s as a
new teaching learning method. Blended learning is a combination of classroom face-
to-face learning and e-learning. E-learning is electronic learning where the learning
process takes place via use of the Internet. It is also a mode of asynchronous learning
in which the education is being transferred even when the instructor and the learner
are not present at the same time and same place. The learning can take place according



Education 4.0 to Industry 4.0 Vision: Current Trends and Overview 481

Fig. 2 Timeline of educations

to the convenience of the learner. Such technologies via the Internet can be oper-
ated on personal computers (PC), laptop, tablet, kindle, mobile phone, and thus, the
production of such is increasing on a daily basis.

“www” has become a great source of providing information via the Internet to
the large numbers of users. The sudden growth and the increased demand of the
Internet, trend of social media caused the third phase of educational revolution that
is Education 3.0. In the year 2010, the concept of virtual learning emerged because
of increased demand for education via social media platforms (S. Jeschke, Higher
Education 4.0—Trends and Future…—Google Scholar, n.d.). Dave Cormier intro-
duced the concept of Massive Open Online Learning (MOOC) that gives a platform
to students to learn anywhere and anytime. It provides huge data of content in an
open access to every learner and breaks the traditional form of learning.

Education 4.0 is an emerging concept of education, and importantly, at the time
of COVID-19 pandemic, it has given a boost to this phase of revolution. Industry 4.0
include Cyber physical systems and machine learning which requires skilled labour
set for industries [20, 21]. It is a non-traditional form of education where face-to-face
learning, classroom learning no longer serve. It is a technology-based learning and
may call it the future of learning. It moves in a direction that is more progressive,
innovative, intellectual, knowledge-driven and future-ready.



482 S. Agrawal et al.

2.3 Link Between Education 4.0 and Industry 4.0

The educational sector is already being determined by the cognitive and cloud
computing, IoT, cyber-physical system and various other parameters imposed by
Industry 4.0. Students have become technological driven in their field. Education
sector has left with no choice but instead to adopt changes as specified in industry that
are bought due to disruptive technologies. By providing the flexible, self-learning,
self-sustainable, problem-solving, solution-oriented, collaborative and mentoring
environment to the learners, the future generation will definitely respond to the need
of Industry 4.0.

2.4 How Education 4.0 Can Revolutionize the Wave
the Industry 4.0

Education 4.0 gives an opportunity to all the learners to grow and learn at their own
pace and to engage in the updated technology and software that enhance their skills
and knowledge in depth for technology [22]. The art of creative thinking, creative
writing will also emerge that allows them to think out of the box and provides
innovative and sustainable solutions for the problem [23]. The role of the Internet
in all over revolution is foremost and a main source that provides knowledge in the
learning process.

2.5 How Education 4.0 Creates Jobs for Industry 4.0

AdoptingEducation4.0may lead to the presence ofmore skilled, qualified, intelligent
and technical-friendly students at the timewhen smart manufacturing and production
reduces the proportion of labour-intensive opportunities. Themanufacturing industry
are labour-intensive and Industry 4.0 is a skill-intensive which requires an array of
skills. The available jobs for students in the upcoming trend include flexible and inno-
vative thinking, emotional and social intelligence, virtual collaboration, designing
mind-set, “thinking like a data-scientist” and interdisciplinary [24]. Machines are
still unable to replicate judgement, insight, conviction, opinion and communication
ability.

3 Higher Education System in India

The education system of India is being divided into two segments that are pre-
independence era and post-independence era. Ancient education system has been
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very wide in India. In ancient times, education was categorized into two systems that
are “Vedic and Buddhist”. After then, vocational education system was promoted
that includes the knowledge of professions and art in education. When ancient
education started declining, that was the phase of evolution of higher education
in post-independence India.

As per the recent trend in education, Education 4.0 will be the upcoming next
happening to the world. India being a developing country will also exhibit the same
in future. In the view to accept this new phase of educational revolution, it is needed
for India to get readywith the talent management tomake a balancewith the expected
conditions towards Education 4.0.

TheMinistry of Education (MoE) which was earlier known asMinistry of Human
ResourceDevelopment (MHRD) of India has recently revised theNational Education
Policy 2020 that is basically a blueprint of the education system. This policy is a
roadmapof educationwhich is alignedwith the global trend [25]. The last educational
policy was formed in 1986, and after 34 years, it has been revised. Due to the
unprecedented changes in the education system also at the time of lockdown due
to the pandemic, this policy is a necessity.

The government of India has given the major priority to access, affordability,
equity and accountability. This policy is prepared to re-design the entire educa-
tion system in India. The higher plays a significant role in promoting well-being
of humans as well as of society. It also contributes to the sustainable development
of the economy as a whole. The key areas in higher education are to develop char-
acter, ethics, values, curiosity, creativity, capability and spirit of service. It comprises
accomplishment, enlightenment and productive contribution to the society. The NPE
is re-energizing the education system so that it could produce high-quality higher
education with equity and inclusion. To make the classroom environment open and
independent Government of India has launched several policies [26].

4 Discussion

Indian government has given major emphasis on re-structuring the higher education
system, which is believed to make the education system in India to be more authentic
and successful. The role of MOOC and non-conventional education is a prime point
in the view of Education 4.0. The learning and teaching outcomes in Education 4.0
are purely learner-centric, or it can also be known as reflective level of teaching
where the learner occupies primary place and teachers are assumed to be at second
place. The aim of this approach is to develop the reflective powers of the learner
so that they can solve problems on their own by applying required reasoning, logic
and imagination. It is the high level of teaching learning approach that enhances
the logical thinking of the student. Collaborative learning is also that necessary in
higher education as it promotes the art of soft-skills among the learners (Razali et al.,
n.d.). It is termed as one of the most important approaches that can be adapted in
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the Education 4.0 learning process with the collaboration of knowledge and social
interactions.

5 Conclusion

The future of education can be seenwith Education 4.0 that responds with the need of
Industry 4.0 where humans and technologies are aligned to enable new opportunities.
The education sector should be well-updated in order to provide training and skills
to the students that are talented especially in the higher education sector to meet the
need of Industry 4.0. India is in the stage of adapting the Education 4.0 in the higher
education system by forming the required programmes and policies. In the concern
of future work, the authors can work upon the conceptual framework of Indian higher
education system that supports and justifies the importance of Education 4.0 after
the pandemic conditions.
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Mechanical and Tribological Behavior
of Al7075/SiC/WS2 Stir Casting
Fabricated Composite with Optimization
of EDM Parameters

Amit Kumar and M. K. Pradhan

1 Introduction

In recent years, there has been a growing interest in non-conventional materials
and including ceramic particle reinforced composites, hybrid composites, metal-
ceramic combinations called MMCs for the development of advanced components.
Aluminum metal matrix composites (AMMCs) are composites in which aluminum
is used as a matrix and several reinforced materials are embedded in a matrix. Hybrid
composites consist mostly of one matrix and two or more reinforcements. Hybrid
AMMC has superior mechanical properties such as higher specific strength, low
thermal coefficient of specific modulus and good wear resistance. [1]. So, the hybrid
AMMC is widely used in the various advanced engineering areas such as automo-
tive, aircraft, locomotive industries, marine and defense sector. [2]. There has been an
increased and continuous demand for smartermaterial having high strength toweight
ratio, efficient materials with less cost, which literary initiate the people to put the
focus on the investigation of composite materials in the last few years. The material
like silicon carbide (SiC) and tungsten di-sulfide (WS2) which is used for reinforce-
ment are improved mechanical and tribological properties [4]. With the addition of
silicon carbide (cheaper, lightweight and strength provider) with tungsten di-sulfide
(harder, wear resistance and self-lubrication) gives optimum properties. The macro
and microhardness of the composites were increased with respect to the addition of
wt% of SiC [13]. But, due to the presence of these reinforcement materials, these
hybrid composite materials become “difficult-to-machine” materials for the conven-
tional machining process. It is difficult to get good surface quality of the conventional
machining. Hence, non-conventional machining like EDM, ultrasonic machining,
electrochemical machining, etc., are generally preferred to get better machining
characteristics [7]. EDM is a precise metal removal process that is used to take out
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metal through electric spark erosion. The EDM method is one of the most popular
and quite extensively used non-traditional machining methods for conductive mate-
rial like these types of aluminum alloys. Tahat [15] fabricated LM6/SiC/Graphite
hybrid metal matrix composites were made of (Al-11.8%Si)/SiC/Gr by dual stir
casting method and investigated the mechanical properties and wear behavior of
composite. The wear test was conducted and it was observed that with the increase
of the SiC/Graphite reinforcement contents in the matrix, and the wear rate of
Al/SiC/Gr hybrid metal matrix composites reduces. Ravindranath et al. [12] studied
hybrid aluminum metal matrix composites Al2219 is reinforced with 8% boron
carbide (B4C) and 3% graphite particles hybrid aluminum metal matrix composites
were fabricated. It is investigated that the wear rate of hybrid aluminum composites
decrease with increase graphite reinforcement concentration in the composite. Singh
et al. [14] studied hybrid particulate composites of Al/SiC/Al2O3/WS2 (0, 5, 9 wt%)
in which fabrication is done by using the powder metallurgy method. The analysis of
variance (ANOVA) was used to find the percentage contribution of various parame-
ters on the wear and friction behavior. The result shows that the friction coefficient
and the wear rate of WS2 are minimum for 5% compare to 0 and 9 wt% of WS2 in
hybrid particulate composites. The effect of electrode shape onMRR, electrode wear
rate (EWR), wear ratio (WR) and average surface roughness (Ra) has been investi-
gated formild steelworkmaterial and copper electrode [8]. It is investigated the effect
of Ton, Toff, Ip, gap control setting on the EDM of cast Al 6063-Sic MMC [5]. To
increase productivity with good surface quality, it is very difficult to achieve without
setting the optimal parameters on EDM. Henceforth, multi-objective optimization
approach like TOPSIS, gray relational, SAW, VIKOR are used to get optimal param-
eters of EDM responses. In all these SAW, it is the simple and best popular method
which is used in this research. Aminesh et al. [3] studied the effect of parameters
like speed, electrode gap and abrasive particle size on recast layer thickness and Ra
using full factorial analysis method. Multi-response optimization problem has been
solved by searching an optimal parametric combination, capable of producing with
high productivity and at the same time ensuring the reduced surface quality of the
EDMed product [10].

2 Materials and Methods

The aluminum alloy AA7075 was used as the base material and SiC and WS2 were
used as reinforcement. The chemical composition of the hybrid aluminum alloy used
in this research is shown in Table 1. SiC (10wt%) at constant proportion in the hybrid

Table 1 Chemical composition of the AA7075

Alloying element Cu Mg Si Zn Cr Ti Fe Mn Pb

% composition 1.5 2.5 0.5 6 0.5 0.5 0.25 0.2 0.2
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Table 2 Specimen dimension

Test Code Dimension No. of specimens

Tensile IS 1608 6 mm Ø, L = 15 mm 4

Compression ASTM E9 15 mm Ø, L = 20 mm 4

Wear rate IS 1501 10 mm Ø, L = 30 mm 4

Hardness IS 1500 15 mm Ø, L = 15 mm 4

composite (Al7075 + SiC + WS2) and WS2 at various proportions such as (0.75,
1 and 1.5 wt%) has been used. The SiC powder is lighter as compared to tungsten
di-sulfide powder. Moreover, the SiC can withstand at a very high temperature and
tungsten di-sulfide (WS2) have self-lubrication properties.

2.1 Fabrication of Specimen

The hybrid particulate composites (Al7075+ SiC+WS2) were fabricated by the stir
casting method. Al7075 alloy in the required quantity was taken as matrix material in
a graphite crucible and heated in an electric furnace. The temperature of the melt was
raised from 750 to 900 °C. This molten metal was stirred through a graphite impeller
at a speed of 300–400 RPM to generate a vortex. The SiC and WS2 reinforcement
particles were taken separately and mixed with an Al7075 matrix. SiC (10 wt%) at
constant proportion in the composite has been used and WS2 at various proportions
such as (0.75, 1 and 1.5 wt%). SiC and WS2 powders were preheated at 450 °C to
drive off themoisture. After the rotating of stir, the vortex formation takes place in the
melt. Stirring of melt (hybrid metal matrix alloy with particulate reinforcement) was
continued for another 5 min. Even after the end of reinforcement particles feeding to
get a homogeneous distribution of the SiC andWS2 powder particles in the composite
material. The molten material was finely poured into the metal mold made up of cast
iron material and allowed to solidify at room temperature for 3–4 h. The composite
was then cut into pieces of different dimension as shown in Table 2 for various test
such as tensile, compression, wear rate and hardness test.

2.2 Experimentation on EDM

The CNC electrical discharge machine is used to experimentation. The hybrid
aluminum metal matrix composite workpiece with a 15 mm diameter and an elec-
trolytic pure copper rod is used as a tool material. In current work, the experimental
parameters and their levels are shown in Table 3. The experiment was conducted and
the effect of various machining parameters; Ip, Ton, T au and V on MRR, TWR, ROC
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Table 3 Input variables

Variable Unit Levels

1 2 3

Discharge current (Ip) A 8 10 12

Pulse on time (Ton) µs 75 100 150

Voltage (V ) V 50 60 70

Table 4 Experimental parameters and responses on EDM machine

Wt. (%) Ip (A) Ton (µs) V (V) MRR
(mm3/min)

TWR
(mm3/min)

ROC (µm) Ra (µm)

0.75 8 75 50 38.14446 0.145768 5.6458 7.1

0.75 10 100 60 17.76367 0.090511 5.7056 11.328

0.75 12 150 70 56.06992 0.119039 5.6782 12.51

1.0 8 100 70 18.3321 0.292309 5.6931 8.041

1.0 10 150 50 19.13204 0.378279 5.6258 10.381

1.0 12 75 60 39.21962 0.362711 5.6365 8.844

1.5 8 150 60 18.03273 0.230593 5.6248 10.323

1.5 10 75 70 18.2872 0.046769 5.6782 7.12

1.5 12 100 50 39.71567 0.101573 5.5806 9.723

and Ra on the given materials [11]. The experimental parameters and their responses
to the EDM machine were obtained in Table 4.

3 Machining Behavior

3.1 Metal Removal Rate (MRR)

The metal removal rate is the measuring parameter for which how much material is
removed from a part in a given period. The formula was given to calculate the metal
removal rate:

MRR
(
mm3/min

) Weight loss (gm) × 60

The density of sample
(
gm/mm3

) × Machining time (s)
(1)
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3.2 Tool Wear Rate (TWR)

In EDM, due to the rotational motion of the tool rises the tool wear rate (TWR) in
all stages of current and pulse on time. TWR can be defined as the volumetric loss
of tool in unit time. It is expressed as

TWR = �V

t
= �W

ρ ∗ t
(2)

where �V is the volumetric loss from the electrode, �W is the weight loss from the
tool, t is the machining time during the process and ρ = 8960 kg/m the density of
the electrode.

3.3 Surface Roughness (Ra)

Surface roughness is a measurement of the technical quality of the product, which
mostly influences the manufacturing cost of the product. Surface roughness is one of
the most important characteristics in the EDM process because it affects the fatigue
strength of the component. The measurement of surface roughness was done using
a portable stylus type profilometer, Talysurf (Taylor Hobson, Surtronic 3+). The
profilometer was set up to a cut-off length of 0.8 mm, filter 2CR, traverse speed
1 mm/s and 4 mm evaluation length. It is calculated as the arithmetic value of the
profile from the centerline along the length. This can be express as

Ra = 1

L
∫|y(x)|dx || (3)

where L is the sampling length, y is the profile curve and x is the profile direction.
The average ‘Ra’ is determined within L = 0.8 mm.

3.4 Radial Overcut (ROC)

The dimensional accuracy of EDM is significantly affected by the ROC resulting
from the discharge gap and electrode wear. The input variables such as Ip, Ton, the
voltage and the workpiece material are greatly influenced by ROC. It increases with
the increase of Ip but up to a certain limit besides it depends upon the gap between
electrode and workpiece, voltage and chip size, which may vary with the amperage
used.
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ROC = D1 − D2

2
(4)

whereD1=Right side reading on the digital micrometer andD2= Left side reading
on the digital micrometer.

4 Analysis Methods

4.1 Taguchi Method

The main aim of this method is to create a good quality product at a low-cost to the
manufacturer. Taguchi used the concept of the signal-to-noise (S/N) ratio to find the
best levels for each controllable factor. This approach is used for experimental design
in this research. The experiment was conducted with three controllable three-level
factors of the EDM process and four responses. Three factors were Ip, Ton and V.
The four quality characteristics measured were the MRR, TWR, Ra and ROC. In
this study, nine experimental runs based on the orthogonal array L9(34) as shown in
Table 4.

4.2 Simple Additive Weighting (SAW)

This is the simplest and widest used multi-criteria decision-making process method.
In this paper, to solve the personnel selection problem using MCDM, the SAW
method is used. The basic concept of the SAWmethod is to find the weighted sum of
performance ratings on each alternative on all attributes. In thismethod, each element
is given a weight and the sum of all weights must be 1. The overall performance score
of an alternative is given by Eq. (1).

Pi =
K∑

j=1

W jXi(k) (5)

If all the elements consist in the decision table are normalized, then SAW can be
used for any type and any number of elements. For that case Eq. (1) becomes;

Pi =
K∑

j=1

W jXi ∗ (k) (6)
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where Xi*(k) = The normalized value of Xi(k), Pi = The overall score of the alter-
native Ai, then the highest value of Pi will be the best alternative in all the alterna-
tives. The advantage of the simple additive weighting method compared with other
decision-making models is that to perform decisions more precisely because it is
based on pre-defined value and preference weight.

4.3 Data Preprocessing

The data preprocessing is the processing of the data for the analogous arrangement
of the original data. In which, the experimental results are normalized in the range
of 0 and 1, depending on the responses either higher the better or lower the better.
For the higher productivity, the metal removal rate should be high, hence, treated as
the “higher is better” (HB) attribute. The experimental data can be normalized as;

Xi∗(k) = Xi(k) − min Xi(k)

max Xi(k) − min Xi(k)
(7)

And for increasing the productivity the TWR, ROC and Ra of the material will
be as low as possible. For these three machining parameters, “lower is better” (LB)
attribute is used as.

Xi∗(k) = max Xi(k) − Xi(k)

max Xi(k) − min Xi(k)
(8)

where i = 1, 2, … n; k = 1, 2, …., p; Xi*(k) is the normalized value of the kth
element in the ith sequence; max Xi*(k) is the largest value of Xi(k); min Xi*(k) is the
smallest value of Xi(k); n is the number of experiments; p is the number of quality
characteristics.

4.4 Principal Component Analyses (PCA)

A conversion of a set of observations of possibly correlated variables (various numer-
ical values) into a set of values of uncorrelated variables comes under principal
component analysis. It was discovered by Pearson in 1901 and then it was devel-
oped by Hotelling in 1933. After invention, it becomes a popular mathematical tool
to investigate the data analysis for the formation of predictive models. PCA may be
operated by either eigenvalue decomposition of a data covariancematrix or particular
value decomposition of a data matrix. It is used for recognizing arrangements of data
and conveying the data in such a way as to highlight their similarities and differences.
Once the arrangement of data has been recognized, the data can be compacted, i.e.,
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Table 5 Eigenvalues and
explained variation for
principal component

Principal
component

Eigenvalue Proportion Explained
variation (%)

First 1.3471 0.337 33.7

Second 1.2293 0.307 30.7

Third 0.9019 0.225 22.5

Four 0.5217 0.13 13

by decreasing the number of dimensions, without much loss of information. This is
one of the principal advantages of PCA. The main aim of PCA is to:

1. Extract the most important information from the data,
2. Squeeze the dimension of the data set by keeping only the significant,
3. Simplify the explanation of the data set,
4. Examine the arrangement of the readings and the variables. The step by step

procedure is described as follows [6, 9]. The normalized value is shown in Table
7 by Minitab 18 as a multivariate principal component to determine the eigen-
values and explained variation as in Table 5. Also, it was found the correlation
matrix consisting of all four principal components and weights of all the four
variables.

4.5 Determination of the Composite Score and Ranking

The weight has been calculated from the principal component method which is
further used for calculating the overall performance score (composite score). For
each alternative, the normalized values have been used for all the responses as in the
table. For example, the values of composite score for the 1st run calculate as: 0.5320
× 0.546121 + 0.7014 × 0.023409 + 0.4784 × 0.114921 + 1.0000 × 0.315844
= 0.67780. After determining, the composite score ranking is done from higher to
lower as the composite score in descending order as given in Tables 6 and 7.

The detailed analysis method has been done and the composite score with the run
order has been presented in Fig. 1 and it can be seen that the run order 1 has the
highest composite score.

5 Result and Discussion

5.1 Optimization of EDM Machining Parameters

To get the optimum result of the machining parameters and to reduce the manu-
facturing cost of the composite product, the SAW and PCA methods were used.
For optimization of EDM parameters of machining of hybrid composite (Al7075
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Fig. 1 Response plot for the
composite score

Table 6 Eigen analysis of the correlation matrix

Variable PC1 PC2 PC3 PC4 Contribution

MRR (mm3/min) 0.739 0.032 0.265 − 0.618 0.546121

TWR (mm3/min) 0.153 0.706 0.529 0.445 0.023409

ROC (µm) 0.339 − 0.684 0.37 0.529 0.114921

Ra (µm) − 0.562 − 0.18 0.716 − 0.373 0.315844

Table 7 Normalized decision matrix with composite score and rank

Run Normalized value Composite Score Rank

MRR (mm3/min) TWR (mm3/min) ROC (µm) Ra (µm)

1 0.5320 0.7014 0.4784 1.0000 0.67780 1

2 0.0000 0.8681 0.0000 0.2185 0.08933 9

3 1.0000 0.7820 0.2192 0.0000 0.58962 3

4 0.0148 0.2593 0.1000 0.8261 0.28657 6

5 0.0357 0.0000 0.6384 0.3935 0.21717 7

6 0.5601 0.0470 0.5528 0.6776 0.58455 4

7 0.0070 0.4455 0.6464 0.4043 0.21623 8

8 0.0137 1.0000 0.2192 0.9963 0.37074 5

9 0.5731 0.8347 1.0000 0.5152 0.61013 2

+ SiC + WS2), rank has been given to each run order. The rank is given to each
run order according to the descending order of the composite score in Table 7. The
composite score for each experiment of the L9 orthogonal array was calculated as
discussed in the previous section (Table 1). From the all performed experimental
run, the experiment No. 1 (Run 1) had the highest composite score. Therefore,
optimummachining parameter setting behind experimentNo. 1 for the desired output
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Fig. 2 Ultimate tensile
strength of the AMMC

responses which are the best multi-performance characteristics among all nine exper-
iments. The optimum machining performance parameter on EDM from the SAW-
PCA optimization method was 8 A discharge current (level 1), Pulse on time, Ton =
75 µs (level 1) and Voltage V = 50 V (level 1). The confirmation experiment with
the above optimal parameters has been done and as expected the getting of higher
MRR with lower TWR, Ra and ROC successfully.

5.2 Mechanical Behavior

5.2.1 Ultimate Tensile Strength of Hybrid Composite

The tension test is conducted on the UTM machine for various samples of hybrid
composite (Al7075 + SiC + WS2) at 80 KN load and 3 mm strain speed. The four
specimens were tested and the value of ultimate tensile strength evaluated as shown
in Figure. Figure 2 shows that the ultimate tensile strength of hybrid composite
increases with an increase in wt% of reinforcements in the composite.

5.2.2 Compressive Strength of Hybrid Composite

The compression test is conducted on the UTM machine for various samples of
hybrid composite (Al7075 + SiC + WS2) at 80 KN load and 3 mm strain speed.
The specimens were tested and the value of compressive strength plotted in Fig. 3.
The figure shows that with the increase in the wt% of reinforcement in the hybrid
composite (Al7075 + SiC + WS2) the compressive strength decreases.
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Fig. 3 Compressive strength
of the AMMC

5.2.3 The Rockwell Hardness of Hybrid Composite

The hardness test was conducted on a digital Rockwell hardness testing machine for
hybrid composite (Al7075 + SiC + WS2).

The Rockwell hardness of various samples shown of the hybrid composite was
evaluated and was plotted. Figure 4 has been plotted between wt% of reinforcement
and Rockwell hardness of the hybrid composite. It can be seen that with the increase
the wt% of reinforcement particle in the composite than their hardness increases.

Fig. 4 Rockwell hardness
(HRB) of the AMMC
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5.3 Tribological Behavior

5.3.1 Wear Test of Hybrid Composite

A pin-on-disk wear testing machine is used to perform the wear test. The test was
done on the samples of hybrid composite (Al7075 + SiC + WS2) at loads of 2
and 4 kg and various sliding distance, with 100 mm track diameter, the different
readings have been taken at 10 min interval. Figures 5, 6, 7 and 8 show the relation
between wear rate and sliding distance for different samples at different load. It
can be seen that with the increase of the load the wear rate increases and also if
substantial readings have been taken at one face of the sample at a constant load for
the respective sliding distance the wear rate decrease. The effect of reinforcement
material can also be concluded on the wear rate of composite that the percentage of
reinforcement increase the wear rate decreases.

Fig. 5 Wear testing of
Al7075 alloy at 2 and 4 kg
load

Fig. 6 Wear testing of
Al7075 + 10wt%SiC +
0.75wt%WS2 alloy at 2 and
4 kg load
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Fig. 7 Wear testing of
Al7075 + 10wt%SiC +
1.0wt%WS2 alloy at 2 and
4 kg load

Fig. 8 Wear testing of
Al7075 + 10wt%SiC +
1.5wt%WS2 alloy at 2 and
4 kg load

5.4 The Effect of EDM Parameters on Machining
Characteristics of EDM Machine

The EDM process parameters and machining characteristics are observed on CNC
EDM as shown in Table 4.

5.4.1 Metal Removing Rate

To analyzing themean ofmeans S/N rations analysis of variance (ANOVA) technique
is used, which is a theoretical approach that involves graphing the special effects and
visually making out the important influences of various influencing factors. Figure 9
of S/N was plotted to see the effect of EDM parameters on metal removing rate by
ANOVA at Minitab software and it was seen that when the wt% of reinforcements
(SiC+WS2) increases thenMRR decreases and when the input current, Ip increases
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Fig. 9 Effect of process parameters on MRR

then first MRR decreases from 8 to 10 (A) then after increases abruptly. Simultane-
ously, first increment in Ton and voltage the MRR first decrease from 75 to 100 µs
and 50 to 60 V, respectively, then after increases gradually.

5.4.2 Tool Wear Rate

Figure 10 depicts the effect of EDM parameters on tool wear rate and it was seen
that when the wt% of reinforcements (SiC + WS2) in hybrid composite sample and
voltage (V) increases, and the TWR first increases up to 0.75–1 wt% and 50–60
(V), respectively, then after decreases abruptly. Simultaneously, when the Ip and Ton
increases, initially, the TWR decreases up to 10 A and 100 µs, respectively, and then
increases gradually.

5.4.3 Radial Overcut

In Fig. 11, the effect of EDM parameters on radial overcut has been depicted and it is
seen that when the wt% of reinforcements (SiC+WS2) increases the ROC decrease,
when the Ip and Ton increases, the first TWR increases from 8 to 10 (A) and 75 to
100 (V), respectively, then after decreases gradually. Simultaneously increment in
voltage, the ROC increases gradually.
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Fig. 10 Effect of process parameters on TWR
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Fig. 11 Effect of process parameters on ROC

5.4.4 Surface Roughness

Figure 12 shows the influence of EDM parameters on surface roughness and it
was seen that when the wt% of reinforcements (SiC + WS2) increases, the Ra
value decreases. When the Ip and Ton increases, the Ra increases gradually, voltage
increases from 50 to 60 V the Ra increases after that it decreases up to 70 V.
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Fig. 12 Effect of process parameters on Ra

6 Conclusion

This research investigates the mechanical and tribological characteristics of the
hybrid composite (Al7075 + SiC + WS2) such as the tensile strength, compres-
sive force, hardness and wear rate. The effect of EDM parameters on the machining
characteristics of a hybrid composite surface using a copper electrode has been
studied. The experiments were performed under different parametric settings as per
the Taguchi orthogonal array. Minitab 18 software was used for the analysis of the
ANOVA and Taguchi techniques for modeling the alternatives and attributes of the
EDM machining parameters. The best alternative was to use SAW coupled with the
PCAmethod. The best possible machining parameters (Ip = 8 A, Ton= 75µs and V
= 50 V) for EDM are being found. It is noted that the Ip is the most effective param-
eter in the EDM machining characteristics compared to Ton and V. For mechanical
features, hybrid composite hardness (Al7075+ SiC+WS2) has been observed to be
increasingwhen the compositematrixwt%of reinforcement particle increases.When
the weight of the reinforcement particles increases in the composite matrix, the ulti-
mate tensile strength of the hybrid composite increases. The compressive strength of
the hybrid composite is slightly reduced when the wt% of the reinforcement particle
increases in the composite matrix. The rate of wear of hybrid composites decreases
when the wt% of reinforcement increases in the composite matrix. It is also shown
that the rate of wear increases with an increase in load.
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Experimental Study on Movement
of Crankshaft During Machining

Sunil Pal and Surendra Kumar Saini

1 Introduction

To enhance the productivity of a small-scale industry that manufacture crankshaft for
Eicher Tractor, the DMAIC technique is used to identify the problems with the help
of flow process and basic observations in terms of material movement and rate of
production. In order to achieve required mechanical properties, most of crankshafts
for automobile are forgedwithmicro alloyed steel. Usually, the shapes of crankshafts
are complex [1, 2]. Forged crankshaft passes through a number of processes and thus
prepared a finished crankshaft as per the desired dimensions and design. Subharaj
et al. [3] developed a sustainable ecodesign for crankshaft speed sensor assembly
line. Li et al. [4] developed amathematical model to optimize the conventional layout
and scheduling (i.e., multi-row workshop layout and flexible job shop scheduling)
for crankshaft. Their objective of study was to develop the green manufacturing
environment for shipbuilding industry. Rehman et al. [5] employed lean technique
to decline the manufacturing waste for productivity improvement.

Jamwal et al. [6] improved productivity of caravan using continuous improve-
ment method. They simulate the entire process and validated to enhance the product
life cycle. Ou et al. [7] proposed industry 4.0 applications such as data analytics
and cloud technology to upgrade smart manufacturing of automotive crankshaft.
Lee [8] studied effectiveness of Internet of things, cloud environment to support
the cyber manufacturing. He reveled that these tools have capability to detect real-
time changes in ongoing process in advanced industries. Diverse optimization tech-
niques have studied and fuzzy and Taguchi methodology used for elect the optimum
parameters for computer numerical control machining of steel [9–12]. Jamwal et al.
[13] implemented lean manufacturing technique to obtain zero wastes in small-scale
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industry. The purpose of the present study is to reduce the material movement. The
time required in transportation and handling is also needed to reduce by suitable
modifications in the present process.

2 Material and Methods

Forged crankshaft is machined at “SWATI INDIA PRIVATE LIMITED” Alwar,
Rajasthan. Different machining operations performed on the forged crankshafts. It
is used in single cylinder of Eicher Engines. The work study examines the work
process and eliminates nonproductive processes, which can reduce the number of
process, space utilization, and production and operation time. The data that needs
to be carried out in this work is flow process of the work, details of each process,
distance traveled by the work piece for specific process, number of crankshafts that
can be produced in specific time. To improve the productivity, either input is reduced
for same output or output is increased with same input resources.

Method study concerned with the way in which work is carried out and used for
finding better ways of doing work. It is a procedure for cost reduction. An incredible
accept of method study is that there is always a better way for doing a task. The
unique thing of method study is that it is a step-by-step process for improvements
of methods of work. It proceeds to the collection and recording of the facts, identifi-
cation of the problem and finally suggested solution. Method study involves Select,
Record, Examine, Develop, Define, Install, andMaintain [6]. Plant layout is the most
effective physical arrangement, either existing or in plans of industrial facilities, i.e.,
arrangement of machines, processing equipment, and service department to achieve
greatest co-ordination and efficiency of resources.

3 Results and Discussion

Present process is observed in working industry. Distance travel and cycle time
are elected for improvement in present process. Cycle time is observed 92.73 min
using stop watch with present layout. The total flow of work piece within the unit
for machining at various stations is observed as 6574 inches horizontal and 365
inches vertical. To conduct different operations on work, movement of work is done
manually. A trolley is used to transport large amount of material in initial stages
of machining. By applying method study, the complete movement of work piece is
observed moving from one work station to other. There are many point observed
in this study where movement of the work piece is very large, and required serious
effort to reduce. For this, few alterations are suggested and implemented, so that
the flow of work piece is in one direction and back tracking and queuing are also
avoided.
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In order to reduce the movement of work piece between the work stations,
some alterations are applied in the present layout. Initial step of centering-facing
is performed on the lathe. Then, it is used to shift in the successive machining shed
along with the raw material place. Hence, flow of the material is uni-directional
and avoids excess movement of the work piece. The stock of raw material in its new
place has one more advantage. Unloading of the work pieces from the truck becomes
easier and lesser distance required to travel in order to place it in its desired place. In
the initial phase, the distance travel by the work piece is 598 in. horizontally which
are reduced to 199 in. by implementing the alteration. Thus, material movement is
reduced in the first step.

By shifting the grinding machine, a large effect is observed with the material
movement. This results in the accordance of the group technology as the similar
processes are performed in the particular area or premises. The distance travel by
the work piece before the alteration is 635 in. horizontally and after the alteration is
560 in.

By changing the sequence of buffing and lapping operation, themotion ofmaterial
is reduced. If lapping and then pin buffing are performed, the material flow is 267
in. horizontal, and if the process is reversed, i.e., if pin buffing and then lapping is
applied, the motion of the work piece is observed as 96 in. horizontally keeping the
vertical movement same in both the case, and then, no need to mention it separately.

These improvements are implemented because of the observations of present data
being recorded and analyzed. Various bottlenecks are observed and efforts are made
to eliminate or to reduce them up to a great extent.

The material handling process need to be improved as it required a large amount
of material flow manually, and the time required for this process is very high which
directly affects the productivity. By doing this, the labor requirement as well as the
queued time by the machine tools is reduced in many of the work stations. This helps
in the cost reduction of the process.

4 Conclusions

Modified horizontal and vertical distance traveled by work piece is measured. It is
found that traveled distance is reduced by 809 in. in horizontal and 128 in. in vertical.
Thesemodifications directly affect the cost of themachining systemwhich is reduced
to a great extent thus productivity are improved. The cost of machining in present
process is Rs. 211.15, and after implementing the modifications, this cost is reduced
to Rs. 196.19.
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Optimization of EDM Process
Parameters for Machining of Steel

Rajesh Kumar Mohanty and Surendra Kumar Saini

1 Introduction

Materials like hard steels, composites, carbides and super alloys find applications
in distinct types of industries such as nuclear, tool and die making, aerospace and
biomedical, etc. [1]. However, machining of these materials is grim with conven-
tional machining methods. Researchers are exploring the capability of advanced
machining processes to machine such materials. Electrical discharge machining
process is widely used machining process to machine such materials. In electrical
discharge machining process, the metal removal takes place by electric spark or in
other words metal erosion takes place because of the electric spark. Here, in this
process, the electric spark formed between two electrodes is used to erode material
from work piece. The shape of the tool is an actual replica of the shape that is to be
produced in the work piece [2]. A high pulsating electric charge of high density is
being given to the work piece through the electrode. So there is a continuous erosion
of metal which occurs in work piece at a controlled rate [3]. Molineti et al. [4] studied
the influence of manganese and silicone powders in two different concentrations of
dielectric, while study of EDM on AISI H13 too steel.

They investigated hardness, surface roughness, microstructure and chemical
composition. They found surface hardness five times better in comparison of conven-
tional EDM. They concluded that powder suspended in the dielectric was respon-
sible for surface quality improvement. EDM on Inconel X-750 was performed by
Pratap et al. [5], and they optimized process parameters. The input parameters are
pulse duration, peak current and voltage while the quality responses are material
removal rate and surface roughness. The optimum values for parameters such as
depth of cut, feed and cutting speed elected for machining of metals using hybrid
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optimization techniques. They also reviewed different techniques of optimization
used for machining parameters optimizations [6–9]. Wire electrochemical discharge
machining (WECDM) on quartz was investigated by Kumar et al. [10]. They found
WECDM has enormous scope to machine hard and brittle materials. They used
WECDM process which is basically a combination of ECM and wire EDM and
so combines the characteristics of both processes. Taguchi orthogonal array and
ANOVA were being used to find the optimum factors and their significant influence
on response parameters.

Kumar et al. [11] performed EDM on Inconel 706. They investigated the EDM of
Inconel-706 by using a hybrid magnetic field assisted powder mixed process. They
observed that by increasing peak current and pulse on time results into a rough surface
because of presence of microholes. Machining of aluminum-based SIC reinforced
composite was performed using EDM by Nayim et al. [12]. The input parameters are
pulse on/off duration and current while response parameters were material erosion
rate, microhardness, and surface roughness and recast layer thickness. They observed
a higher surface finish with higher pulse off time and lower peak current. In present
researchwork electric dischargemachining on steel H13with copper tool performed.
Experimental values are measured and analyzed. Signal-to-noise ratios which are
associated with the observed values were determined. Factors that affect the most on
response were found out using MINITAB software.

2 Experimentations

Orthogonal array is used to perform EDM experiments on steel (grade H 13). Copper
made tool used as electrode and make positive polarity. Photograph of machining
setup (EDM with work material) is shown in Fig. 1. Electrode thickness is taken
with two levels while pulse on time and current is taken with three levels (Table 1).
Orthogonal array (L18) design is used to perform the EDM experiments on H 13
steel (Table 2).Weight of the work piece and tool measured using precision weighing
machine. Image of machined work is shown in Fig. 2.

3 Optimization

Equation 1 used to calculate single to noise (S/N) ratio for considered response, i.e.,
MRR (using larger is better). Table 3 shows the mean values of S/N ratio.

S/N = −10 log 10 (M.S.D) (1)

where, M.S.D. =Mean square deviation.
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Fig. 1 Photograph of die sinker EDM

Table 1 Variables with level

Variables Unit Levels

1 2 3

Electrode thickness (A) mm 5.2 6.2 –

Discharge current (B) A 1 3 5

Spark/pulse on time (C) µs 200 300 400

ANOVA for the factors is shown in Table 4. From Table 4, it can be found out
that spark on time is the most important factor. The next is electrode thickness and
last is discharge current. Main effects of parameters on MRR are shown in Fig. 3.
Mean ratio of S/N of MRR is shown in Fig. 4. Optimum level of process parameters
for MRR is electrode thickness (B2 = 6.2 mm), discharge current (B3 = 5 A) and
spark time (C1 = 200 µs) as shown in Fig. 3.

4 Conclusion

Machining of tool steel (grade H-13) by EDM with copper electrode done
successfully. Following inference are found from present study.

• Themachining parameters selected are pulse on time, discharge current and thick-
ness of the tool.Orthogonal arrayL18used toperformedexperiments and response
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Table 2 Experiment design
matrix

S. No. A B C

1 5.2 1 200

2 5.2 1 300

3 5.2 1 400

4 5.2 3 200

5 5.2 3 300

6 5.2 3 400

7 5.2 5 200

8 5.2 5 300

9 5.2 5 400

10 6.2 1 200

11 6.2 1 300

12 6.2 1 400

13 6.2 3 200

14 6.2 3 300

15 6.2 3 400

16 6.2 5 200

17 6.2 5 300

18 6.2 5 400

Fig. 2 Image of machined work piece

Table 3 Mean (S/N) ratio for MRR

Parameters Level 1 Level 2 Level 3

Electrode thickness (A) A1 = 11.93 A2 = 19.767 –

Discharge current (B) B1 = 10.654 B2 = 17.169 B3 = 19.722

Spark on time (C) C1 = 21.142 C2 = 15.842 C3 = 10.561
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Table 4 ANOVA results for MRR

Parameters DOF SS MS F0 = (MS/MS error) Contribution (%)

Electrode thickness
(A)

1 276.5 276.5 51.04 29.43

Discharge current
(B)

2 262.19 130.10 24.017 27.9

Spark on time (C) 2 335.878 167.939 31.002 35.75

Error 12 65 5.417 6.92

Total 17 939.568 100
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material removal rate taken. Optimization of process parameters for EDM of H13
steel done.

• Pulse on time is influencing parameter then electrode thickness and the last is
discharge current for elected response.

• Optimum level of process parameters for MRR are electrothickness (6.2 mm),
discharge current (5 A) and spark time (200 µs).
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Can Industry 4.0 Revolutionize the Wave
of Green Finance Adoption:
A Bibliometric Analysis

Sumedha Bhatnagar , Dipti Sharma, and Shruti Agrawal

1 Introduction

Industry 4.0 or the fourth industrial revolution is considered as a significant step
toward the integration and upgradation of industries through new technologies [1,
2]. The Industry 4.0 practices in recent times supports the objectives of circular
economy and cleaner production along with optimum production efficiency [3]. The
idea of Industry 4.0 aims at output optimization and reduce waste generation thus
supporting the vision of circular economy and sustainability dimensions [4]. The aim
of circular economy further converges with the concept of green economy in terms
of economic and environmental dimensions [5]. The transition to green economy
involves utilization of natural resources, energy and new technologies with cleaner
and efficient production methods that can further result into economic growth and
generation of job opportunities. Adoption of green economic model can be a success
when it involves global commitment and strategically designed framework for global
investment involving both developing and developed countries. Industry 4.0, through
digitization of processing and innovation, can play integral role in sustainable growth
[6, 7]. It can also be considered relevant for effective growth of green financing. Its
components can ensure efficient processing in the industries thus can play a key
role in mitigating the financing risks to environmentally friendly industries. It can
further aid in development of the technology for the financial system for improved
transparency in the system.

Present study attempts to identify the link between Industry 4.0 and green
financing for effective and efficient economic growth and transition to green
economy. The study presents the overview of both the concepts and the common
parameters between them for addressing the challenges in their adoption.
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1.1 Green Economy and Green Finance

The concept of green economy was first discussed by Pearce et al. [8] in their report
“Blueprint of Green Economy.” The study reviewed the research and policy recom-
mendation on various approaches for the valuation of environmental services. Since
then not only environment protection has gained attention, the focus has transformed
toward more efficient utilization and sophisticated consumption of resource [9]. The
drivers for the green economy include specific policies directed toward elimination or
reducing environmentally harmful subsidies, creating a market for ecosystem goods
and services, providing market-based incentives, opportunities and enabling insti-
tutions through an appropriate regulatory framework. Babonea and Joia [10] stated
that the concept of green economy is a multidimensional concept that pays partic-
ular attention to economy and environment. It is based on the four basic components,
namely equity, ecological scarcities, environmental risks and humanwell-being [11].

Green finance is based on the motive for transition toward green economy. G20
study group referred green finance as “financing of investments that provide envi-
ronmental benefits in the broader context of environmentally sustainable develop-
ment. These environmental benefits include: reduction in air, water and land pollu-
tion, reduction in greenhouse gas (GHG) emissions, improved energy efficiency
while utilizing existing natural resources, as well as mitigation of and adaptation of
climate change and their co-benefits.” It is a ladder to addressmultiple environmental
challenges and converge the economies on a sustainable pathway [12].

UNEP Inquiry [13] explained the terminologies related to green finance in the
manner shown in Fig. 1. The figure explains that investment under sustainable

Fig. 1 Concept of
sustainable finance, green
finance and climate finance
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finance addresses development that is inclusive of economic, social and environ-
mental aspects. Whereas, green finance includes investments that has focus on envi-
ronmental objectives with particular emphasis on biodiversity and resource conser-
vation [14]. Lastly, climate finance focuses on financing that supports mitigation and
adaptation activities that addresses climate change. Implementation of green finance
requires innovation in the financial institutions of the country. It requires integration
of financial industry with the environmental factors for long-term economic growth.
The innovation includes technical innovation aswell as development of humancapital
for the adaptability to the economic-friendly environmental practices. Babonea and
Joia [10] stated that the transition to green economy requires emphasis on knowledge
creation, research and innovation.

1.2 Industry 4.0

Industry 4.0 or fourth industrial revolution refers to the strategic initiative that was
first undertaken by Germany for the rapid advancement and generation of manu-
facturing technologies [15, 16]. These technologies are related to cyber-physical
systems, Internet of things (IoT), cloud computing, industrial integration, enterprise
architecture, service-oriented architecture, business process management, industrial
information integration, etc. [2, 15, 16]. The concept of Industry 4.0 is to converge
new and emerging technologies to efficient productivity and digital solutions for
higher industrial performance [1, 17]. The concept of Industry 4.0 is an improve-
ment in manufacturing and service system that enable faster, flexible and efficient
processes that generates high-quality products at minimum cost [2, 18].

Since the inception of industrial revolution, the strategy for the adoption of
technology has evolved. Figure 2 shows the key technology adoption of previous
industrial revolutions.

Paradigm Shifts

2015

1990
Reconfigurable
Manufacturing System

1980
Flexible Manufacturing

System

1960
Toyota Production 

System

1900
Ford Assembly 

Line

2011
Smart Manufacturing

System

China Manufacturing 2025

2000
Agent Based Manufacturing

2010
1. Cloud Manufacturing
2. Industry 4.0

Fig. 2 Evolution of industrial revolution
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The first phase of industrial revolution dates back to 1760s, encouraged the process
of water and steam power machines in the field of manufacturing and mechanical
production. It focused on manufacturing of a huge number of goods that creates an
improved standard of living. Following to that, the second industrial revolutionwhich
is known as Industry 2.0 and also “The Technological Revolution” marks its begin-
ning in twentieth century. During this period, electricity played an important role in
the entire process which results into massive production, assemble lines and electric
power processing. The third industrial revolution beganwith the use of programmable
electronic device was implemented by the industries. These updated devices were
muchmore efficient and flexible in the production of digital automation. Industry 4.0
is the fourth industrial revolution that also refers to the era of smart machines that
aims for improved industrial performance [17, 19]. It has potential to significantly
impact various field other than manufacturing, such as financial sector, informa-
tion and communication technology (ICT), various ventures, business, employment
generation, etc. [20, 21].

Industry 4.0 explicitly does not mention the ecological dimension of sustain-
ability but improved production technology can significantly impact the environment
through reduced pollution, greenhouse gases emissions, decrease in energy consump-
tion and increase in profits simultaneously. Erol, (n.d.), stated that the smart tech-
nologies can further improve the product life cycle. Further improving the production
efficiency through digital transformation can support sustainable or green transition
by significantly reducing the consumption of natural resources. Increased energy
efficiency can also be a key element that is the common link between Industry 4.0
and transition to green economy [22]. Financing the implementation of Industry 4.0
practices and transitioning to green economy is one of the challenges to their imple-
mentation. Financing green economy depends on multiple factors such as techno-
logical upgradation, availability of skilled manpower, robust and adaptable financial
system aligned with the economic regulations and policies and availability of invest-
ment scenario [23]. Present study focuses on the nexus between the green financing
and Industry 4.0 for the efficient and environmentally resilient development of the
economy. It further attempts to provide an overview of both the concepts and how
they can be integrated for the long-term economic growth. The study also addresses
the question “how can adoption of Industry 4.0 and green financing together support
the transition toward green economy?”.

The structure of the paper is as follows: section one gives the brief overview of
the three concepts namely; green economy, green finance and Industry 4.0. Section
two presents the methodology employed for the bibliographic analysis. Section 3
gives the main results of the analysis and Sect. 4 concludes and makes suggestion for
future researches. This study focuses on the link between green finance and Industry
4.0 and address the following research question:

RQ1: How adoption of Industry 4.0 can play an integral role in the growth of
green finance?

RQ2:How implementation of Industry 4.0 and green finance can ensure transition
to green economy?
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2 Literature Review: Data and Methods

A systematic literature search has been conducted with the high level of inclusive-
ness [24]. Further bibliometric analysis has been applied to obtain full, thematic
overview of the existing knowledge on Industry 4.0, green finance and green
economy. The bibliographic records including keywords and citation are key
elements of the scientific research. They are also the reliable methods to study
the scope and dynamics of scientific fields in financing and industrial revolution.
Bibliometric analysis also facilitates objective and reliable analysis by providing
broad picture of research and science mapping [25]. It also reveals the dynamic and
structural aspects of scientific research.

2.1 Article Search

Search query has been constructed using the Web of Science (WoS) database. Since
the focus of the study is green finance, similar terms have been used for the exhaus-
tive list of articles. The term that is often used in interchanging with green finance
is, green finance, climate finance and carbon finance [26]. For further increasing the
coverage of literature, the keywords used with variation are “green financing,” “cli-
mate financing,” “carbon financing,” “low-carbon finance,” “environment finance,”
“green investment” and “green bond.”

The keyword search included “green finance” or “carbon finance” or “climate
finance” or “low-carbon finance” or “environment finance” or “green financing”
or “climate financing” or “carbon financing” or “low-carbon financing” or “envi-
ronment financing” or “green investment” or “green bonds” and “Industry 4.0” or
“industrial revolution.” Sincewe are interested in the literature that focuses on the role
of Industry 4.0 in successful implementation of green finance practices, we searched
in the subject fields related to engineering and technology, management, business,
economic literature and the related domains, which identified 89 documents. Papers
included in the subject areas: meteorology atmospheric sciences, ecology, geog-
raphy, public environmental occupational health, chemistry physical, electrochem-
istry, geosciencesmultidisciplinary, food science technology, urban studies andwater
resources are excluded in the present study.

These documents were further filtered and peer reviewed academic journal arti-
cles, review papers, proceeding papers and early access are selected for analysis.
Lastly to ensure the relevance of the articles, the abstracts, keywords and introduc-
tions were checked manually. This allowed elimination of false-positive articles or
the articles not related to the topic of interest. The overall search process resulted in
a sample of 89 bibliographic records, covering more than 150 cited references and
200 unique keywords.
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2.2 Methods

To undertake literature review, present study has applied co-citation of author
keywords analysis. Co-citation analysis is used to identify the conceptual roots of the
article that is, the papers and/or authors that are more frequently are co-cited by the
articles in the sample of articles selected [27]. To undertake both the bibliographic
analysis, the work of [28] is followed.

3 Findings

The results show that based on the selected list of documents, the first article was
published in 2003. The rise in academic interest toward environment protection and
the need for efficient development of industrial sector can be seen with the rise in
number of publications this area. Themaximum publication of 23 articles is recorded
in 2020. Nearly, 75% (63 articles) of articles were published during the period of
2016–2020. Table 1 shows top authors working in the area of green finance and
industrialization. It is found that “Journal of Cleaner Production” has the maximum
number of publications which is followed by sustainability.

Table 1 Top authors and sources

S. No. Top authors Top sources

Author name TP Journal/source name TP

1 Springmann, M. 2 Journal of Cleaner Production 9

2 Sueyoshi, T. 2 Sustainability 8

3 Tsai, S. B. 2 Climate Policy 4

4 Wang, K. 2 Agricultural Economics ZEMEDELSKA
EKONOMIKA

3

5 Zhang, X. 2 Climate and Development 3

6 Abro, M. M. Q. 1 Energy for Sustainable Development 2

7 Aglietta, M. 1 Environmental Resource Economics 2

8 Aldakhil, A. M. 1 Environmental Science and Pollution Research 2

9 Ali, M. 1 International Environmental Agreements Politics Law
and Economics

2

10 Ali, S. 1 Climate and Development 2
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3.1 Analysis of the Research Trends

The analysis suggests that most of the articles focus on adoption of efficient
processing practices that accounts for 35%of the articles. The analysis also shows that
the focus of the studies is more of engineering related journals rather than manage-
ment and economic outlets. Moreover, the limited studies have focused on the role of
innovation in financial institutions and industrial sector and the role of Industry 4.0
in supporting the greener growth of the economy. The concept of green finance is a
relatively new concept that is much established in developed economies and devel-
oping economies still have immense scope for its growth. Similarly, implementation
of Industry 4.0 approach is much robust in developed economies than in developing
economies. The studies also show that both the concepts ensure productivity and
efficient utilization of the natural capital.

Table 2 shows that most of the research in the given research area has been
undertaken by the developed countries. People Republic of China has the maximum
contribution in this area. In recent years China has taken multiple initiatives for
promoting green finance and increase industrial performance of the country. On the
basis of keyword analysis 7major clusters can be formed that merges the clusters that
include similar terms. Table 3 shows the major clusters that can be formed through
the bibliometric analysis. The clusters have been named based on the commonality
between the keywords. The interlink between industrial processing and green finance
is included in cluster 5.

Figure 3 shows the network formed on the basis of the keywords. Application
of Industry 4.0 can improve the productivity of the sector thus reducing the cost of
production and increase in contribution of the sector. Green supply chain is another
important component that is the interlink between green finance and Industry 4.0.
The integration of Industry 4.0 with environment dimension requires utilization of

Table 2 Top countries, subject areas and keywords

Country TP Top subject areas TP Top keywords used Occurrence

People Republic of
China

26 Environmental Science
and Technology

39 Climate Finance 6

USA 13 Business Economics 25 Green Finance 6

Germany 11 Science Technology
other topics

20 Industry 4.0 5

France 7 Engineering 15 Climate change 4

Canada 6 Energy Fuels 7 Green bond 4

England 6 Computer Science 4 Green Economy 4

Italy 4 Public Administration 5 Economy 4

Australia 3 Government Law 4 Industry 4

Japan 3 Development Studies 3 Green FDI 3

Singapore 3 Agriculture 2 Green Patent 2
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Table 3 Cluster on basis of keywords

Cluster Elements

Cluster 1: green economy Environmentally adjusted multifactor productivity,
ESG information disclosure, green FDI, green growth,
green patent, renewable energy, green investment,
green finance

Cluster 2: public policies Environmental regulations, business policies, green
policies, green governance, political, corporate
governance, green operation

Cluster 3: decision making ANP, AHP, MCDM models, criteria, DEMATEL,
drivers, MCDM approach

Cluster 4: energy Carbon emissions, component analysis, financial
analysis, labor, panel data analysis, energy
consumption

Cluster 5: Industry 4.0 4th Industrial revolution, bitcoin, index, technology,
Industry 4.0, artificial intelligence, green bonds, green
supply chain

Cluster 6: financial market Bank ownership, economics, enterprises, markets,
increasing returns, capital budgets, prices, public
investments, long run uncertainties, interest rate

Cluster 7: sustainable development Barriers, health, economic growth, mental health,
education, generation, credit policy, CO2 emission,
generation, Kuznets curve

Fig. 3 Network map of keywords
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resources in closed loop supply chain that also includes reuse and recovery, tech-
nology transfer to developing and least developed countries and achieve sustainable
development through eco-innovation [29].

4 Concluding Remarks

In conclusion, the paper highlights that implementation of Industry 4.0 technolo-
gies enables the growth of green financing to achieve the transition toward green
economy. Through bibliometric analysis, the main focus of current literature linking
green finance, Industry 4.0 practices and green economy has been identified. The
study reveals that limited literature available interlinks the concept of green finance
and implementation of Industry 4.0. Both the concepts are relatively new for the
developing economies and both requires innovation in technology and develop-
ment of human capital for their successful implementation. Industry 4.0 ensures
efficiency in industrial sector of the country. Whereas, green finance ensures adop-
tion of energy efficient and environment friendly practices. The green financing
instruments that include green bonds, green loans encourage the growth in invest-
ment for the green transition. The adaptation of green finance requires adoption of
innovation and upgraded technology. This is where industrial revolution can play a
pivotal role. Through the given cluster, it can also be inferred that through the adop-
tion of the fourth industrial revolution, investment risk involved in green financing
can be mitigated. Adoption of Industry 4.0 practices can improve industrial perfor-
mance and ensure efficient utilization of resources. It can support in reducing the risk
involved in financing green products. It can also support in generation of green job
and skilledworkforce in the economy that again contributes toward transition to green
economy. Innovation in technology also reduces the production cost and production
time in the industry. Adoption of smart manufacturing, artificial intelligence and
other emerging technologies of Industry 4.0 has the potential to fill the technological
gap and attract investors participation in green investment thus supporting transition
to green economy.

5 Future Scope of Study

Several studies have been conducted on the concept of Industry 4.0, green finance and
green economy. The studies have identified technology innovation as one of the key
challenges in increasing green financing. This study addresses the role of Industry 4.0
in increasing green finance and transition to green economy. Further research can be
conducted to empirically study the role of Industry 4.0 for improving green finance.
Further, a conceptual framework can be developed that highlights the approaches
through which Industry 4.0 can fill the technological gap in green investment and
green economy transition.
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