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The demand for the orthopedic and dental implants has increased sharply in last decade due to physical
traumas and age-related deficiencies. The material used for orthopedic and dental implants should be
biocompatible to ensure the adaptability of the implant in the human body. The mechanical stability of
implants is dependent on mechanical properties and surface characteristics essential to ensure corrosion
and wear resistance. The requirement of mechanical properties also differs substantially from load-bearing
to non-load-bearing implants. There are many problems arising due to lack of sufficient biocompatibility,
like infection, poor osseointegration, and excessive foreign body response. Fatigue failure, stress shielding,
and bone resorption are some major problems associated with lack of mechanical stability. Numerous
conventional materials, coatings, and nanomaterials have been used to enhance the implant stability.

Chapter 2
Integrated Manufacturing System for Complex Geometries: Towards Zero Waste in Additive
MANUFACTUTIIIZ ..ottt ettt ettt et e st e st e et e e bt e e bt e e sabeesabeesabeesabeesbaeesabeesabeesaneas 14
Divya Zindani, National Institute of Technology Silchar, India
Kaushik Kumar, Birla Institute of Technology, India

The chapter proposes an integrated manufacturing system consisting of three main components: digital
prototyping, physical prototyping, and lost core technology. The integrated system combines the beneficial
aspects of computer-aided design, computer-aided engineering, rapid prototyping, and rapid tooling. The
proposed integrated system is an attempt to compress the product development time while saving cost.
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The system can be efficient in designing of mold, parts with complex ducts and cavities, and carrying out
design analysis through optimization and simulations. The system is therefore an attempt to minimize
the waste of material that occurs in the development of a product and is therefore an efficient green
technology for the manufacturing industries.

Chapter 3
Recent Advancements in Customized Investment Castings Through Additive Manufacturing:
Implication of Additive Manufacturing in Investment Casting ..........cccccoveeerierienieniienienie e 24
Sunpreet Singh, Lovely Professional University, India
Chander Prakash, Lovely Professional University, India
M. Uthayakumar, Kalasalingam University, India

Conventional investment casting (IC) has suffered from numerous limitations such as rigidity of the process,
longer production cycles, higher tooling cost, and waste during different manufacturing stages. With the
invent of additive manufacturing (AM) technologies, it is now possible to overcome the aforesaid issues
along with additional benefits in terms of comparatively better quality characteristics of the resulting
castings. The collaboration of AM and IC provided numerous avenues, specifically in biomedical,
aerospace, and automobile sectors. AM technologies supported the IC process both in direct and indirect
ways where these systems can be used for both job and mass production applications, respectively. In
the chapter, the author will try to discuss the assistance of AM process to IC in detail. Each and every
step to be followed will be supported with the practical findings, either by the contributing author or
published somewhere else. Moreover, some of the case studies will be discussed in detail to highlight
the practical importance of the duo.

Chapter 4

Miniaturization of Test Specimen for COMPOSILES ......c.ceveerieriiriinienie ettt 49
Saood Ali, Yeungnam University, South Korea
V. Murari, Motilal Nehru National Institute of Technology Allahabad, India

The objective behind the development of miniaturization or small specimen test technology is to reduce
the cost and quantity of material involved during the characterization of the material. The idea of the
development of miniaturization took attention when the nuclear industry starts developing as these
materials are very costly and it is not economically feasible to waste large amount of these materials for
the sole purpose of testing. The second factor which promotes the miniaturization is that the working
of machine is not affected while at the same time its material is being tested. At present, the idea of
miniaturization is being applied to other materials also. The miniaturization of standards for metals
has been done successfully in the past. For composites, not much work has been done. In the chapter,
the specimen size effects on tensile properties of glass fiber composite have been identified by varying
the length and width simultaneously and have established a relationship between the ASTM standard
specimen and the small size specimen.

Chapter 5

Kinematic Modelling and Simulation of 8 Degrees of Freedom SCARA Robot..........ccccceveeieeennen. 77
Saravana Mohan M., Kumaraguru College of Technology, India
Anbumalar V., Velammal College of Engineering and Technology, India
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Robots are electromechanical systems that need mechatronic approach before manufacturing to reduce the
development cost. In this chapter, the modelling of the 8 degrees of freedom (DOF) SCARA robot with
a multiple gripper using SolidWorks CAD software and the dynamic study with the aid of MATLAB/
SimMechanics is presented. The SCARA with multiple gripper is used for pick and place operation in
manufacturing industries. The SolidWorks CAD model of SCARA with multiple grippers is converted
into SimMechanics block diagram by exporting the 3D CAD model to the MATLAB/SimMechanics
second generation technology environment. The motion sensing capability of the SimMechanics is used
for determining the dynamic parameters of the manipulators. The SimMechanics block diagrams and the
results of the dynamic study presented in this chapter infer that the structure of the robot can be changed
to get the required dynamic parameters.

Section 2
Optimization Techniques and Material

Chapter 6
PageRank Algorithm-Based Recommender System Using Uniformly Average Rating Matrix........... 99
Bathrinath S., Kalasalingam University, India
Saranyadevi S., Kalasalingam University, India
Thirumalai Kumaran S., Kalasalingam University, India
Saravanasankar S., Kalasalingam University, India

Applications of web data mining is the prediction of user behavior with respect to items. Recommender
systems are being applied in knowledge discovery techniques to the problem of making decisions on
personalized recommendation of information. Traditional CF approaches involve the amount of effort
increases with number of users. Hence, new recommender systems need to be developed to process high
quality recommendations for large-scale networks. In this chapter, a model for UAR matrix construction
method for item rank calculations, a Page Rank-based item ranking approach are proposed. The analysis
of various techniques for computing item-item similarities to identify relationship between the selected
items and to produce a qualified recommendation for users to acquire the items as their wish. As a result,
the new item rank-based approaches improve the quality of recommendation outcome. Results show
that the proposed UAR method outperforms than the existing method. The same method is applied for
the large real-time rating dataset like Movie Lens.

Chapter 7
Performance of PM Linear Generator Under Various Ferromagnetic Materials for Wave Energy
COMNVEISION ...ttt ettt ettt ettt et et et e et et e et e et e et e et e et et e eateeatesateemeeeateeatesatesanesateemees 113
Izzeldin Idris Abdalla Yagoube, Universiti Teknologi PETRONAS, Malaysia
Taib Ibrahim, Universiti Teknologi PETRONAS, Malaysia
Nursyarizal Mohd Nor, Universiti Teknologi PETRONAS, Malaysia
Perumal Nallagownden, Universiti Teknologi PETRONAS, Malaysia

This chapter examines the influence of the various ferromagnetic materials on the performance of a
single-phase tubular permanent-magnet linear generator (TPMLG) for wave energy conversion. Four
ferromagnetic materials were considered in this study. They are non-oriented electrical steel, Permalloy
(Ni-Fe-Mn), Accucore, and Somaloy 700. The generator equipped with a tubular stator carries a single
coil and employs a quasi-Halbach magnetized moving-magnet translator. Therefore, in order to obtain an
accurate performance analysis, the nonlinear time-stepping finite-element analysis (FEA) technique has
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been used. The electromagnetic characteristics, including the magnetic field distributions, flux-linkage,
winding inductance, electromagnetic force, and electromotive force (EMF) have been investigated. It
is shown that a generator whose stator is fabricated from soft magnetic composite (SMC) materials has
potential advantages in terms of ease of manufacture, highest force capability, lower cost, and minimum
eddy-current loss.

Chapter 8

Optimization of Process Parameters for Electro-Chemical Machining of EN19: Using Particle

SWAMP OPLIMIZALION.....c.utieuieieieetieetie ettt ettt e st e st e e sttesttesbeesbtesbeesbeesbeeabee bt esbeenbeesbeesbeenbeenbeenseensean 127
Divya Zindani, National Institute of Technology Silchar, India
Nadeem Faisal, Birla Institute of Technology, India
Kaushik Kumar, Birla Institute of Technology, India

Electrochemical machining (ECM) is a non-conventional machining process that is used for machining
of hard-to-machine materials. The ECM process is widely used for the machining of metal matrix
composites. However, itis very essential to select optimum values of input process parameters to maximize
the machining performance. However, the optimization of the output process parameters and hence the
machining performance is a difficult task. In this chapter an attempt has been made to carry out single
and multiple optimization of the material removal rate (MRR) and the surface roughness (SR) for the
ECM process of EN19 using the particle swarm optimization (PSO) technique. The input parameter
considered for the optimization are electrolyte concentration (%), voltage (V), feed rate (mm/min), and
inter-electrode gap (mm). The optimum value of MRR and SR as found using the PSO algorithm are
0.1847 cm3/min and 25.0612, respectively.

Chapter 9
Performance Study of LaPO4-Y203 Composite Fabricated by Sol-Gel Process Using Abrasive
Waterjet MACKhINING . .......oiiiiiiiii ettt ettt et et st st sttt saee st saee e 143
M. Uthayakumar, Kalasalingam University, India
Balamurugan Karnan, Vignan’s University, India
Adam Slota, Cracow University of Technology, Poland
Jerzy Zajac, Cracow University of Technology, Poland
J. Paulo Davim, University of Aveiro, Portugal

This chapter presents an effective approach to assess the abrasive water jet machining of lanthanum
phosphate reinforced with yttrium composite. A novel composite is prepared with the mixture of
lanthanum phosphate sol and yttrium nitrate hexalate with a ratio of 80/20 by aqueous sol-gel process.
Silicon carbide of 80 mesh size is used as abrasive. The effects of each input parameter of abrasive water
jet machining are studied with an objective to improve the material removal rate with reduced kerf angle
and surface roughness. The observations show that the jet pressure contributes by 77.6% and 45.15% in
determining material removal rate and kerf angle, respectively. Through analysis of variance, an equal
contribution of jet pressure (38.18%) and traverse speed (40.97%) on surface roughness is recorded.
Microscopic examination shows the internal stress developed by silicon carbide which tends to get plastic
deformation over the cut surface.
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Section 3
Industrial Engineering and Management

Chapter 10

Methodology of Operationalization of KPIs for Shop-FIoOr ..........ccccoooiiiiiiiiiiiiiiiceece 163
Mariana Raposo Oliveira, Universidade de Lisboa, Portugal
Diogo Jorge, Erising, Portugal
Paulo Pecas, Universidade de Lisboa, Portugal

Key performance indicators (KPIs) are a critical tool to support activities and results’ monitoring in
any industrial organization. The published literature and the available approaches on KPIs focus on the
business and administrative level, being computed with information retrieved at the shop-floor level.
Despite that, there is a scarcity of structured and comprehensive approaches to support the generation of
KPIs to be used at the shop-floor level (the few existent approaches are empiric-based). In this chapter,
a methodology to support the selection and organization of KPIs at the shop-floor level is proposed.
Departing from the Hoshin Kanri strategy deployment, it identifies the levels of decision and control
in the company regarding the production activities and derives the most adequate KPIs for each level
based on universal questions about “what performance to assess.” The build-up of visual management
boards for each level is also proposed.

Chapter 11

Solution Approaches for Reverse Logistics Considering Recovery Options: A Literature Review... 192
Sevan Katrancioglu, Marmara University, Turkey
Huseyin Selcuk Kilic, Marmara University, Turkey
Cigdem Alabas Uslu, Marmara University, Turkey

Reverse logistics stands out as a rapidly gaining concept due to its contribution to both the environment
and the economy. There are many problems with reverse logistics. The decision of recovery options is
a fundamental issue that serves many purposes. Choosing the right recovery option will also provide
the environmental and economic contribution to maximize the benefits. For this purpose, many solution
approaches have been produced for different objectives, which are based on the selection of better
recovery options. Since solution approaches are directly interacting with problem models and objectives,
it is important to determine an appropriate approach to achieve better results. Until now, many different
approaches have been implemented, and results are shared. This chapter systematically examines these
solution approaches and reveals the achievements in the literature in order to provide directions for
future studies.
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Section 4
Green Manufacturing and Sustainable Engineering Concepts

Chapter 12
Multi-Perspective Eco-Efficiency Assessment to Foster Sustainability in Plastic Parts Production:
An Integrated Tool for INdUSHIIial USE........cccueeiiiiiiiiiiiiie ettt st 212
Emanuel Jodo Lourengo, Instituto de Ciéncia e Inovagdo em Engenharia Mecdnica e
Engenharia Industrial, Portugal
Nuno Moita, Instituto de Ciéncia e Inovacdo em Engenharia Mecdnica e Engenharia
Industrial, Portugal
Silvia Esteves, Instituto de Ciéncia e Inovacdo em Engenharia Mecdnica e Engenharia
Industrial, Portugal
Paulo Pecas, Universidade de Lisboa, Portugal
Inés Ribeiro, Universidade de Lisboa, Portugal
Jodo Paulo Pereira, Instituto de Ciéncia e Inovacdo em Engenharia Mecdnica e Engenharia
Industrial, Portugal
Luis Miguel Oliveira, Instituto de Ciéncia e Inovacdo em Engenharia Mecdnica e
Engenharia Industrial, Portugal

The eco-efficiency assessment is a powerful metric to introduce two components of sustainability
assessment in the industrial companies’ decisions making: the concurrent consideration of economic
and environmental performance. The application of the eco-efficiency concept and of the normative
documents is not an easy task, mainly because there are myriad environmental related indicator to
consider and acquire. This barrier is higher in the realm of plastic injection molding, where each mold
is unique, requiring a recurrent effort of data retrieving for such one-of-a-kind molds. To overcome this
barrier, an integrated framework to support the eco-efficiency calculation on a life cycle perspective
for a specific type of products, injection molds, is proposed in this chapter. It retrieves a small but
representative selected set of eco-efficiency performance indicators. A tool was developed to apply the
proposed framework and the results of its application to four real industrial case studies is discussed.

Chapter 13
Effective Utilization of Industrial Wastes for Preparing Polymer Matrix Composites: Usage of
INAUSIITAL WASEES ...ttt sttt s bt s h e she e satesat e e atesbeesaeesaeesatesaeenae 250
Veerasimman Arumugaprabu, Kalasalingam University, India
Deepak Joel Johnson R., Kalasalingam University, India
Pragatheeswaran R., Government Polythetic Theni, India

The present industry scenario focuses on green manufacturing, in terms of effective reuse and recycling
of the industrial wastes generated in enormous amount while preparing the product. The wastes also act
as a threat to the society by causing various kinds of pollution. Therefore, the proper safe disposal of
the same is a very critical factor. Most of the industries struggled with the enormous disposal of these
wastes and finding ways for reuse and disposal. In this chapter, one such way of reuse of these wastes
for making composite product is explored. Industrial wastes such as flyash and ricehusk used as fillers of
varying weight percentages, 6%, 8%, 30%, 40%, and 50%, wt%, respectively, are reinforced with matrix.
The prepared composites were subjected to flexural studies to know the load withstand ability. Results
show that the incorporation of both fly ash and rice husk industrial wastes as filler into the polymer matrix
increases the flexural strength. In addition, a low-cost product with high strength and good performance
is obtained by adding this waste.
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Chapter 14
Additive Manufacturing Process and Their Applications for Green Technology...........ccccecvveneenneee. 262
Keshavamurthy R., Dayananda Sagar College of Engineering, India
Vijay Tambrallimath, Dayananda Sagar College of Engineering, India
Prabhakar Kuppahalli, Dayananda Sagar College of Engineering, India
Sekhar N., Dayananda Sagar College of Engineering, India

Growth of nature is an additive process that gives sustainable existence to the structures developed; on
the other hand, traditional manufacturing techniques can be wasteful as they are subtractive. Additive
manufacturing produces almost nil waste and accordingly preserves raw materials resulting in costreduction
for the procurement of the same. It will also cut down on the carbon emissions that are usually generated
from industrial manufacturing. Additive printed objects are lighter as well, making them more efficient,
especially when used in the automobile and aerospace industry. Further, the intrinsic characteristics and
the promising merits of additive manufacturing process are expected to provide a solution to improve the
sustainability of the process. This chapter comprehensively reports on various additive manufacturing
processes and their sustainable applications for green technology. The state of the art, opportunities,
and future, related to sustainable applications of additive manufacturing have been presented at length.

Chapter 15
Spark Plasma Sintering of Mg-Zn-Mn-Si-HA Alloy for Bone Fixation Devices: Fabrication of
Biodegradable Low Elastic Porous Mg-Zn-Mn-Si-HA AllOY ......ccccevviiiriiiiiiieieeeeeeeeeeeeee e 282
Chander Prakash, Lovely Professional University, India
Sunpreet Singh, Lovely Professional University, India
Ahmad Majdi Abdul-Rani, Universiti Teknologi PETRONAS, Malaysia
M. S. Uddin, University of South Australia, Australia
B. S. Pabla, National Institute of Technical Teachers’ Training and Research, India
Sanjeev Puri, Panjab University, India

In this chapter, low elastic modulus porous Mg-Zn-Mn-(Si, HA) alloy was fabricated by mechanical
alloying and spark plasma sintering technique. The microstructure, topography, elemental, and chemical
composition of the as-sintered bio-composite were characterized by optical microscope, FE-SEM, EDS,
and XRD technique. The mechanical properties such as hardness and elastic modulus were determined
by nanoindentation technique. The as-sintered bio-composites show low ductility due to the presence of
Si, Ca, and Zn elements. The presence of Mg matrix was observed as primary grain and the presence of
coarse Mg2Si, Zn, and CaMg as a secondary grain boundary. EDS spectrum and XRD pattern confirms
the formation of intermetallic biocompatible phases in the sintered compact, which is beneficial to form
apatite and improved the bioactivity of the alloy for osseointegration. The lowest elastic modulus of 28
GPa was measured. Moreover, the as-sintered bio-composites has high corrosion resistance and corrosion
rate of the Mg was decreased by the addition of HA and Si element.
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Chapter 16
Assessment of Remanufacturability Index for an Automotive Product: A Case Study............c........ 296
Jayakrishna Kandasamy, VIT University, India
Aravind Raj Sakthivel, VIT University, India
Vimal K. E. K., National Institute of Technology Patna, India
Shama M. S., Trinity College of Engineering, India
Sultan M. T. H., University of Putra Malaysia, Malaysia
V. Sharath Kumar Reddy, VIT University, India
Jyoteesh Gutha, VIT University, India

The increasing competition among the manufacturing organizations and stringent government regulation
forces the manufacturing organizations to implement sustainability principles in manufacturing.
Sustainability focuses on material, product development, and manufacturing process orientations. End of
life (EoL) disposal of the product is very much important in the modern scenario. The remanufacturing
is a vital strategy for attaining sustainability in manufacturing. The assessment of remanufacturability of
products needs to be done during the design stage so as to provide the manufacturers the guidelines for
sustainable product development. In this context, this chapter presents the insights on remanufacturability
index assessment for a typical automotive product. The practical implications of the study are also being
discussed.

Chapter 17
Application of Cluster Analysis for Identifying Potential Automotive Organizations Towards the
Conduct of Green Manufacturing Sustainability StUdies ..........cceeriirriiieriieniieeieee e 309
Jayakrishna Kandasamy, VIT University, India
Aravind Raj Sakthivel, VIT University, India
Vimal K. E. K., National Institute of Technology Patna, India
V. Sharath Kumar Reddy, VIT University, India
Babulal K. S., Dire Dawa University, Ethiopia

Increasing legislative concerns and rapidly transforming technologies pressurizes the global competitive
landscape to deploy smart, safe, and sustainable green manufacturing. This chapter scrutinizes
organizational sustainability of the automobile components manufacturing organizations located in
the state of Tamil Nadu, India using hierarchy cluster analysis towards setting up a benchmark on
sustainability of organizations. Along with the triple bottom line (TBL) of sustainable development,
the organizational responsibility and government legislation in achieving sustainability were selected
as the five major governing variables during the conduct of this case study. As a result, 25 automotive
components manufacturing organizations chosen from for this study were classified into three clusters,
confirming a particular organization as the most suitable one for the conduct of green manufacturing
sustainability studies. According to the distinctiveness of the assorted clusters, suggestions were also
proposed for improving the organizational sustainability further.
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XXi

Foreword

Sustainable manufacturing is the need of the hour today. Environmental benign manufacturing technolo-
gies are the requirements of today’s scenario. Academic, industry and research organizations are now
interested in implementing green engineering techniques. This book covers a selection of such impor-
tant green manufacturing techniques for modern manufacturing. This volume has four sections with 17
focused chapters. The newer techniques are covered in a precise way.

Multidisciplinary approach is to be realized to solve the real-world tasks. Section 1 deals with bio-
medical manufacturing, 3D printing, advanced additive manufacturing and necessity on miniaturiza-
tion. Section 2 covers the advanced optimization techniques. Page rank algorithm-based recommender
system is elucidated. Particle swarm optimization is explained to optimize the process parameters in
advanced machining process. Advanced machining methods are explained especially for difficult to
machine materials. Performance evaluation of various erromagnetic materials in wave energy conver-
sion is illustrated. New lanthanum based composite machining is discussed in a detailed way. Section 3
deals with the industrial engineering and management related aspects. Methodology for shop floor key
performance indicators (KPI) is discussed. Solution approaches for reverse logistics is reviewed. Section
4 deals with sustainable engineering concepts. Sustainability associated with plastic parts is discussed.
An integrated tool for industrial use is demonstrated. Adding value to waste by way of utilizing waste
to manufacture product is immense helpful in alleviating problems in waste disposal. Demonstration
of making polymeric composite from industrial waste is carried out in this chapter. Green manufactur-
ing strategies, additive manufacturing towards green manufacturing, manufacturability index related to
automotive industry are giving information on newer trends in manufacturing.

This book covers articles in multidiscipline such as bio technology, additive manufacturing, productiv-
ity improvement, optimization techniques, utilization of waste to make product etc. The readers will find
interesting to see all the important and relevant topics in a book with a connected way. Certainly, this book
introduces the green manufacturing to readers and it encourages the readers towards the implementation.

S. Aravindan
Indian Institute of Technology Delhi, India
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Preface

INTRODUCTION

Global scenario and contemporary manufacturing necessitates the importance towards “Green Manu-
facturing” (GM), since its related to all manufacturing processes and its related activities. The main aim
of GM is to reduce the emissions, pollutants and other by-products which is harmful to the environ-
ment. Comparing with older manufacturing methods and practices recent techniques such as additive
manufacturing and sustainable manufacturing focuses about environmental friendly fabrication. Also
green industrial concepts such as Green Supply Chain Management (GSCM), reverse logistics and
other related techniques to practice sustainable utilization of resources. The ideas and concepts related
to GM is prospered globally in past decade and gradually implementation of newer ideas was practiced
by various researchers, laboratories and practitioners across the world. This book focuses emerging
researchers, scientist and students to acquire recent advancements in green engineering techniques for
modern manufacturing.

ORGANIZATION OF THE BOOK

This book is organized with 17 chapters by various researchers, faculty and practitioners across the world
who are currently working on various phases of GM.

Handbook of Research on Green Engineering Techniques for Modern Manufacturing is organized
in four different sections

Section 1: “Recent Trends in Manufacturing” focuses about recent manufacturing concepts related to
GM and its impact compared to conventional manufacturing processes.

Section 2: “Optimization Techniques and Material” is devoted to newer optimization techniques,
mathematical models, problem solving techniques which can be used for sustainable practices
and measurement.

Section 3: “Industrial Engineering and Management” presents current industrial engineering and mana-
gerial concepts to know extent of green practices in a firm.

Section 4: “Green Manufacturing and Sustainable Engineering Concepts” contributes the sustainability
and sustainable practices in manufacturing firms
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Preface

Section 1

Chapter 1 presents the biomechanical properties of orthopaedic and dental implants as a review. This
gives an extensive idea for researchers who works in similar field by exploring various research articles
and its implications for biomedical components to be implanted in human body. This article also gives
its view on biocompatibility, like infection, poor osseointegration and excessive foreign body response
of materials.

Chapter 2 focuses about the zero waste in manufacturing using additive manufacturing techniques. The
authors discussed about various processes such as stereolithography, fused deposition modelling, polyjet,
selective laser sintering, electron beam melting. It is evident that above mentioned processes was useful
for making complex geometric products with zero wastages since its additive manufacturing techniques.

Chapter 3 presents about recent advancements in investment casting Investment casting is a special
casting process which is otherwise known as precision investment casting. The authors discussed about
the various limitation in conventional investment casting process such as such as rigidity of the process,
longer production cycles, higher tooling cost and wastages during different manufacturing stages. The
conventional process was slightly modified with inclusion of additive manufacturing techniques to
overcome the limitations.

Chapter 4 focuses about miniaturization of test specimen since standard specimen preparation leads
to excessive cost in fabrication as well as testing. The authors explored this concept based on nuclear
engineering testing where very small specimen was used for testing which is giving efficient and cost
effective results. Since miniaturization of metal component testing was done earlier, this work focuses
in glass fibre testing and relationship between results with ASTM standard specimen.

Chapter 5 discusses about the simulation of SCARA robot with eight degrees of freedom. The
SCARA robot with multiple grippers was used in this study and simulation was carried in SimMechan-
ics environment. The simulation results shows design and structural changes can be done with respect
to the work environment.

Section 2

Chapter 6 study about application of web data mining to explore and compute the consumer behaviour
using PageRank algorithm. Decision making problem can be solved using this technique. Page Rank-
based item ranking approach are proposed to handle large data sets. The analysis was done to compute
relationship between the selected items and to produce a qualified recommendation. This method provides
improved outcome compared to previous methods

Chapter 7 presents performance of PM linear generator under various ferromagnetic materials for wave
energy conversion, four ferromagnetic materials were considered in this study non-oriented electrical
steel, Permalloy (Ni-Fe-Mn), Accucore and Somaloy 700. To achieve accurate results non linear time
stepping finite element analysis was used. The results shows positive strengths of newer of materials
such as ease of manufacture, highest force capability, lower cost and minimum eddy-current loss.

Chapter 8 discusses about the optimization of process parameters for Electro-Chemical Machining
(ECM) which is most commonly used non-conventional machining process. In this study ECM process
of EN 18 material was carried out using particle swamp optimization technique. The following param-
eters were considered for optimization Electrolyte concentration (%), Voltage (V), Feed rate (mm/min)
and Inter-electrode gap (mm).

XXiii

printed on 2/14/2023 11:31 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Preface

Chapter 9 discusses about the performance study of LaPO,-Y,0, composite fabricated by Sol-Gel
process using Abrasive Water Machining (AWM). This study focus to improve the material removal rate
with reduced kerf angle and surface roughness, by considering the input parameters to achieve output.
Jet pressure plays a vital role in AWM and it contributes major part in material removal. Microscopic
examination was carried to verify the plastic deformation and cracks in specimen.

Section 3

Chapter 10 presents the Key Performance Indicators (KPIs) in shop floor. Various research article was
publishes about the importance of KPI in manufacturing firms but the implementation level of KPIs in
shop floor is not discussed well. This article focused to collect data sets from shop floor and interpret
the importance of data on business and administrative level.

Chapter 11 discusses about reverse logistics and its importance on environment and economy.
Implementation of reverse logistics concepts in a firm has various practical issues. In this work authors
have explored best recovery option for providing environmental and economic benefits. Several solu-
tion approaches were used to find better recovery options. This study examine the validity of solution
approaches and its achievements in reverse logistics.

Section 4

Chapter 12 present the sustainability analysis of plastic parts production. Conventional plastic produc-
tion involves various steps and this study explores plastic injection moulding. In conventional process
moulds are unique for individual applications. To overcome all other issues the authors have developed
an integrated framework to improve the eco-efficiency of the process as well as life cycle of particular
process was analysed.

Chapter 13 discuss about the effective utilization of industrial wastages for preparing polymer ma-
trix composites. This chapter gives a new perspective in the field of recycling ofwastage collected from
industry and reuse of same as raw material for composite preparation. Fly ash and rice husk were used
in various composition as filler material and the specimen was subjected to flexural load testing. The
results shows increase in strength with addition of filler materials.

Chapter 14 presents about application of green concepts and sustainability through additive manu-
facturing. Compared to conventional manufacturing process additive manufacturing provides better
solution with ease in manufacturing with less emission. This plays a vital role in sustainability and green
concepts. The merits of additive manufacturing was discussed with state of art manufacturing and future
perspectives of it.

Chapter 15 explores about the fabrication of biodegradable low elastic porous Mg-Zn-Mn-Si-HA
alloy using spark plasma sintering process. The mechanical properties of the component was analysed.
The microstructure, topography, elemental and chemical composition of bio-composite were character-
ized by optical microscope, FE-SEM, EDS and XRD technique.

Chapter 16 discusses about the remanufacturability index of an automotive component. This study
focuses about effective utilization of automotive component based on life cycle analysis and end of life
concepts. Remanufacturability of products needs to be done during the design stage which provide the
manufacturers, the necessary guidelines for sustainable product development and the selected component
was used for remanufacturing after its end of life.

XXiv
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Chapter 17 presents about application of cluster analysis to select competent automotive firms to con-
duct the sustainability studies. Twenty-five automotive firms were selected for this study further grouped
into three different clusters based on computation. The cluster was formed based on data analysis and
responses provided by the case organizations. Most suitable firm was selected for sustainability study.
Further suggestions were provided for rest of firms to improve their level.

XXV
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Chapter 1

Biomechanical Properties
of Orthopedic and

Dental Implants:
A Comprehensive Review

Manjeet Kumar
Panjab University, India

Rajesh Kumar
Panjab University, India

Sandeep Kumar
Guru Jambheshwar University of Science and Technology, India

Chander Prakash
Lovely Professional University, India

ABSTRACT

The demand for the orthopedic and dental implants has increased sharply in last decade due to physi-
cal traumas and age-related deficiencies. The material used for orthopedic and dental implants should
be biocompatible to ensure the adaptability of the implant in the human body. The mechanical stability
of implants is dependent on mechanical properties and surface characteristics essential to ensure cor-
rosion and wear resistance. The requirement of mechanical properties also differs substantially from
load-bearing to non-load-bearing implants. There are many problems arising due to lack of sufficient
biocompatibility, like infection, poor osseointegration, and excessive foreign body response. Fatigue
failure, stress shielding, and bone resorption are some major problems associated with lack of mechani-
cal stability. Numerous conventional materials, coatings, and nanomaterials have been used to enhance
the implant stability.
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INTRODUCTION

With increasing physical trauma, inherent structural defects and age related deformities, it is necessary
to develop quantitative and qualitative enhanced orthopaedic implants (OI) and dental implants (DI). In
2016, Global OI's market was valued at $47,261 million and it is expected to rise to $74,796 million by
2023, registering compound annual growth rate (CAGR) of 6.8% during the forecast period 2017 - 2023
(TMR, 2016). The global dental implants market is projected to expand at a modest CAGR of 6.9%
between 2017 and 2025 (Chandra, 2014). Ols are further divided into load bearing and non-load bearing
implants. Load bearing Ols includes articulating joint replacement like hip, knee, shoulder and finger
replacements and other prosthesis. While non load bearing includes various structural elements like pins,
rods and plates which supports the damaged orthopedic parts when they heals them-self properly (Alivu
et al.,2018). Historically, there have been two different types of DI: (1) endosteal and (2) subperiosteal.
Endosteal refers to an implant that is “in the bone,” and subperiosteal refers to an implant that rests on
top of the jawbone under the gum tissue. Subperiosteal implants are no longer in use today because of
their poor long-term results in comparison to endosteal dental implants.

Metals, ceramic and polymers have been used as bio-material in implants. In metals, titanium based
alloys are leading material due to their unique properties. Other metals that have been used are steel and
cobalt - chromium based alloys. In ceramics, calcium phosphate based composites are widely used due
to their proximity with bone apatite. Hydroxyapatite (Ca, (PO,)6(OH)2) is most commonly used calcium
phosphate bioactive ceramic. Other ceramics which have been used are alumina (Al,0,) and zirconia
(ZrO,) which fall in category of bioinert ceramics. Polymers have been used not only in OI and DI but
also in tissue engineering and drug delivery due to their unique properties. In polymers, mainly ultra high
molecular weight Poly ethylene (UHMWPE), Polytetrafluorethyelene (PTFE), Polymethyl methacrylate
(PMMA), Polylactide (PLA), Polyglycolide (PGA) and Polyetheretherketon (PEEK) have been used.
With recent advances in material science, various nanomaterials have been developed which enhanced
the capabilities of implants. Nanomaterials have structural compatibility with hard tissues like bone.
Nanomaterials based implants are qualitatively better because of enhancement in essential properties.

The prerequisite properties of materials for OI and DI are characterized as mechanical, biological
and other surface properties. The performance of implants highly depends on these properties. It is nec-
essary to focus the research on these prerequisite properties to develop future materials or enhance the
capabilities of existing materials. This chapter discuss the necessary prerequisite properties of materials
for OI and DI.

PREREQUISITE PROPERTIES

Orthopedic and dental structure of living bodies is like a mechanical system imbedded in a biological
environment. The biomaterial which is intended to use in implantation should have desired mechanical
and biological properties. Implant’s material and design is most dominant factor which decides both the
short term and the long term performance of the implant (Prakash et al.,2016). With increase in human
life expectancy, the better quality and long life spanned Ols and DlIs are needed (Narayan, 2012). The
human body’s internal environment is very austere having an oxygenated saline solution with salt content
of about 0.9% at pH 7.4 and temperature of 37°C (Saro & Sidhu, 2012). This environment accelerates
the fatigue failure, corrosion and wears rates several times that cause decrements in the implant life.
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Corrosion and wear cause many particle borne diseases and infection that may put risk on patient’s life
(Prakash et al.,2015). So, properties of material are not only important from functional point of view but
also from patient’s life point of view. The implant’s material properties can be classified as mechanical
properties, biological properties, and corrosion resistance as shown in figure 1. These properties are
interrelated and affect each other.

An ideal material for implants should have sufficient level of all three types of properties. For ex-
ample, if a material is highly biocompatible and bioactive but have poor mechanical properties, then it
cannot be used in load bearing Ols.

Biological Properties

The biological properties of implant’s material are essential to ensure the compatibility of the implant
with the surrounding environment in human body. The absence of biological properties may trigger
sever toxicity, infection, acute inflammation, and sever foreign body reactions. Ultimately, this may
cause morbidity. The major biological property is biocompatibility of materials. Bioactivity is subpart
of biocompatibility which allows the tissue growth on materials’ surface (Prakash et al.,2017). In fact,
no material is accepted by our biological system completely as our tissues and immune system treat all
materials as foreign element. But the materials which are termed as bio-materials are more biocompat-
ible than other materials, which have been proved by in vivo and in vitro tests.

Biocompatibility
The material for implantation should not be toxic, compatible or have harmony with surrounding tis-
sues and allow the growth of tissues on its surfaces. The material itself or any degraded products from

it should not cause cell death, intense inflammation, suppress immunity or other harmful effects on
cellular or tissue functions. The living tissues have ability to grow and renew itself with time due to the

Figure 1. Classification of prerequisite properties of Ol’s and DI’s material
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metabolism activities of human body. The Implant’s material should allow the growth of surrounding
tissues to ensure Osseointegration. The implant surface should be osseoconductive and osseoinductive.
Toxicity is further divided into cytotoxicty, genotoxicity and carcinogenicity. Cytotoxicty causes cell
death while genotoxicity damages the DNA. Carcinogenicity causes the cancer in surrounding cells.
Toxicity effects from bulk as well as degraded material on host body and cells & tissues attachment on
surface are checked by in vitro and in vivo tests to observe the biocompatibility of material usually. The
biocompatible material is divided into three categories, biotolerant, bioinert, and bioactive. Bio tolerant
materials do not release nontoxic substances but these lead to encapsulation within connective tissues.
No harmful elements are released by bioinert materials but nil or very less tissue growth is allowed on
their surface (Bauer & Schmuki, 2013; Wintermantel, 2002). Bioactive materials allow tissue growth
on surface. Bioactivity will be discussed in next section. Biocompatibility is a surface phenomenon as
only surface of material is interacted with living tissues. Different types of biocompatibilty tests are
shown in table 1.

Bioactivity

Bioactivity of an implant is shown by adhesion of osteoblast and cohesion of fibroblast (Balasundarm,
2007). The cell adhesion is controlled by adsorption of proteins on implant surface (Schakenraad, 1996).
Some proteins such as fibronectin and victronectin in biological fluid convey the adhesion, osteoblast
differentiation, and growth of worthy cells on implant surface. Further studies found that protein adsorp-
tion depends upon surface features like pore size and roughness (topography), surface composition and
surface energy of implants (Durrieu, 2004). These factors affect both concentration and type of protein
adsorption. Explicit amino acid sequences in adsorbed protein adheres the osteoblast preferentially
(Balasundram, 2007; Porte-Durrieu, 2004). These specific amino acid sequences are mainly arginine-
glycine-aspartic (RGD) and heparin-sulphate (Balasundaram & Sato, 2006; Balasundaram & Webster,
2006). The protein adsorption and cellular adhesion mechanism is shown in figure 2. The researchers have
paid less attention in understanding of cellular recognition to initially absorbed protein on biomaterial
surfaces and it is one of key reasons for short life span (On average less than 15 years) of Ols (Balasun-
daram & Webster, 2006). Because if the material’s surface is not designed to provoke the absorption of
protein initially, the osteoblast adhesion and fibroblast cohesion on implant surface will be very low or
negligible. Ultimately, the bone growth on implant’s surface will be poor and this will lead to failure of
OL. Mainly three types of cell adhesions are observed on implant surface depending upon the distance
from surface (Durrieu, 2004). Focal adhesion (at distance of 10-20 nm) is strongest followed by ‘close
contact adhesion’ (at distance of 30-50 nm) and extra cellular matrix contacts or fibrillar adhesion (at

Table 1. Biocompatibility and Bioactivity tests

In Vitro Tests In Vivo Tests

e Cell Culture test
Bio-compatibility tests o Haemolysis test
o Platelet adhesion test

® Micro-CT analysis
o Histology and histomorphometric test

o Stimulated Body Fluid test (SBF)
Bio-activity tests o Water Contact angle on surface
(Hydrophilicity)

® Micro-CT analysis
o Histology and histomorphometric test
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Figure 2. Mechanism of Protein adsorption and osteoblast adhesion
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distance greater than 100 nm). Focal adhesion is desirable and symbol of better bioactivity of implant
surface. Tests for bioactivity in vitro and in vivo are given in table 1.

The implant surfaces have been classified on basis of different surface parameters such as roughness
texture and orientation of irregularities (Wennerberg, 2010; Chaturvedi, 2009; Singh, 2015; Prakash et
al.,2017). Wennerberg et al.(2010) have classified surfaces according to roughness as minimal rough,
intermediate rough and rough as shown in figure 3. The additive treatments on implants such as coatings
make them concave textured while subtractive treatments such as itching make them convex textured.
The similar or directional topography is based on orientation of irregularities. The adsorption of proteins
is also affected by surface energy of implant (Misch, 1998). The surface energy or surface tension is
determined by wettability or hydrophillicity of surface (Singh, 2015).

Corrosion Resistance

As mentioned earlier, the human body’s environment is very harsh with oxygenated saline solution which
favours and accelerates the corrosion process. The human blood plasma contains chlorine ions which
further makes highly aggressive environment. Most metallic materials undergo chemical and electro-
chemical dissolution in this environment (Karamachimudali, 2003). The reactions in aqueous solution
which are responsible for corrosion in metals are electrochemical in nature. The body temperature of
37 °C accelerates these electrochemical reactions (Burstein, 2005). In this environment, metal cations
are formed on metal surface. Instead of formation of oxide layer on surface, metal ions permanently
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Figure 3. Classification of Implant surfaces
(Wennerberg, A., 2010, Singh, M., 2015)
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solvatized and thus metal starts dissolving. The dissolution results in loss of metallic ions in this saline
solution. The corrosion and wear debris have fine particles, these interact with surrounding tissues and
cause chronic inflammation and may result in osteolysis (Waerhaug, 1956). The release of elements can
cause allergic as well as toxic reactions in adjacent tissues (Gettleman, 1977). These reactions may force
to perform another surgery for cutting out the implant and in worst case may lead to death of patient.
Corrosion gnarled the surface of implant and which leads to abrasion and discolouration of adjacent
tissues (Ashman, 1971).

Corrosion resistance is not only important from biological point of view but also important from
mechanical point of view. Corrosion makes implant weaker and causes breakage. Many mechanical
phenomenon such as fatigue strength, wear resistance and stress shielding are influenced due to corro-
sion (Ramakrishna, 2001; Prakash et al.,2018). The wear and corrosion reported to be major cause for
particle borne diseases, loosening and premature failure of hip and knee implants (Ramakrishna, S.,
2001). Types of corrosion, which are pertinent to the currently used alloys, (shown in figure 4) are pit-
ting, crevice, galvanic, inter-granular, stress-corrosion cracking, corrosion fatigue, and fretting corrosion
(Ramakrishna, 2001; Adya 2005).

Mechanical Properties

Human body is a living machine and orthopaedic and dental structure is like a mechanical system em-
bedded in biological environment. The paramount motive of implants is to provide mechanical stability,
movements, and avoid relative micro-motion at bone-implant surface. The mechanical properties of
implant materials are essential for proper alignment and retaining of function of bone during physiologic
loading of bones and joints. Carter et al. (1998) revealed that the mechanical stability helps in biological
aspect of bone healing by decreasing unnecessary shear stress. While, Liu et al. (2008) and kienapfe
et al. (1999) observed that minimization of micro motion at bone-implant interface would promote the
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Figure 4. Classification of corrosions in Orthopedic Implants
(Adya, N., 2005)
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Pitting corrosion occurs in an implant with a small surface pit. In this the metal ions
dissolve and combine with chloride ions. Pitting corrosion leads to roughening of
the surface by formation of pits.

Pitting Corosion

Galvanic This occurs because of difference in the electrical gradients. Nickel and chrome ions

from artificial prosthesis may pass to peri-implant tissues due to leakage of saliva
Corrosion between implant and superstructure .This may resultin bone reabsorption and also
affect the stability of the implant and eventually cause failure.

EIeCtrOCh?m ical In this anodic oxidation and cathodic reduction takes place resulting in metal
corrosion deterioration as well as charge transfer via electrons. This type of corrosion can be
prevented by presence of passive oxide layer on metal surface .

bone formation and remodeling. Thus, mechanical and biological aspects of implants and bone healing
are closely inter-related and mechanical properties also help to achieve the biological goals.

The Young’s Modulus (YM) of implant material should be comparable to that of bone to avoid stress
shielding effect (Niinomi, 2011). The YM of cortical bone ranges from 10-30 Gpa (Bauer & Schmuki,
2013), but on an average, it is considered as 18 Gpa. Wintermantel et al. (2002) observed that if YM of
implant material is much larger than that of cortical bone, the load distribution would not be uniform
and this may result into stress shielding. As more load is to be borne by implants, therefore stresses are
shielded for bone. According to wolf law, if load on bone is decreased compare to normal loading, bone
starts losing mass and bone morphology changed. Stress shielding effect is very dangerous and can
lead to the loosening of device. Figure 5 shows the stress-strain curves of biomaterials, while figure 6
compares the YM of various biomaterials with hard tissues.

The mechanical faliure of cyclic load bearing implants is mainly resulted from poor fatigue strength.
The implant should be capable to withstand very large number of load cycles during service without
failure for long time (Kienapfel, 1999). Fatigue strength is essential property for load bearing orthopedic
as well as dental implants (Prakash et al.,2016). The high value of tensile stress and fluctuations in load-
ing also causes fatigue failure along with numerous cycles of loading (Niinomi, 2003; Teoh, 2000). An
implant material should also have high tensile strength, compressive strength as well as shear strength to
prevent fractures and to improve functional stability. Ductility improves the formability and machinability
of metal implant material and ultimately decreases the manufacturing cost. Hardness is directly related
to wear as increase in hardness, increases the wear resistance of implant. High toughness is required to
prevent mechanical failure or fracture of implant. The strength, ductility, hardness, and wear resistance of
material is affected by grain size and shape. Smaller grain size leads to greater hardness, strength, wear
resistance but poor ductility and vice versa (Ratner, 2004). Metallurgical methods like heat treatments,
structure refining and work hardening are applied to improve the mechanical properties. Presences of
porosity, cavities or channels in material also play a very important role and allow controlled ingrowth
of tissue and blood vessels (vascularization) into the material. Therefore it improves bioactivity and
biocompatibility of OlIs but weakens the mechanical properties of materials and fails the implants at
much lower level of load.
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Figure 5. Stress stain behaviour of bio materials
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FUTURE RESEARCH DIRECTIONS

Improvement in biological and mechanical properties of material will definitely produce qualitative
implants. The future research is focused on nanotechnology and nanomaterials for OI and DI is bloom-
ing area of research. Nanotopography increases the surface energy which further increases the protein
adsorption and osteoblast adhesion (McHale, 2003). The nanoscale roughness also enhances the osteoblast
adhesion, proliferation and calcium deposition on implant surface (Price, 2003). The nano sized grains
improve the toughness, ductility and corrosion resistance of material (Yan, 2012). More research is re-
quired which can substantially make understand the mechanism behind the improvement in properties
of nanomaterials so that life and performance of implants can be improved. Therefore, nanomaterials
can be used for other functionalities such as sensing and detection of bone diseases, infection resistance,
target drug delivery, inhibiting cancer cells etc. These functions can be attached with future orthopedic
and dental implants to improve the functionalities and performance. This can help not only in implanta-
tion but also in diseases control and other part of bio medical science.

CONCLUSION

Orthopedic and dental implants are essential need of today’s health sector and expected to grow fast in
coming years. Both quantitative and qualitative improvement is needed to achieve the futuristic goal.
The performance of implants is largely dependent on the properties of material. Orthopedic and dental
implant are bio-mechanical device whose performance depends upon biological and mechanical prop-
erties. The material should be biocompatible to ensure intoxicity and cohesion with local tissues and
osseointegration. The material should be bioactive to ensure the growth of tissues on its surface and to
become integral part of body. Human body’s internal environment is saline and therefore it provokes
corrosion in implant’s material. Corrosion and wear debris causes allergic reaction and infection in local
tissues. So, the material should be corrosion and wear resistant. OI and DI are primarily a mechanical
device which supports the loads and movements of body. The young’s modulus of material should be
comparable to that of bone to avoid stress shielding effect and loosening of implant. High fatigue strength
is necessary for long life of load bearing implants. Hardness improves wear resistance and ductility ease
the manufacturing of implants. Other mechanical properties such as higher tensile and shear strength
are higher desirable to ensure the normal functioning and long life of implants. The future alloys and
composites for orthopedic and dental implantation purpose should be design by considering all these
properties to ensure betterment of implantation. Nanomaterials have better mechanical as well as bio-
logical properties compared to conventional materials. These also provide other functionalties which
can help to achieve the goal of ideal implantation. These can be used as future materials for OI and DI.
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ABSTRACT

The chapter proposes an integrated manufacturing system consisting of three main components: digital
prototyping, physical prototyping, and lost core technology. The integrated system combines the beneficial
aspects of computer-aided design, computer-aided engineering, rapid prototyping, and rapid tooling.
The proposed integrated system is an attempt to compress the product development time while saving
cost. The system can be efficient in designing of mold, parts with complex ducts and cavities, and car-
rying out design analysis through optimization and simulations. The system is therefore an attempt to
minimize the waste of material that occurs in the development of a product and is therefore an efficient
green technology for the manufacturing industries.

INTRODUCTION

The escalating competition worldwide and the globalization have resulted in immense pressure on
different manufacturing units to reduce the production time and cost of the product while meeting the
quality requirements. The time-to-market the products have been now been reduced to weeks and there-
fore the new product must be made quickly and cheaply meeting the market requirements. One of the
costly and time consuming phases in product development is the manufacturing of moulds for both the
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development of prototype part and production component manufacturing. The conventional machining
approach to produce mould entails long lead times and costs. And therefore the sequential approach of
conventional machining doesn’t meet the requirement of rapid product development. Thus it has become
imperative on the part of manufacturing units to research on to innovate new technologies that can aid
in rapid product development.

Additive manufacturing has emerged as potential technology that has the ability to reduce the produc-
tion development time. Rapid prototyping (RP) was the first of a kind process for creating a 3D object
through layer by layer technique and computer-aided design (CAD). The RP process was developed in
1980’s for production of models and prototypes and therefore help design engineers to create what they
had in mind. The major advantages of the RP processes are the reduction in cost and time as well as
the possibility to create any complex shape (Ashley, 1991). The versatile RP processes have been ap-
plied by medical doctors, scientists, professors, artists and market researchers (Noorani, 2006; Flowers
& Moniz, 2002; Chua et al., 1998) for creation and analysis of models for various studies. For instance
doctors create a model for a body part for which the operation is to be performed. They use the model
to better plan the procedure. The prototypes made from rapid prototyping (RP) can be used for different
evaluations such as visual inspection, ergonomic evaluations etc., thereby leading to comprehensive
design analysis earlier in the product development cycle. Since its inception, RP has been used in dif-
ferent industries where both time and precision are of paramount importance. RP is however not used
for large scale production.

RP is now evolving towards rapid tooling (RT) which has the capability to be used for commercial
scale production. Therefore RT is used effectively for making of moulds for commercial purposes. Further,
there are products that are required to be provided with complex cavities, bypass or even to completely
close hollow bodies. There are other products in which case the assembly is to be avoided such as in the
case of pneumatic and hydraulic parts. For such cases one of the evolving technologies is the Lost Core
or Soluble Fusible metal core technology.

Industries are now looking for a feasible option to use the advantages of both the RT and RP. The
present chapter proposes an integrated manufacturing system to produce complex shape products that
have complex internal cavities.

RAPID PROTOTYPING PROCESSES

The different rapid prototyping processes can be categorized into: powder based, solid based and liquid
based.

Liquid Based Processes
Stereolithography (SL)

The SL process was developed by 3D systems, Inc. and is one of the most widely used process of rapid
prototyping. SL is a liquid based process wherein the ultraviolet light makes contact with the resin which
leads to solidification or curing of photosensitive polymer. The SL process incepts with a 3D CAD model
and is translated to STL file. In the STL format, the 3D CAD model is cut into slices and the informa-
tion of each layer is stored. A platform supports the piece and other overhanging structures. The UV
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laser then solidifies the selective locations of the resin. The platform supporting the piece is lowered on
completion of a layer and the excess material is then drained on completion of the entire product. The
drained material then can be reused (Noorani, 2006; Cooper, 2001; Kruth, 1991). Microstereolithography
is the improvised version ofstereolithography supporting for higher resolution.

Certain errors are introduced in the final product from SL process. One such error is that of overcuring
which occurs mainly on the overhung parts. The overcuring may be attributed to the absence of fusion
with the bottom layer. Scanned line shape is another error which is introduced as a result of scanning
process. The layer thickness is variable because of the high viscosity of the resin and therefore intro-
duces an error in the border position control. Lack of surface finish is another error of the SL process
(Kim et al., 2010).

SL offers to build part with different materials and the process is called multiple material SL (Nagy
& Matyasi, 2003).

Fused Deposition Modeling (FDM)

In FDM process a thin filament plastic is fed to a machine. The machine consists of print heads that
melts the plastic filament and extrude it. The materials used in the FDM process are acrylonitrile bu-
tadiene styrene (ABS), polycarbonate (PC), polyphenylsulfone (PPSF), PC-ISO and PC-ABS blends.
The FDM process has numerous advantages such as no requirement of chemical post-processing, less
expensive machines and no resins to cure (Noorani, 2006; Cooper, 2011). The major disadvantage is
the relatively low resolution on the z axis in comparison to other processes, requirement of finishing
processes and relatively high amount of time required to build a part. Some models however allow for
two modes of operation: dense mode and sparse mode, which aids in saving of production time but at
the cost of mechanical properties (Morvan et al., 2005). Figure 1 delineates the FDM process outline.

Polyjet

The polyjet is a liquid based rapid prototyping process that uses inkjet to produce physical models. A
photopolymer is deposited by the x and y axes moving inkjet head. The deposited photopolymer is then
cured by the ultraviolet lamps after the deposition of each layer is completed. The overhanging parts are
supported by using a gel-type polymer which is then removed after the part is completed. The polyjet
process can produce parts of multiple colors (Wholers, 2010; Singh, 2011; Petrovic et al., 2011). Further,
the polyjet process produces parts with very high resolution. However, the parts produced by the polyjet
process are relatively weaker than that produced by other RP processes.

Powder Based Processes

Selective Laser Sintering (SLS)

SLS is a 3D printing process in which a carbon dioxide laser beam is used to fuse powders. The chamber
is heated to the melting point of the material. The carbon dioxide laser beam fuses the powder, lying
on a bed, at specific position in accordance with the design. The bed is supported with a piston which

lowers on completion of a layer by the amount equivalent to that of the layer thickness. A wide range
of materials can be used with the SLS process such as plastics, metals, polymers and combination of
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Figure 1. Process layout for fused deposition modeling
(Make Parts Fast, 2018)
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metals, metals and ceramics, metals and polymers (Halloran, 2011; Hwa-Hsing et al., 2011; Salmoria
et al., 2011). Another advantage of the SLS process is the recycling of the unused powder. The SLS
process however suffers from a number of disadvantages such as the accuracy of the part is determined
by the size of the material particles, requirement of inert gas to avoid the oxidation and to ensure that
the process is carried out at constant temperature. Process outline of SLS is depicted in Figure 2.

Electron Beam Melting (EBM)

EBM process is similar to the SLS process. A very high voltage electron beam melts powder. The use
of electron beam is only the differentiating factor between the EBM and the SLS processes. The volt-
age of electron beam ranges between 30 to 60 kV. The EBM process takes place in a vacuum chamber.
The main advantage of the EBM process production of parts with a wide variety of pre-alloyed metals.
Further, the process has find applicability in outer space (Murr et al., 2012; Semetay, 2007). The process
is mainly used for producing metal parts which is one of the disadvantages of the EBM process.

Prometal
This powder-based process is used for the fabrication of tools and dies. The process uses a liquid binder

to bind the steel powder. The powder is located on a piston supported bed that lowers when each layer
is completed. The excess powder is removed when the required thickness of the layer is achieved. No
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Figure 2. Process layout for selective laser sintering
(Make Parts Fast, 2018)
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postprocesssing is required while building a mold. However, finishing operations such as infiltration and
sintering are required if a functional part is being built (Cooper, 2001; Kruth, 1991).

Laser Engineering Net Shaping (LENS)

A high powered laser beam is used to melt the metal powder. The metal powder is injected at a specific
location. The molten metal material solidifies on cooling. The LENS process takes place in a chamber
with argon atmosphere. A wide range of materials and their combinations can be used with the LENS
process. For instance materials such as stainless steel, titanium-6, nickel based alloys, aluminium-4
vanadium, copper alloys etc can be used with the LENS process. The LENS process is also suitable for
repairing of parts that are impossible or expensive to be repaired by other processes. One of the major
disadvantages of the LENS process is the presence of residual stress due to uneven cooling and heating
process.

3DP

The data from the CAD drawing is printed with the aid of water-based liquid binder supplied in a jet onto
a starch based powder. The starch-based powder is supported on a powder bed and glues to each other
with the aid of liquid based blinder. The 3DP process is similar to that of inkjet printing process that is
used for two-dimensional printing. The 3DP process is capable of handling a high variety of polymers
(Halloran, 2011; Cooper, 2001).
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Solid Based Processes
Laminated Object Manufacturing (LOM)

Helisys of Torrance, CA developed the LOM process. The LOM process combines both the subtractive
and additive techniques to build a part. The material is fed in the form of sheet that is advanced over a
platform with the help of sheet feed mechanism. A heated roller is used to bond the sheets together with
the use of heat energy. The outline of the part is then cut with the help of laser. The platform is then
lowered by a depth equal to the thickness of the sheet and then the new layer of sheet advances over the
previously built layer. The main advantages of the LOM process are the low cost, no deformation, and
requirement of no postprocessing and the possibility to build large parts. The disadvantages of the LOM
process are wastage of material, difficulty to produce complex cavities and low surface definition. The
LOM process can be used for creating models of papers, composite and metals (Noorani, 2006; Cooper,
2001; Vaupotic, 2006). Process outline of laminated object manufacturing is shown in Figure 3.

LOST CORE TECHNOLOGY (LCT)

The Lost core technology requires the core of the part with complex cavities. A low melting point al-
loy is used for casting the component’s interior. A composite or plastic material is used to overlay the
casted component. The overlay may be cured in some cases. The low melting alloy is allowed to melt
out with the overlay still in place. The melting temperature doesn’t leads to any distortion or damage to
the fabricated part. The steps involved in making the core consist of the following:

Figure 3. Process layout for laminated object manufacturing
(Make Parts Fast, 2018)
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Casting of the core.

Inserting the core into mold.
Performance of the casting process.
Ejecting the mold and the core.

Core and mold separation by melting

The alloys used for making of cores have their melting point ranging 50 C to 300 C. it should be
ensured that the melting temperature of the alloy is consistent with that of the working temperature of
the over molding. The mechanical properties of the alloy are to be given due consideration in cases
where the core is heavy or is required to withstand high pressures. The amount of energy consumed by
melting is another factor to be given due consideration (Polifke et al., 1998). A wide range of materials
can be used for making cores such as wax, Tin-Bismuth alloy, Zn-Al eutectic mixture etc. The lost core
technology is suitable for producing complex internal ducts and cavities.

THE INTEGRATED MANUFACTURING SYSTEM

A product development system should consider all aspects related to the product such as product design,
its manufacturability and recycling. All these aspects should be considered at the early stage of design
cycle so that design engineers can easily make changes during the iterative process of product develop-
ment. The integrated manufacturing system for producing geometries with complex cavities and ducts
consists of three main phases: Digital prototype, Physical prototype and Rapid tooling (lost core technol-
ogy process). The integrated manufacturing system is shown in the Figure 4 below.

The digital prototyping phase begins with the 3D model using the computer aided design software
(CAD). The dimensional as well as the aesthetical aspects of the product is fixed at this stage. The mold
and its other components are also designed using the CAD software such as Pro-Engineer, CATIA,
SOLIDWORKS, Unigraphics etc. For an already existing component reverse engineering (RE) process
can be used for creating the CAD model. The RE process consists of three main steps: digitization of
the existing part, extraction of part features and the 3D CAD model. Variety of contact and non-contact
digitizers can be used for digitization of the part. Segmentation of the digitized data accomplishes the
task of feature extraction. Fitting of the digitized surfaces to the set of data points will accomplish the
3D CAD modeling of the part under consideration. Part digitization can be accomplished with a wide
range of systems such as coordinate measuring machine (CMM), laser triangular scanner (LTS), com-
puter tomography (CT), cross-sectional imaging measurement etc.

The optimized product is the primary requirement of the manufacturer. To guide through the process
of optimization of the product design, a number of computer aided engineering (CAE) systems can
be used. Few examples of CAE systems are ANSYS, AUTOFORM, DYNAFORM etc. the 3D CAD
model can be transferred to the CAE systems for the optimization analysis. CAE environment can help
in predicting the filling pattern, temperature and pressure for the mold. The CAE systems aids in opti-
mizing the part geometry, and the core. The CAE model will help in reduction of shrinkage, warpage
and residual stresses.

The digital prototype is now converted to physical prototype using the different rapid prototyping
techniques. The 3D CAD model is converted to STL file format which is typically an interfacing system
between the 3D CAD model and the RP systems. The RP process creates the physical prototype layer
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Figure 4. Process layout for integrated manufacturing system
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by layer from the STL format of the 3D CAD model. The RP techniques save a lot of time to market the
product with improved quality and reduced cost. Over the years, industries have used a wide range of
RP techniques such as SL, SLS, FDM, LOM, 3DP etc.

Next the mold is prepared with the physical prototype of the part. The physical prototype is now
master pattern for preparing the mold. The master pattern is suspended in a mold frame equipped with
the gates and runners. The master pattern is set up on the parting line of the mold casting frame. The
casting frame will then be filled with silicon-rubber resin which is properly mixed using computer-
controlled equipment. The resin fills the casting frame surrounding the master pattern. The casting is
then moved to a heating chamber for curing. The master pattern is then removed from the silicone mold
after the hardening is accomplished. The gates and runners are cut off to obtain the final mold cavity.
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For the parts with complex cavities and ducts, the lost core technique is then followed. Lost core
technology is one of the rapid tooling process. The core prepared from the RP process is used for the
fabrication of complex shaped cavities and ducts. The core is prepared using a low melting alloy such
as tin-bismuth alloy. The core is placed inside the already prepared silicon mold. The mold is now filled
with the desired resin. The mold is then moved to the heating chamber and the casting is removed from
the mold after the completion of the hardening process. The obtained casting has core embedded in
it. Therefore to remove the core, the casting is then placed in the oil bath. The temperature of the oil
bath is similar to the melting point of the core material. The core material melts out leaving behind the
complex cavity.

The desired part with the complex cavity is finally obtained after sequential procedural steps.

CONCLUSION

The chapter presents an integrated manufacturing system that optimizes the product design while mini-
mizing the wastage of the material. The system comprises of three different modules: Digital prototyping,
Physical prototyping and Rapid tooling. 3D CAD systems are used to establish the digital prototypes and
the CAE systems are used to optimize product design. The RP techniques then are used to obtain the
master pattern and the mold. The RT in the form of lost core technology is used to produce the complex
shaped mold cavity. Thus the proposed system can reap benefits in number of ways such as saving of
time, cost and material. The system can thus be used by different manufacturing industries seeking to
develop cost effective product with enhanced quality and less time to market the product.
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ABSTRACT

Conventional investment casting (IC) has suffered from numerous limitations such as rigidity of the
process, longer production cycles, higher tooling cost, and waste during different manufacturing stages.
With the invent of additive manufacturing (AM) technologies, it is now possible to overcome the aforesaid
issues along with additional benefits in terms of comparatively better quality characteristics of the result-
ing castings. The collaboration of AM and IC provided numerous avenues, specifically in biomedical,
aerospace, and automobile sectors. AM technologies supported the IC process both in direct and indirect
ways where these systems can be used for both job and mass production applications, respectively. In
the chapter, the author will try to discuss the assistance of AM process to IC in detail. Each and every
step to be followed will be supported with the practical findings, either by the contributing author or
published somewhere else. Moreover, some of the case studies will be discussed in detail to highlight
the practical importance of the duo.
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INTRODUCTION

The casting industry is a vital segment of the manufacturing sector which produces intricate parts, blends,
internal features and varying thickness with excellent surface finish with negligible metallurgical limita-
tions, (Pal et al., 2002). In this today’s manufacturing era, we rely on conventional investment casting
(IC) process for hundreds and thousands of objects that we need for various end user applications. This
method of casting is one of the most ever-present manufacturing processes we are utilizing, since 300
BC, before our civilization. The ancient expertise in casting resided among several cultures such as
Mesopotamians, Egyptians, Chinese, Thai and Indians (Greer, 2008). However, the basic principles of IC
can be traced back to 5000 BC when the early-men employed this method to produce rudimentary tools
(Taylor, 1983), followed by jewellery and artistic products (Trager & Biihrig-Polaczek, 2002), and the
development of aerospace and subsequently engineering components during the 2nd world war (Barnett,
1988). The IC process, often known as lost-wax or precision casting process, is one of the manufacturing
processes that have capability to produce high accuracy, intricate shapes and fine impression with tight
geometrical tolerance. This is an alternative approach to produce parts that are hard to machine (Singh
& Singh, 2016). IC process has numerous applications that includes agricultural equipments, automobile
components, aircraft engines, air frames, fuel systems, computer hardware, electrical equipment, electronic
hardware and radar, making jewellery, statues and art castings, dentistry and dental tools, prosthetics,
guns and armament, hand tools, machine tool components etc. (Pattnaik et al., 2014). The working
procedure of conventional IC process is given in Figure 1. The first step of IC process: (a) the injection
of molten wax (at about 150°C) inside the precisely machined metallic die (usually split one) with help
of an injection machine; (b) patterns are then safely ejected out of the metal cavity; (c) patterns let for
strengthening in air conditioned environment so that the geometrical dimensions get fixed, afterwards,
the pattern is assembled with another wax assembly that consisted of pouring sprue, runner and gate as
integral parts; (d) this tree like structure is dipped into clay and stucco coatings are performed repeatedly
to get the required mould is attained (e); (f) de-waxing is carried out to create a hollow cavity; (g) baked
to increase hot strength; (h) molten metal is poured into the cavity and part is separated from the tree
once solidify and (i) finally the refractory layers are removed on pneumatic vibration system (Singh &
Singh, 2013, 2016). The key requirements of an investment casting mould are (Jones & Yuan, 2013):
sufficient green (unfired) strength, sufficient fired strength, sufficiently weak to prevent hot-tearing, high
thermal shock resistance, high chemical stability, and low reactivity with the metals, sufficient mould
permeability and thermal conductivity, low thermal expansion to limit dimensional changes.

Problems associated with ceramic shell materials have been exacerbated following the introduction
of the Environmental Protection Act (Jones & Yuan, 2013), wherein fix degree of emissions allowed and
this has boosted the use of water-based shells within industry. Moreover, improvements in the quality,
reduction in manufacturing costs and explores new markets for the process are the hot topics amongst
current research area. Along with this, numerous tools and software are currently being used for the
optimization of the mechanical and physical properties at various stages of the casting. The troubles
like: long lead time and high tooling costs for low-volume IC production runs is still present in the
conventional process. Wax, as pattern material, is suspect of shrinkage that affects the dimensional and
surface features of the casting, and various researches has been carried out to control the shrinkage rate
(Tascioglu & Akar, 2003; 2007). However, the critical barrier in prototype development and production
time could be easily reduced with the introduction of additive manufacturing (AM) technologies. The
AM technologies allowing the designer to work more comfortably with the geometrical complexities,
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Figure 1. Pictorial description of IC process
(Singh & Singh, 2013).

control over the dimensional tolerances and also to minimize the involved production times (Bidanda &
Bartolo, 2007; Kumar & Kruth, 2010; Kruth et al., 2007).

Although traditional machining processes can be used for the development of desired pattern but in
case of unusual shape or specific internal features, the machining becomes more difficult. AM allows
the production of models directly from engineering designs. AM systems are limited only by the size of
the model and not by its complexity (Gibson et al., 2010).

ADDITIVE MANUFACTURING TECHNOLOGIES

The AM technologies (refer Figure 2), often known as three dimensional printing (3DP) or rapid prototyp-
ing technology (RPT) or solid freeform fabrication (FFF), is a technology in which materials are correctly
printed layer upon layer, converting digital 3D models into solid objects (Wendel et al., 2008; Chia &
Wu, 2015; Tseng et al., 2014; Murphy & Atala, 2014). This is an emerging technology in manufacturing
industry and this able to turn digital data into physical parts for different applications. In recent years,
there has been a dramatic progress in 3D-printing technologies due to investments by governments and
companies around the world. This emerging manufacturing technique comprises mainly of fused depo-
sition modelling (FDM), selective laser sintering (SLS), laminated object manufacturing (LOM), and
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stereo-lithography (SLA). Depending on these manufacturing technologies, a 3D form of the material
is created by precisely “printing” it layer by layer. The tangible parts could be created from the designed
parts and it acts as a platform for an individual to get their requisite design. The three dimensional (3D)
model can be drawn on different software systems, transmitted to AM building equipment and printed
into a physical object (Figure 2). Using AM technologies, a rapid pattern substituted for conventional
IC wax pattern can be easily prepared, with sustainable mechanical properties, as a wide range of
feedstock materials are available that can be processed through different types of AM technologies to
assist IC process. Acrylonitrile-butadiene-styrene (ABS), high density polythene (HDPE), low density
polythene (LDPE), polyamide, poly-lactic-acid, rubber, resins, wax, photo curable polymers & resins,
polymer composites, etc. (Cheah et al., 2015; Guo & Leu, 2013), are majorly used for rapid fabrication
of sacrificial patterns. The ceramic moulds are generally baked in the furnace to evaporate these pat-
terns for sufficient time duration, therefore chance of formation residuals are high and these can affect
the chemical composition of the casting. The case may become worst when developing a biomedical
device. According to Wang and Miranda 2010, carbon residues are mainly resulted due to incomplete
combustion of the pattern material (Rosochowski & Matuszak, 2000). Sivadasan et al., 2012 found that
in black tar and ash formed after flame burning of the moulds was negligible and can easily be removed
by passing compressed air in the mould cavity (Chhabra & Singh, 2011). Further, it would be better to
fabricate AM patterns at low density and appropriate design as thermal expansion during burn-out step
can induce stresses in the mould and lead to breakage (Omar et al., 2012; Harun et al., 2013). Apart
from all the limitations, AM systems are highly beneficial for low and medium volume production runs
(Hague et al., 2004). Steps involved in creating a physical prototype with most of these technologies is
same and includes: (1) create a CAD model of the design, (2) convert the CAD model to STL format,
(3) slice the STL file into thin cross-sectional layers, (4) construct the model one layer atop another and
(5) clean and finish the model.

AM technologies have been mainly used for (Madrazo et al., 2009; Dedoussis et al., 2008; Dedoussis
et al., 2004; Lee et al., 2004):

e  Physical verification of CAD model

e  Creating models without regard to draft angles, parting lines, etc.
e  Concept presentations and design reviews

Figure 2. Schematic for the AM process chain
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Direct tooling

Rapid tooling such as investment casting and silicone moulding
Reducing time-to-market

Creating anatomical models

Producing relief models for geographical applications

Creating 3D portraits

Additive manufacturing technologies can either assist IC process through a direct route or an indirect
route (Bartolo & Gibson, 2011), as discussed below:

Direct Route of IC Pattern Making

In the direct route, the rapid patterns are directly used in IC process with minor or negligible intermedi-
ate processing. Many technologies can be employed here as given below:

Fused Deposition Modelling

The FDM, an extrusion based AM technology that, utilizes granular or pelletized feedstock with a screw-
type extruder. The workhorse materials are usually the amorphous thermoplastic polymer filaments with
a diameter of about 1.5-3mm (Turner et al., 2014). In the feed system, the filament is pushed through
the system using a pinch roller mechanism like that illustrated in Figure 3(a). A stepper motor is con-
nected to one of the rollers providing energy to move the filament through the system (Agarwala et al.,
1996). One or both of the rollers may have a grooved surface like a gear to create sufficient friction.
The pressure on the filament, between the rollers, is typically sufficient to slightly deform the filament,
but these are designed to avoid crushing the filament. In FDM, the absorption of moisture by the ther-
moplastic filament raises significant problems when printing parts in an extrusion-based process. The
material when extruded from the heated head the moisture vaporize and often lead to morphological
changes in the material, blockages (Halidi & Abdullah, 2012). In FDM, layer thickness of 200-500pmm
and resolution levels for the positioning of the nozzle of 25pm in X, y plane in line dimensions are
achieved based on nozzle diameter (Turner et al., 2014). This method attempts to develop the structures
with sharp overhangs or long, unsupported sections due to tough fabrication procedures. However, the
extruded filaments have poor material strength during the extrusion process and thus result in drooping
or total collapse of the unsupported segment. Filler materials used to support cavities, overhanging and
lifted structures could be removed post printing have been developed to eliminate this issue (Chia &
Wu, 2015). This extrusion type machine is a specific example to demonstrate the accelerated progress
in the development toward a wide availability of 3D printers at an affordable cost; these include servo
drives, precision rails, and various electronics items such as computers and software which deal with
difficult geometric data.

Stereo-Lithography
The SLA system (refer Figure 3(b)) uses an ultraviolet laser beam to cure a photosensitive monomer resin

layer upon layer in order to build prototypes having complex shapes. In the SLA process, a tessellated
STL file is first sliced into very thin cross sections, as in case of other instruments. This technology uses
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Figure 3. Schematic of FDM (a) (Turner et al., 2014), SLA (b) (Chockalingam et al., 2006), SLA (Kruth
et al.,, 2005) and LOM (Kruth et al., 2003).
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a computer-controlled laser to cure a photosensitive epoxy or acrylate resin layer by layer to create a 3D
part (Chockalingam et al., 2006). The prototype is built on a platform positioned just under the exterior
of fluid epoxy or acrylate resin enclosed in a vat. A low-power highly focused UV laser beam traces
out the first layer, selectively solidifying the resin while leaving the excess area liquid. The elevator
incrementally lowers the platform into the vat by a distance equal to the layer thickness value chosen.
The photo-curable resin is relatively viscous and does not permit the liquid to instantly coat the whole
of the upper surface of the cured part in a consistent way upon moving elevator downside. A recoating
mechanism is therefore required to facilitate this process, and a wiper arm traverses over its surface to
speedily level the surplus viscous material. The process is continued till the final layer is built. The solid
part is removed from the vat and rinsed to remove excess liquid. In the post-curing process, the part is
placed in a UV oven to complete the curing after nearly 97% of liquid polymer gets solidified during
the build process.

Selective Laser Sintering
The SLS is another type of AM process that allows the manufacturing of both polymer and metallic based

workhorse materials (both in powder form) to generate complex 3D parts (Kruth et al., 2005). In this
system, the consolidation is obtained by processing the selected areas lying within the geometry of the
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parts by using highly localized laser beam. A beam deflection system (generally galvano mirrors) scans
individual layers as per the cross section, calculated from the CAD model. Figure 3(c) shows a schematic
description of SLS setup. There is a wide range of commercially available SLS machines that basically
differ in the way the powder is deposited (i.e. roller or scraper), the atmosphere (argon or nitrogen) and
in the laser type (CO, laser, lamp or diode pumped Nd:YAG laser, disk or fibre laser) (Kruth et al.,
2003). The printing is based on hardening or sintering of powders on the platform in terms of succes-
sive layers. SLS is one of the common examples of powder bed fusion techniques. These techniques are
used to develop industrial prototyping suitable to print polymers, ceramics, metals and combination of
these materials into multifaceted and distinctive geometric shapes (Turner & Gold, 2015). The different
forms of the powder such as metal or ceramic and thermoplastic polymer are sintered or hardened using
a laser and each of the constructed platforms is lowered (up to a pre-defined level) and an additional
powder layer is applied and sintered. There is no waste in this manufacturing process, as the un-sintered
powder used for building support structures can be re-used for next printing. Appropriate ink materials
for SLS have to be a powder ranging from 10 to 100pm, with a reasonable melting point. An additional
property is that the particles must have excellent particle flow rate in the bed surface, which is essential
to reduce electrostatic forces and surface fictionalisation (Vermeulen et al., 2013). Usually, SLS devices
are bulky, sluggish, costly, and necessitate an enormous quantity of material. But the capability to deal
with multiple materials in the single bed has been confirmed as most effective in various manufactur-
ing industries. This technique follows similar principles as SLS except for the use of the liquid binding
solution for binding of particles within each layer than the use of melting particles along with laser beam
in SLS. This technique is widely utilized to design devices with applications in different areas of rapid
tooling (Yang et al., 2009).

Laminated Object Manufacturing

The LOM (refer Figure 3(d)) was ever defined in a narrow sense in AM classification. A generalized
LOM may be defined here in a wider sense that includes classical LOM, functionally graded materials
and coatings on substrate material. LOM has some common features in structures and thermo-elastic
responses. It needs high manufacturing temperature and/or uses more than one material, which result in
thermal residual phenomenon and reduce workpiece quality (Mekonnen et al., 2016). Effective control
of thermal residual phenomenon is a main goal to improve LOM techniques. It allows obtaining desired
shapes by sticking successive sheets of a certain rolled material. Each layer is cut with a tool, allows
removing the undesired material (Shu & Wang, 2017). The layer is cut with CO2 laser beam to a cross-
section determined by CAD file and it cuts the excess material (Das et al., 2003). The excess material
provides support for subsequent layers. Originally, LOM was used to make laminated paper models (Park
et al., 2000); however now functional parts out of metals, ceramics and polymers are also build using it
(Marchelli et al., 2011; Chiu et al., 2006). Literature demonstrated that LOM can successfully produce
functional parts and patterns, for its dimensional accuracy (Yi et al., 2004), and low surface average
roughness (Ahn et al., 2012). The device, its positioning control systems and dispensing glue system are
similar to a traditional printer. When building is completed, a compact layered block is formed.
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Indirect Route of IC Pattern Making

In case of indirect route of AM assisted IC process, the master pattern prepared from the printer is used
in replication processes, for example silicon moulding, from where number of wax replicas can be gener-
ated for IC process. Figure 4 shows the classification of indirect route of pattern replicating process. This
collaboration of AM and silicon moulding further speed up the process and cuts the cost, significantly.

Silicon Rubber Tooling

In this process, a liquid silicone and hardener mixture is cast/mould around AM pattern contained in
a box, as shown in Figure 5. Initially master patter in hanged inside a plastic, wooden or metallic split
box. The runner and gating channels are incorporated by embedding ABS or Perspex rods into the liquid
silicone or by cutting the channels in the cured silicone block. Upon curing, the rods are removed to form
through channels and the pattern is subsequently removed to form the mould cavity by cutting along
the parting line (Cheah et al., 2005). Silicone rubber tooling allows quick production of inexpensive
multiple moulds for small and large parts with good part cosmetics (Smith et al., 1999). One mould
box can be used for the production of patterns 100-300; however the maximum reported are 1000 wax
patterns (Vickers, 2001). Zhang et al. (1999) produced ice patterns at Tsinghua University for silicone
moulding of wax pattern production.

Epoxy Tooling

In this process, the AM pattern is surrounded in clay up to the pre-determined parting line and integral
runner and gating channels are created by attaching ABS rods on the pattern.

Then the assembly is spray coated with release agent before liquid resin or powder mixture is cast
around the pattern. The system is left for curing and then the pattern is separated from the hardened
mould half, cleaned and re-coated with release agent in preparation for casting the second mould half
(Cheah et al., 2005). Holes form the alignment and locking features for the mould whereas matching
pegs form on the second mould half occupying the empty volume of these holes during casting. Epoxy
resin mould has been successfully utilized for both plastic and wax injection moulding (Warner 1993).
The metal filled epoxy tooling increases the durability and heat transfer characteristics of the mould, for
example, PolySteel moulds are reportedly much stronger than aluminium resin tooling.

Figure 4. Classification of indirect pattern making

Indirect route of pattern

replicating
Silicon rubber Epoxy Metal spray
tooling tooling tooling
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Figure 5. Description of silicon moulding process
(image courtesy: Fracktal Works).

Metal Spray Tooling

To create a spray metal mould, the tiny droplets of tin-zinc or steel melt are sprayed onto AM pattern
using an arc spray process (Chua et al., 1999). Further to strengthen the shell, a solid backing is cast
around the shell using pure epoxy, metal-filled epoxy or low-melt alloy backfill materials (Cheah et
al., 2005). With a proper choice of backfill material and the incorporation of cooling channels, a spray
metal mould exhibits good injection cycle times. This process offers numerous advantageous such as
low costs, high tolerances and good tooling life of approximately 10,000-100,000 injections (Heine et
al., 1955). Spray metal tools have been used in many applications and various plastics have been molded
including polypropylene, ABS, polystyrene and difficult process materials such as reinforced nylon and
polycarbonate. Spray metal tooling processes were developed by Ford’s Spray-Form (Chalmers, 2001)
and INEEL rapid solidification process tooling (Knights, 2001).
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TREATMENTS OF AM PATTERN SURFACES

Poor surface quality of finally produced AM based IC patterns is one of the most critical barrier restricting
the commercialization of AM systems within foundries. All the different technologies are working on a
same principle of layer manufacturing; hence it is difficult to avoid the stair-case stepping (Novakova-
Marcincinova, 2012). The final casted product will occupy the same surface and geometrical features as
of sacrificial pattern, thereby previous study highlighted the use of post processing of the AM patterns
prior to casting. There are many methods that can be employed for improving the surface topography
as given in Figure 7. Table 1 show the various research attempts in order to improve the surface finish
of AM parts.

It has been found from the literature review that the required level of surface finish is achievable
through several different attempts including: optimizing process parameters (such as part orientation,
built orientation and layer thickness), machining operation (like: CNC machining), chemical machining
and barrel finishing laser surface finishing operations.

CASE STUDIES

In this section, a brief discussion of few interesting studies of the various AM technologies assisted IC
process has been made in order to outline the feasibility of the combined route for attaining better quality
characteristics in-terms of the finally obtained component.

FDM Assisted IC
FDM-ABS Patterns for Investment Casting Process (Harun et al., 2009)
The authors established the physical and collapsibility characteristics of H shaped FDM pattern produced

as hollow and solid as shown in Figure 7. They have evaluated the various properties such as roughness,
geometrical and distortion occurred and established these characteristics. The surface roughness was

Figure 6. Methods of improving surface finish of AM parts.
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Table 1. Various attempts to improve surface finish of AM parts.

S. No. AM System Material Method Adopted Ref.
Singh et al.,
1 Chemical vapor treatment 2017; Singh &
Singh, 2017
Boschetto &
s Bottini, 2015;
2 Barrel finishing Boschetto et al.,
2016
FDM ABS
Vijay et al.,
2011; Lan
3 Parametric optimization etal., 1997,
Alexander et
al., 1998
.. Pham et al.,
4 Hot cutter machining 1999
5 Polyethylene wax Micro-ultrahigh pressure atomizing Yang et al.,
emulsion coating 2017
6 E-shell and SI500 Process optimization-meniscus Kunjan et al.,
SLA approach 2016
7 CIBA TOOL 5530 Process optimization ‘Wood, 2016
Acrylats, epoxies and . Onuh & Hon,
8 vinylethers New layerless fabrication strategy 1998
10 Polyamide 2200 Parametric optimization Bacchewar et
Y P al., 2007
11 Ciba Geigy XB5143 Mass burnishing media finishing 12)5 }f; etal,
SLA on
Sl.llCOIlC, polyurethane, . . Schmid et al..
12 Vinyl-acryl polymers and | Vibratory grinder
. 2009
divers
13 Polyamide 6 and Process parameter optimization Arjun etal.,
polyamide 12 P P 2012
14 LOM Poly(vinyl chloride) Machine parameter regulation gé)l i[iovw etal,

recorded highest at the interface of support and model material as compared to other surfaces, and highest
roughness value of 32.13um. Other surfaces of both solid and hollow patterns were having a constant
trend between 17.00pm to 19.00pm. The lowest surface roughness was recorded as 6.17pm in case of
hollow patterns. In case of dimensional accuracy, the highest and least percentage of deviation found
at location 22 and 2, respectively, as 1.23% and 1.14%. Distortion results refer Figure 8, showed that
hollow construction distorted 33.11% higher solid patterns. Hollow specimens recorded lower deviation
value than solid. It is suggested that the higher percentage of deviations occurred on solid patterns as
compared to hollow pattern. From the graph plotted in Figure 9, 90% of the patterns were observed to
be burned-off between 300°C and 400°C. However, the complete burn-off occurred at 500°C and ash
free burn was visible above 550°C. At 300°C, 400°C, 450°C and 500°C, some cracks were observed on
the shell of the solid pattern at the burning temperatures of due to expansion.
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Figure 7. H shaped FDM pattern, (a) solid and (b) hollow

Figure 8. Distortion plot
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Overall, it has been found that hollow patterns were proved as viable in-terms of dimensional accuracy,
mould cleanliness, pattern collapsibility and no mould cracking at all temperatures.

Surface Finish of Biomedical Implant Fabricated by
Rapid Investment Casting (Singh et al., 2017)

In this study, the authors have verified the feasibility of four stage combined processes that includes FDM,
chemical smoothing, vacuum casting and IC for the development of customized implant with appropriate
surface and dimensional accuracy. They have first conducted the pilot study first and proceeded towards
IC with the best settings as given in Table 2. Table 3 shows the third stage, i.e. IC stage, as per Taguchi
L9 array and Figure 10 shows the S/N response. Table 2 Input parameters and their level.

From Figure 10, it has been found that accuracy decreased within crease in mould wall thickness
and was least at 9 layers. In case of 7 layers, accuracy was highest because of less thickness of mould
wall that resulted into higher rate of heat transfer and thereby shrinkage occurs. The tolerance grades for
the dimensions obtained were found to be acceptable as per the ISO standard UNI EN 20286-1 (1995).

Table 2. Input parameters and their level

Stage Process Parameter Level 1 Level 2 Level 3 Op t“fmm
Setting
Orientation (degree) 0 90 - 90
FDM
Part density Low Medium High High
1
Chemical Number of cycle 3 4 5 5
smoothing Cycle time (sec) 4 6 8 4
PU material 6130 PX223 - PX223
% Hardener 90 95 100 100
2 VvC :
Curing temperature 70 30 90 70
(degree)
Curing time (sec) 45 55 65 45

Table 3. Control log of experiment

S. No. Dry Time (min) Number of Layers
1 330 7

330 8
330 9
360 7
360 8
360 9

7

8

9

390
390
390

O |0 | N[ ||~ |w [
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Figure 10. S/N response to dimensional accuracy (a) and surface roughness (b)
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Moreover, this combined route is statistically controlled as the resulting Cpk value is 1.44, means non-
confirming parts per million are just 20.27.

Hardness of Al-Al,O, Composite Prepared Using Alternative
Reinforced FDM Pattern (Singh & Singh, 2016)

Here in this work, FDM assisted IC route was explored for the development of Al-Al1203 based functionally
graded material. Initially, alternative reinforced FDM filaments were fabricated on single screw extruder
(refer Figure 11a) by using commercial available AI203 powder, Al and nylon-6 granules as filament
ingredients. Then cubical patterns (shown in Figure 11b and 11c¢) of volume 17576mm3, 27000mm3 and
39304mm3 were prepared with FDM at low density, high density and solid density. Barrel finishing was
also performed on the resulting patterns in order to improve their surface finish and used for IC process.

Taguchi method used to optimize input parameters without increasing the manufacturing. It has been
found that increasing A1203 content in FDM filament have increased the hardness value of the casted
specimens.

SLA Assisted IC

Investment Casting of Hollow Turbine Blade Based
on Stereo-Lithography (Wu et al., 2009)

The major purpose of this research study was to develop a new process of preparing integral ceramic
molds for IC process by using SLA. Aqueous gel casting process was utilized to fill the resin pattern
with low viscosity ceramic slurry. At last, IC of hollow turbine blade was obtained by vacuum drying,
pyrolyzing and sintering. The process was outlined as stable due to guaranteed accuracy but difficult
of measuring the inner dimensions and the relative position accuracy of cores and shell are reportedly
required to test further. Figure 12 shows the finally produced hollow turbine blade. This novel approach
enhanced the adaptability of SLA prototype in the manufacture of integral ceramic mold for IC process.
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Figure 11. Extrusion of filament (a), prototyping of pattern (b) and reinforced prototypes (c)

Extruded FDM
reinforced filament

IC reinforced FDM patterns
(c)

Ceramic Shell Cracking in Stereo-Lithography-Based
Rapid Casting Parts (Chen et al., 2011)

Similar to above, Chen et al. (2011) simplified a thermo-mechanical model for reducing the chances
of cracks in ceramic mould prepared with using SLA patterns. In their work, the distribution rule of
circumferential stress on the contact boundary between SL patterns and ceramic shell was theoretically
derived using displacement method to predict dangerous area of freeform-surface parts. Then the variation
rule of circumferential stress at the predicted dangerous area with changing temperature was revealed by
applying transient thermo-mechanical finite element analysis on a turbine blade cross section. Circumfer-
ential stress prior to 70°C was occurred majorly due to thermal expansion-induced interaction, however
relatively low stress and high strength in early stage did not ensure the preventing of shell cracking in
the entire pyrolyzing process. By adding high-temperature polymers, strength at higher temperature can
be increased to prevent shell cracking.
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Figure 12. Developed hollow turbine blade

Lattice Structure for SL Investment Casting Patterns (Norouzi et al., 2009)

This study presented importance of octagonal lattice structure (refer Figure 13a) of SLA patterns for IC
process in comparison of former hexagonal structure. The application of 3D-coupled thermal-mechanical
FE analysis, magnitudes of hoop stresses on ceramic shell during burnout can be computed. Addition-
ally, practical results obtained by the real-time strain gauging (see Figure 13b) of the cylindrical models
during the heating process up to 1008°C.

Numerical results for new octagonal structure indicate that, there was 62% reduction in maximum
hoop stresses exerted on the ceramic shell as well as reduction of both axial and hoop strain (near to

Figure 13. New proposed octagonal structure (a), strain measuring systems (b).

Axial

Second

First
circumferentia

curcumferential

Intemal
curcumferential
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50%). Furthermore, 49% of internal mass expressed the probability of dimensional accuracy improve-
ment for the octagonal structure.

LOM Assisted IC
Rapid Tooling and Patternmaking in Foundry Industry (Mueller & Kochan, 1999)

The LOM process in rapid tooling and pattern making is especially advantageous due to the robustness,
wood-like properties and their low material costs. Explicit application examples in sand casting, invest-
ment casting and ceramics processing show how a reduction of necessary process steps and cycle times
can be achieved by the application of LOM models. The axle bracket (refer Figure 14) was a typical
pressure die casting part used in the automotive industry. To reduce the effort for the wax injection tool
a LOM mold was used instead of a machined metal tool.

SLS Assisted IC
Selective Laser-Sintered of Zirconia Molds (Harlan et al., 2001)

The authors presented an approach of making zirconia and low temperature based copolymer moulds,
with SLS, to create titanium casting molds. In this process, SLS shapes were infiltrated with colloidal
zirconium and subsequently fired to pyrolyze the copolymer and crystallize the colloidal particles. The
resulting mold, consisted of cubic and monoclinic zirconia phases, increased infiltrated weight, improved
flexural strength and density, and reduced roughness of the mold material. The process resulted into

Figure 14. Axle bracket of automobile
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flexural strength of SMPa, average density close to 60% shrinkage occurred (during the first firing cycle)
to 13%. Metallographic examination of titanium casting revealed a narrow alpha case and an interior
consisting of acicular. This work demonstrated the feasibility of producing tailor titanium parts with
complex geometries directly from the scanned data without using any wax tooling or pattern.

Quality and Success Rate of the Patterns (Dotchev & Soe, 2006)

The main objective of their work was to analyze all stages of the CastForme polystyrene (CF) pattern
fabrication through laser sintering, to identify their inferior quality and to find out the scope for quality
improvement and failures reduction. This paper described manufacturing of patterns for shell or flask
investment casting. The process involved data preparation, laser sintering fabrication of “green” part,
cleaning and wax infiltration. All process stages were equally important for successful project completion
in terms of pattern quality and delivery time. The paper proposed a new approach for wax infiltration.
For this the green parts were heater at about 70-80°C and the plate and part was immersed into a vat of
molten wax. The infiltration process was observed through a window in the oven door and as soon as all
part surfaces was covered with wax; the plate was lifted in order to drain any extra wax from the part.
The preheating and infiltration time varied from 30 min to 1 hr as per the geometrical and volumetric
requirements.

CONCLUSION

In the light of literature reviewed in this chapter with respect to various innovations and research efforts
made with different types of AM technologies, following outcomes can be drawn:

The combination of AM and IC is a mature process that is continuously advancing to achieve the
goal of digitization of the foundry workshops in order to eliminate the clutters of injection tools, metal-
lic dies as well as to strengthen their economy by producing superior quality castings in a robust and
flexible manner. The outcomes of the literature are encouraging commercialization of the AM solutions
in investment and sand casting technologies. It has been found that the utmost contributions of AM in
foundry industry is the facilitation of concurrent engineering progresses in simulating, designing, de-
veloping, analysis and then production of any geometrical shape. The AM application, discussed here,
would serve the purpose of researchers, industrialist, and academicians to explore the viability of the
using established practices in their regular productions as well as to look into the areas where further
development is required. The current approaches such as FDM, SLA and SLS have been more on ap-
plications in novel product development and specialty construction.

AM technologies are doing well enough in production of rapid patterns as per requirements. However,
research efforts are still required to make these technologies suitable for mass production applications,
aside of indirect routes. Also it is the demand of the time to integrate these methods into manufacturing
oriented approaches that could include core, supports and mold production via sand printing and dies
and tools.
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In literature, numerous metals and alloys are successfully casted through AM assisted IC technology
and there is no restriction over the use of materials if is suitable for casting. Further, this hybrid manu-
facturing system is highly popular in medical sector hence it is utmost importance to study the counter
effects of foreign elements on the biological life and performance of the devices. Along with this, four
key tasks should also be addressed in the near future: (i) integrate AM into current metal casting, (ii)
develop higher speed milling, turning and CNC approaches for pre or post operations, (iii) print pattern
like disposable tooling by using AM and (iv) sustain and change traditional manufacturing with AM.
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ABSTRACT

The objective behind the development of miniaturization or small specimen test technology is to reduce
the cost and quantity of material involved during the characterization of the material. The idea of the
development of miniaturization took attention when the nuclear industry starts developing as these
materials are very costly and it is not economically feasible to waste large amount of these materials
for the sole purpose of testing. The second factor which promotes the miniaturization is that the work-
ing of machine is not affected while at the same time its material is being tested. At present, the idea of
miniaturization is being applied to other materials also. The miniaturization of standards for metals
has been done successfully in the past. For composites, not much work has been done. In the chapter,
the specimen size effects on tensile properties of glass fiber composite have been identified by varying
the length and width simultaneously and have established a relationship between the ASTM standard
specimen and the small size specimen.

INTRODUCTION
Background and Motivation

Fiber reinforced composites have an extensive array of applications. They range from structural to
recreational use. The aerospace and automotive industries look to composites to improve fuel economy
due to their high strength to weight ratio. The sports industry looks to composites to improve sports
equipment technologies. The fact that composites offer increased strength without sacrificing additional
weight is what gives composites the advantage from most structural and recreational materials. There
have been continuous efforts, to miniaturize test specimens for various reasons like scope for deriving
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more number of specimens from the sample removed, reduction in size of test equipment, saving in waste
handling requirements etc. The present work highlights the development of glass fiber composite, layout
of miniature test specimens, preparation of test specimens, miniature specimen testing procedures and
co-relationship with conventional procedures.

Problem Definition

The more recent introduction of FRP composite technology, together with the large range of materials
used and being introduced, brings, a broad design base, which was available for many metals, yet not
been compiled for FRP materials, which means, a much testing of composite specimens has to be carried
out either on full-scale prototypes, or, in order to save both time and expense, on small-scale models by
use of the principles of dimensional analysis. And if any discrepancies encountered whilst scaling from
model to full size (i.e. any size effects) should be both identified and understood.

Materials are subjected to various types of tests like tensile, impact and fatigue-fracture characteriza-
tion. Sub-sized conventional tests, which are essentially a scaled down version of conventional testing,
utilize specimens of similar geometry loaded in a similar manner, to produce results equivalent to that
obtained from larger specimens. Miniature specimen tests are employed for determination of residual
service life of the operating component, by extrapolating the results of evaluation of small specimen.

In a review of literature, it has been shown that the majority of the existing work in the field of small
specimen test technology used high quality, pre-preg carbon/epoxy laminates which have been used in
the aero- space industries. It is shown that a number of authors have come to the conclusion that the
scale/size phenomenon exists. But very few statistical and experimental analyses of the results and
trends are reported.

The scaling problem is very complex for composites due to intricate nature of their micro-structure. In
addition the many possible material properties that may be considered, such as manufacturing technique
and conditions, and fiber and matrix materials, further complicate the problem. Further, the mechanical
testing of composite materials is a very wide subject, with many variables that would affect the observed
material properties.

The objective of the present study is to identify specimen size effects on tensile properties of glass
fiber composite by varying the in-plane dimensions (length and width) simultaneously and establish a
relationship between the ASTM standard specimen and the small size specimen. Development of min-
iature specimen testing technique involves two aspects: namely, development of methods for preparation
of miniature specimens and development of techniques to extract useful mechanical properties from such
specimens. Hand lay-up method have been used to prepare glass fiber composite. ASTM D3039 standard
have been used to prepare standardized specimen and the number of specimens prepared for each size
is ten. ASTM standard specimen have been tested on nano plug machine and the sub-specimen have
been tested tinius olsen machine. Regression analysis have been done with the help of minitab software.

ORGANIZATION OF CHAPTER

The current report is divided into six parts.
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Part 1 describes the objective and problem of the current work. Literature reviewed during the current
work has been described in part 2. Literature gap and the justification of the objective has been given at
the end of part 2. Testing conditions, standard used, testing equipment, material properties, fabrication
method and problems encountered during experiments have been described in part 3. Results obtained
by the testing of specimens for each sample is been given in part 4. Young modulus for all the samples,
along with the correlation and regression analysis between ASTM standard specimen and the sub size
specimens have also been described in part 4. In the end conclusion and future work have been given
in part 5.

LITERATURE REVIEW

The question of size effect in composites has been around since 1960’s. The fact that much work is still
underway shows that conclusive evidence has not yet arise to answer the question. The work done in
the field of miniaturization which has been reviewed is described below under the separate heading of
metals and composites.

Work Done in the Field of Metals

Reed et al. (1883) compare the results of two methods (miniature specimens machined from the plate and
short transverse specimens with welded prolongations) to calculate the short transverse tensile properties
of light gage (<50mm) steel plate. He found that the advantage of miniature specimen is that, they are
ideally suited for light gage plates and have the ability to test specific regions of a plate such as surface,
quarterline or centerline through positioning of the specimen. In the end he concluded that the miniature
specimen provides valuable test data unobtainable from the welded specimens.

Manhan et al. (1995) presented the result of a study which is focused on designing an optimized
miniature notch test (MNT) specimen and machine. Experiments are performed on one sided grooved
miniaturized notch test specimens which shows that 1/16 scale miniature specimens can be designed to
yield transitional fracture behavior and the fracture appearance and energy temperature curves can be
quantitatively related to the conventional ASTM E23 specimen data.

Fleur et al. (1998) use small punch test techniques to evaluate mechanical properties of components
using miniaturized sized specimens and correleations between mechanical characterstics determined
from small punch test tests and uniaxial tensile tests for low alloy steels have been obtained. Analytical
formulations have also been used to estimate the uniaxial tensile stress-strain behavior for low alloy
steels from experimental small punch load deflection curves.

Rosinski and Corwin et al. (1998) study the result of an international testing exercise which was
conducted under ASTM committee E10.02 to obtain a cross comparison of material properties which are
obtained from various sub-size specimen testing techniques. The testing material used in the exercise is
ASTM A533 grade B class 1 plate designated as HSST plate 03 privided by Oakridge national laboratory.

Yuanchao et al. (2000) uses the modified miniature specimen test (MMST) technique to determine
the yield strength, tensile strength and uniform elongation of unirradiated and irradiated reactor pres-
sure vessel steels and also describe the conditions for irradiating the miniature specimensand compare
the results with conventional tensile test data. He also describe the use of MMST technique to radiation
surveillance for pressurized water reactor components.
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Kim et al. (2011) studies the constitutive data and widely obtained fracture toughness data sets at
transition temperature of F82H to establish master curve method for reduced-activation ferritic (RAF)
steels from view point of fracture mechanics and for effective production of irradiation database. Small
specimen test are used with different levels of phosphorus addition to F82H steels. Effect of specimen
size and phosphorus on fracture toughness is also evaluated using different size specimen.

Volak et al. (2012) design and manufacture the special miniature test specimens for the purpose of
fatigue testing of seven different steels and an Al alloy. Also describe the results of fatigue tests performed
on miniature test specimens in comparison with traditional fatigue tests.

Songa et al. (2012) performed conventional tensile test and small punch test on a failed ASTM 350
forging flange to study specimen size effect on mechanical behavior and also study the effect of anisot-
ropy on mechanical properties by machining the specimens from failed flange along circumferential
and longitudinal directions.

Shin et al. (2012) evaluate fatigue crack propagation properties using miniature specimens and find
out that fatigue crack propagation rate in sub-size specimens is slightly but consistently slower than that
in the standard specimens.

Ermi et al. (1986) developed miniature specimens to characterize the effect of neutron irradiation
on the fatigue crack growth behavior of candidate fusionreactor first wall materials. The miniature
centre-cracked-tension specimens show the same crack growth rate results as the larger specimens and
occupying a fraction of the volume of the larger specimens.

Lucon et al. (1993) evaluate service exposed components mechanical properties by means of sub-
size and miniature specimens. Different sub-size or miniature specimens have been used for various
mechanical testing, as, cylindrical specimens with circumferential crack for fracture toughness testing
& miniature disk shaped specimens for upper shelf ductile regime, small size specimens for low cycle
fatigue testing with enhanced cycle frequency.

Manhan et al. (1999) study the results of the two standards which are developed by ASTM subcom-
mittee E 28.07.07. The first standard focused on test procedures for instrumented impact testing and
ASTM E23 will reference the instrumented test standard for tests conducting conventional Charpy V-
notch (CVN) specimens. The second standard covers miniaturized charpy V-notch (MCVN) testing. Six
specimens each are tested in upper shelf region and in transition region.

Kundan et al. (2006) studies the boat sampling developed at BHABA ATOMIC RESEARCH CEN-
TER (BARC) and explain the method to prepare miniature specimens and develop co-releationship with
conventional tets.

Ksada et al. (2006) find out the fracture toughness of blanket structural materials using master curve
(MC) methodology and evaluate change in fracture toughness in the cleavage regime of a reduced ac-
tivation ferrite (RAF) before and after thermal embrittlement treatment has been applied by using sub
sized compact tension test specimens.

Wanga et al. (2008) performed small punch tests on round specimens at room temperature with six
kind of thicknesses and experiments results show that the small punch energy, fracture strain and fracture
toughness increase with the thickness of the small punch samples.

Kurtz et al. (2002) developed the miniature specimen shear punch test to evaluate the shear behavior
of ultra high molecular weight polyethylene used in total joint replacement components. Also investigated
the shear punch behavior of virgin and crosslinked materials as well as of ultra high molecular weight
polyethylene from tibial implants which were gamma irradiated in air and shelf aged for upto 8.5 years.
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Work Done in the Field of Composite

Mcloughlin et al. (1972) described a method for preparing small carbon fiber reinforced composite test
specimens which results in high quality specimens of fiber volume fraction. The small size test speci-
mens will serve as standard against which large specimens can be compared and they are also useful
for evaluating new fibers, resins and molding conditions. Also the effect of specimen geometry, such as
span to thickness ratio and width to thickness ratio, has been studied for carbon fiber/epoxy composite.

Funk et al. (1986) developed a miniature double cantilever beam (DCB) and edge delamination test
(EDT) specimens to determine the Mode I critical strain energy release rate G, and the mixed mode I
and II critical strain energy release rate G, and the results from miniature specimens are compared with
that of standard specimens used for DCB and EDT test.

Crasto et al. (1994) uses a miniature sandwich specimen to study the effect of matrix modulus and
fiber matrix interfacial bond strength on unidirectional carbon/epoxy composite. The miniature specimens
have higher compression strengths as compared to conventional specimens for unidirectional carbon/
€poxy composites.

Kim et al. (1994) used finite element method to study the effect of stress distribution at the ends of
gage section of a miniature sandwich specimens and a conventional all composite specimen. The influ-
ence of parameters such as tab material, thickness and the taper angle is also investigated to optimize
the geometry of miniature sandwich specimen with respect to stress concentrations.

Nozawa et al. (2002) investigated miniaturization of tensile specimen methodology to evaluate tensile
properties of ceramic matrix composites such as SiC/SiC composites and for the establishment of small
specimen test technique and specimen size effects on the tensile properties of plain weave, satin weave
and 3-D SiC/SiC composites. There are dissimilarities between the dendencies of tensile properties for
2-D SiC/SiC composites to that for 3-D ones.

Nozawa et al. (2005b) identify specimen size effects on tensile properties of SiC/SiC composites
and find out that both 2D and 3D SiC/SiC composites with the same axial fiber volume content hardly
exhibit meaningful size effect on the tensile properties in fiber longitudinal direction.

Nozawa et al. (2005a) uses the small specimen test technique to determine the tensile, flexural and
shear properties of unidirectional SiC/SiC composites fabricated with highly crystalline and stochiometric
fibers and matrix but with three different fiber matrix interfaces and then irradiated to compare the role
of different interfaces on neutron irradiation behavior.

Lee et al. (2008) study the scaling effects in determining the effect of notch size, ply and thickness
on the strength of composites with open holes which are prepared from carbon/epoxy pre-impregnated
tapes by hand lay-up method in the form of unidirectional and multidirectional laminates.

Bing et al. (2008) studies the specimen size effect in off-axis compression test by conducting experi-
ments on small blocks off-axis specimens of low modulus S2 glass fiber reinforced composites and high
modulus AS4 carbon fiber reinforced composites and found that the off-axis compressive strength of
glass/epoxy composite decreased by small amount while there is a considerable reduction in off-axis
compressive strength of high modulus carbon/epoxy composites when specimen width or thickness has
increased.
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Literature Gap

Small size specimens have been prepared for carbon/epoxy composites and SiC/SiC composites and
have been tested to determine various properties. But the correlation between the small size specimen
properties and the ASTM standard specimen have not been identified.

While preparing the small size specimens, the dimensions of the ASTM standard specimen have been
varied one at a time while keeping the other two dimensions kept constant. In the current problem, two
dimensions (length and width) have been varied simultaneously while the third dimension (i.e thickness)
will remain constant.

EXPERIMENTAL PROCEDURE
ASTM Standard

ASTM standard used during the experimental procedure is ASTM D3039.

ASTM D3039 determines the in-plane tensile properties of polymer matrix composite materials
reinforced by high modulus fibers. The composite material forms are limited to continuous fiber or dis-
continuous fiber reinforced composites in which the laminate is balanced and symmetric with respect
to the test direction.

Test Method

Thin flat strip of material having a constant rectangular cross section is mounted in the grips of a me-
chanical testing machine and monotonically loaded in tension while recording load. The ultimate tensile
strength of the material can be determined from the maximum load carried prior to failure.

Properties Determined
The following properties can be determined by using the standard ASTM D3039:

Ultimate tensile strength

Ultimate tensile strain

Tensile chord modulus of elasticity
Poisson ratio

Transition strain

Test specimen geometry

Design recommendations for tensile test coupons for ASTM D3039 are given in table 1 and corre-
sponding dimensions will be given in table 2.
Tensile test specimen drawing is been shown in figure 1.
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Table 1. Tensile Specimen Geometry Requirements

Parameter

Requirement

Coupon requirements:

Shape

rectangular cross section

Minimum length

Gripping + 2 times width+ gage length

Specimen width As needed
Specimen width tolerance +1% of width
Specimen thickness As needed

Specimen thickness tolerance

+4% of thickness

Specimen flatness

Flat with light finger pressure

Tab requirements (if used)

Tab material As needed
Fiber orientation(composite tabs) As needed
Tab thickness As needed

Tab thickness variation between tabs

+1% tab thickness

Tab bevel angle

5 to 90°, inclusive

Table 2. Tensile specimen geometry recommendations

printed on 2/14/2023 11:31 AMvia .

. o Width UGl Thickness Tab Length | Tab Thickness | Tab Bevel
Fiber Orientation T Length — e e Angle. °
. mm(in.) 3 4 B gle,
0° unidirectional 15(0.5) 250(10.0) 1.0(0.040) 56(2.25) 1.5(0.062) 7 or 90
90° unidirectional 25(1.0) 175(7.0) 2.0(0.080) 25(1.0) 1.5(0.062) 90
Balanced and symmetric 25(1.0) 250(10.0) 2.5(0.100) Emery cloth - -
Random-discontinuous 25(1.0) 250(10.0) 2.5(0.100) Emery cloth - -
Figure 1. Tensile Test Specimen
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MATERIAL USED
Glass Fiber

Glass fiber, in fabric form, is been supplied by KE- Technical textiles pvt. Limited. The relevant proper-
ties of glass fiber fabric is given in table 3(refer figure 2).

Resin Material

Epoxy LY556 has been used as resin matrix material. Hardner (Arador HY 951) has been mixed in the
epoxy in the ratio of 1:10.

Figure 2. Glass Fiber Fabric

Table 3. Glass Fiber Fabric Properties

Manufacturer KE-Technical Textiles pvt. Itd.
Texture Plain
Warp 15
No. of Threads per Inch
Weft 12
Heat Loss at 600°c for %2 hr.(%) 0.82
Weight per Sq. Mtr. Gms. 362
Thickness(mm) 0.38+0.40
Warp 118-124
Tenslie Strength (kgf/cm.)
Weft NA
Width of Roll 40 inch
Length of Roll 20 meter

56

printed on 2/14/2023 11:31 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Miniaturization of Test Specimen for Composites

TEST SPECIMEN PREPARATION
Test Specimen Dimension

Dimension of the test specimen and number of specimens prepared for each dimension with a particular
code is given in table 4.

Fabrication Method of Test Specimen

Hand lay-up method has been used to prepare the test specimen (Refer Figure 3)
Method for composite fabrication have been described in the following steps:

e  First a smooth surface (steel plate or tile) has been placed horizontally and cleaned thoroughly
with the acetone so that there will be no tiny particles present on the surface which otherwise
would produce unwanted impressions on the composite surface.

e  Then, a polythene sheet was placed on smooth surface and wax polish was applied on it which
works as a releasing agent.

e Then, first fabric layer was put on the polythene sheet and resin has been applied on it all over the
surface.

e  After applying the resin on the top side of first layer, it was inverted and again the resin was ap-
plied all over it, so that both surfaces will become smooth.

Table 4. Test specimen dimensions

Test Specimen Length(mm) Width(mm) Thickness(mm) Spl:;)i.n:):ns Code
Test specimen 1 250 15 1 10 UNID/G/A/1
Test specimen 2 250 12 1 10 UNID/G/A/2
Test specimen 3 250 9 1 10 UNID/G/A/3
Test specimen 4 250 6 1 10 UNID/G/A/4
Test specimen 5 200 15 1 10 UNID/G/B/1
Test specimen 6 200 12 1 10 UNID/G/B/2
Test specimen 7 200 9 1 10 UNID/G/B/3
Test specimen 8 200 6 1 10 UNID/G/B/4
Test specimen 9 150 15 1 10 UNID/G/C/1
Test specimen 10 150 12 1 10 UNID/G/C/2
Test specimen 11 150 9 1 10 UNID/G/C/3
Test specimen 12 150 6 1 10 UNID/G/C/4
Test specimen 13 100 15 1 10 UNID/G/D/1
Test specimen 14 100 12 1 10 UNID/G/D/2
Test specimen 15 100 9 1 10 UNID/G/D/3
Test specimen 16 100 6 1 10 UNID/G/D/4
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e  Subsequently layers were added till the required thickness was achieved with resin being applied
after addition of each layer.
Care have been taken to avoid any air getting trapped between the layers while adding the resin.
After the addition of required number of fabric layers, the excess resin between the fiber layers
were squeezed out with the help of a steel roller.

e After that, a second polythene sheet, with wax polish applied on it, is placed on top of the fabric
layers.
After that, second tile were placed on the polythene sheet.
At last, a distributed weight is placed on the tile and the setup was allowed to cure under room
temperature conditions for 48 to 72 hours.

Preparation of Samples From Fabricated Laminate

The edges of the laminate should be cut out as they are of uneven thickness.
Specimen dimensions were marked on the laminate with the help of soft point marker. Hard point
marker should not be used as it would destroy the surface of laminate (refer figure 4).

e  Margin of 3.0 mm has been given between markings of two consecutive samples to ease the cut-
ting of samples from the laminate.
Cut out samples were ground on the surface grinder to smooth the edges of the sample.
At the end, the edges of the sample were rubbed with the emery paper to smooth out the edges.

e One of the main problems encountered during experiment was the slipping of specimens from the
grip of machine. To avoid the slipping of specimen emery paper have been wrapped around the
tab length of the specimen and then gripped in the machine (refer figure 5).

TESTING EQUIPMENT

Tinius Olsen machine with a load cell of range 10KN has been used to test sub size specimens. Nano
Plug ‘n’Play machine manufactured by BISS with a load cell of range 0 to 25KN and maximum stroke
of 60mm has been used to test ASTM standard specimen. The grip provided in Tinius Olsen machine is
of mechanical type while grip in Nano Plug ‘n’Play machine is of hydraulic type (refer figure 6).

Figure 3. Hand Lay-up Method

[ .
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Figure 4. Composite Laminate with marks for cutting the test specimen

Figure 5. Gripping of specimen

Criss cross
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RESULTS AND DISCUSSION
Tensile Test Result

Tensile test result for all the specimens with stress-strain curves, normal distribution of young modulus
and tensile modulus for each sample has been shown from figure 7 to figure 22.

Mean value of tensile modulus for each sample and the standard deviation for all the specimen has
been given in table 5.

CORRELATIONS BETWEEN ASTM STANDARD
SPECIMEN AND SUB SIZE SPECIMEN

Pearson correlation coefficient is used to measure the degree of linear relationship between two variables.
The correlation coefficient assumes a value between -1 and +1. If one variable tends to increase as the
other decreases, the correlation coefficient is negative. Conversely, if the two variables tend to increase
together the correlation coefficient is positive. Correlation between young modulus of ASTM standard
specimen and the sub size specimens is given in table 5 and the nature of relationship based on the value
of correlation coefficient is been given in table 6.

Table 5. Mean value of tensile modulus and standard deviation

Specimen Tensile Modulus (GPa) Standard Deviation
UD/G/A/1 26.38 1.265
UD/G/A/2 27.57 1.507
UD/G/A/3 6.216 1.513
UD/G/A/4 7.413 2.301
UD/G/B/1 4.007 1.113
UD/G/B/2 6.723 2.612
UD/G/B/3 4.943 1.366
UD/G/B/4 7.834 2.873
UD/G/C/1 4.259 1.200
UD/G/C/2 5.217 0.8126
UD/G/C/3 6.297 1.007
UD/G/C/4 6.839 1.789
UD/G/D/1 1.044 0.1904
UD/G/D/2 1.773 0.6014
UD/G/D/3 2.716 0.4662
UD/G/D/4 3.106 0.4982
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Figure 7. Tensile Test result for Specimen UD/G/A/1
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Figure 8. Tensile test result for specimen UD/G/A/2
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Correlation Coefficient Value Interpretation

From table 6 and 7, it is clear that there is a substantial relationship between specimens UD/G/B/4 &
UD/G/A/1 and specimens UD/G/C/3 & UD/G/A/1.
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Figure 9. Tensile Test Result for specimen UD/G/A/3
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Figure 10. Tensile Test result for Specimen UD/G/A/4
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REGRESSION ANALYSIS

Regression analysis has been done with the help of MINITAB software. In the regression analysis the
predictor are length and width of specimens and the response variable is young modulus of the specimens.
In the regression equation, the specimen codes represent the young modulus of that particular specimen.
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Figure 11. Tensile Test result for Specimen UD/G/B/1
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{c) Tensile modulus for each sample
Figure 12. Tensile Test result for Specimen UD/G/B/2
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(a) Stress-strain curve (b) Normal distribution curve for tensile modulus
sample 1 2 3 4 S 6 7 8 9 10
young 3.208 | 9.016 9.657 10.442 6.644 | 8.588 5.934 | 5.706 3.132 4.908
modulus(GPa)

(c) Tensile modulus for each sample

Simple linear regression examines the linear relationship between two continuous variables: one
dependent (y) and one independent (x). When the two variables are related, it is possible to predict a
dependent value from an independent value with better than chance accuracy. Regression provides the
line that “best” fits the data. This line can then be used to: how the dependent variable changes as the
independent variable changes predict the value of a dependent variable (y) for any independent variable
(x).The method used to draw this ‘best line” is called the least-squares criterion. The least- squares cri-
terion requires that the best-fitting regression line is the one with the smallest sum of the squared error
terms (the distance of the points from the line).
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Figure 13. Tensile Test result for Specimen UD/G/B/3
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(a) stress-strain curve (b) Normal distribution curve for tensile modulus
sample 1 2 3 4 S 6 7 8 9 10
young 5.696 | 5.356 7.134 2,608 | 5.713| 5.713 | 4.757| 5.456 3.776 | 3.221
modulus(GPa)
(c) Tensile modulus for each sample
Figure 14. Tensile Test result for Specimen UD/G/B/4
Histogramof UD/G/B/4
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{a) Stress-strain curve (b)Normal distribution curve for tensile modulus
sample 1 2 3 4 S 6 7 8 9 10
young 11.97 | 12.572 6.794 9.978 | 6.734| 5.796 4.679 | 8.727 6.652 | 4.436
modulus(GPa)
T
(c) Tensile modulus for each sample

Regression Analysis for Change in Tensile Modulus
(AE) vs. Change in Length (Al) and Width (Aw)

The regression equation for change in tensile modulus (AE) is given by

AFE = 0.17544 x Al 4 2.34285 x Aw — 0.018711 x Al x Aw

Table 9 gives the values of fits and residuals for regression analysis of change in tensile modulus.
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Figure 15. Tensile Test result for Specimen UD/G/C/1
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modulus(GPa)
(c) Tensile modulus for each sample
Figure 16. Tensile Test result for Specimen UD/G/C/2
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(a) stress-strain curve (b) Normal distribution curve for tensile modulus
sample 1 2 3 4 S [3 7 8 9 10
young 5.115| 4.049 6.018 4.232| 5.619| 4.071 5.368 | 5.774 6.097 | 5.115
modulus(GPa)

(c) Tensile modulus for each sample

Figure 23 shows the residual plots for change in tensile modulus.
Regression Analysis for Tensile Modulus (E) vs. Length () and Width (w)
The regression equation for tensile modulus (E) is given by

E =—-12.5+0.0889] + 0.438w

EBSCChost - printed on 2/14/2023 11:31 AMvia . All use subject to https://ww. ebsco.conitermns-of-use



Miniaturization of Test Specimen for Composites

Figure 17. Tensile Test result for Specimen UD/G/C/3
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modulus(GPa)
(c) Tensile modulus for each sample
Figure 18. Tensile Test result for Specimen UD/G/C/4
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(a) stress-strain curve (b) Normal distribution curve for tensile modulus
sample 1 2 3 4 S 6 7 8 9 10
young 6.756 | 5.173 3.525 8.3 5.527 | 9.844 6.393 | 7.844 7.405 7.619
modulus(GPa)
(c) Tensile modulus for each sample

COMPARISON OF RESULTS

Variation in tensile modulus for various combinations of length and width has been shown in figure 25.

From figure 25, it is clear that there is very little variation in the value of tensile modulus when width
is change from 15mm to 12 mm while length is kept constant but after that, tensile modulus drops con-
siderably when width is further reduced to 9mm. Also there is very little variation in the tensile modulus
with further change in the value of length and width.
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Figure 19. Tensile Test result for Specimen UD/G/D/1
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(c) Tensile modulus for each sample

Figure 20. Tensile Test result for Specimen UD/G/D/2
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(c) Tensile modulus for each sample

In figure 26 and 27, curve ‘experimental’ shows the values obtained of tensile modulus from experi-
mental results while the curve ‘fit]” & curve ‘fit2’ shows the values of tensile modulus obtained from
regression equation respectively.

67

EBSCChost - printed on 2/14/2023 11:31 AMvia . All use subject to https://ww. ebsco.conitermns-of-use



Miniaturization of Test Specimen for Composites

Figure 21. Tensile Test result for Specimen UD/G/D/3
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Figure 22. Tensile Test result for Specimen UD/G/D/4
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In the present study, tensile test specimen, of glass fiber composite, of ASTM standard and various sub
sizes have been tested and the data obtained from the experiments have been studied. The observation
made from the experimental data and the regression analysis has been given below:

e  There is very minor difference between tensile modulus of specimen UD/G/A/1 & UD/G/A/2 i.e
when the width is reduced from 15mm to 12mm while length is kept constant.

e  The value of tensile modulus decrease considerably when the width is further reduced from 12mm
to 9mm but after that there is very small variation in the tensile modulus.
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Table 6. Correlation between young modulus of ASTM standard specimen and the sub size specimen

UD/G/A/1
Specimen
Pearson Correlation P-Value
UD/G/A/2 -0.284 0.427
UD/G/A/3 -0.379 0.280
UD/G/A/4 0.043 0.907
UD/G/B/1 -0.225 0.533
UD/G/B/2 -0.391 0.265
UD/G/B/3 -0.373 0.288
UD/G/B/4 0.490 0.151
UD/G/C/1 -0.160 0.660
UD/G/C/2 -0.271 0.448
UD/G/C/3 -0.401 0.251
UD/G/C/4 0.107 0.769
UD/G/D/1 -0.180 0.618
UD/G/D/2 -0.182 0.616
UD/G/D/3 -0.275 0.442
UD/G/D/4 0.276 0.441
Table 7. Correlation Coefficient Value Interpretation
Correlation Coefficient Nature of Relationship
0.80 - 1.00 Very strong relationship
0.60-0.79 Strong relationship
0.40 - 0.59 Substantial/marked relationship
0.20-0.39 Low relationship
0.00-0.19 Negligible relationship
Box 1.
Predictor Coef SE Coef! T2 P?
Al 0.17544 0.03584 4.46 0.001
Aw 2.34285 0.5973 2.78 0.017
AlAw -0.01871 0.006385 -2.59 0.024

S* = 4.7881 R-Sq° = 66.6% R-Sq(adj) = 58.8%
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Source DF SS¢ MS’ F® P
Regression 3 549.35 183.12 7.98 0.003
Residual Error 12 275.19 22.93
Total 15 824.54

Table 9. Fits and Residuals for Change in Modulus

Obs. Al Aw AE fit’ Residual

1 0 0 0.00 0 0
2 0 3 -1.20 7.02855 -5.82855
3 0 6 20.16 14.0571 6.1029
4 0 9 18.96 21.08565 -2.12565
5 50 0 22.37 8.77 13.6
6 50 3 19.65 12.99205 6.65795
7 50 6 21.43 17.2141 4.2159
8 50 9 18.54 21.43615 -2.89615
9 100 0 22.12 17.54 4.58
10 100 3 21.16 18.95555 2.20445
11 100 6 20.08 20.3711 -0.2911
12 100 9 19.54 21.78665 -2.24665
13 150 0 25.33 26.31 -0.98
14 150 3 24.64 24.91905 -0.27905
15 150 6 23.66 23.5281 0.1319
16 150 9 23.27 22.13715 1.13285

e  Relationship between the change in tensile modulus & length and width and the relationship be-
tween the tensile modulus & length and width is given below:

AFE = 0.17544 x Al +2.34285 x Aw — 0.018711 x Al x Aw
E=-125+0.0889 x1+0.438 x w
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Figure 23. Residual plots for change in tensile modulus
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Table 10. Analysis of Variance for regression equation

Source DF Sste MS" F'8 P
Regression 2 429.90 214.95 5.76 0.016
Residual Error 13 484.97 37.31
Total 15 914.86

Table 11. Fits and Residuals for Tensile Modulus

Obs. 1 w E fit SE Fit Residual St Residual
1 250 15 26.38 16.28 3.27 10.09 1.96
2 250 12 27.57 14.97 2.64 12.60 2.29R
3 250 9 6.22 13.66 2.64 -7.44 -1.35
4 250 6 7.41 12.34 3.27 -4.93 -0.96
5 200 15 4.01 11.84 2.64 -7.83 -1.42
6 200 12 6.72 10.52 1.81 -3.80 -0.65
7 200 9 4.94 9.21 1.81 -4.27 -0.73
8 200 6 7.83 7.90 2.64 -0.06 -0.01
9 150 15 4.26 7.39 2.64 -3.13 -0.57
10 150 12 522 6.08 1.81 -0.86 -0.15
11 150 9 6.30 4.76 1.81 1.53 0.26
12 150 6 6.84 3.45 2.64 3.39 0.62
13 100 15 1.04 2.95 3.27 -1.90 -0.37
14 100 12 1.73 1.63 2.64 0.10 0.02
15 100 9 2.72 0.32 2.64 2.40 0.44
16 100 6 3.11 -1.00 3.27 4.10 0.80
Figure 25.
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Figure 26.
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Future Work

1. Further reduction in the size of ASTM standard specimen should be done but up to the dimensions
where tensile effect dominates.

2. Present work should be repeated for cross-ply and angle-ply laminates and the regression equations

should be verified for cross-ply and angle-ply laminates.

Experimental data can be verified with the help of inverse finite element method.

4.  Effect of miniaturization should also be inspected for three point bending test also.

b
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ENDNOTES

SE coef = gives estimated standard deviations (standard errors).

T= gives T-statistics which is used in significance test for null hypothesis.

P= gives Pearson correlation value.

S= standard deviation of error terms.

R-sq=coefficient of determination (gives amount of variation in the response which is explained
by the model).

6 SS= sum of squares of error terms.

MS= mean of square of error terms.

F-value= test the hypothesis that all the coefficient in a regression model are zero.

o Fit= value of change in modulus obtained from regression equation.

Residual= difference between experimental value and fitted value.

SE coef = gives estimated standard deviations (standard errors).

T= gives T-statistics which is used in significance test for null hypothesis.

P= gives Pearson correlation value.

S= standard deviation of error terms.

15 R-sq=coefficient of determination (gives amount of variation in the response which is explained
by the model).

SS= sum of squares of error terms.

MS= mean of square of error terms.

F-value= test the hypothesis that all the coefficient in a regression model are zero.
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Chapter 5

Kinematic Modelling and
Simulation of 8 Degrees of
Freedom SCARA Robot
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ABSTRACT

Robots are electromechanical systems that need mechatronic approach before manufacturing to reduce
the development cost. In this chapter, the modelling of the 8 degrees of freedom (DOF) SCARA robot
with a multiple gripper using SolidWorks CAD software and the dynamic study with the aid of MATLAB/
SimMechanics is presented. The SCARA with multiple gripper is used for pick and place operation in
manufacturing industries. The SolidWorks CAD model of SCARA with multiple grippers is converted
into SimMechanics block diagram by exporting the 3D CAD model to the MATLAB/SimMechanics sec-
ond generation technology environment. The motion sensing capability of the SimMechanics is used for
determining the dynamic parameters of the manipulators. The SimMechanics block diagrams and the
results of the dynamic study presented in this chapter infer that the structure of the robot can be changed
to get the required dynamic parameters.

INTRODUCTION

The SCARA (Selective Compliance Articulated Robot Arm) is aextensively applicable robot manipulator
in this industrial developed age. It is a popular configuration with RRP (Revolute Revolute Prismatic)
structure with four degrees of freedom. It has two revolute and one prismatic joint. The gripper is at-
tached to end of the prismatic arm.The prototype of SCARA robot is introduced in the year 1978 in
Japan (Siciliano & Khatib, 2008). SCARA is compact and the working envelopes are relatively limited.
Today SCARA robots are very widely used in manufacturing industries for its high speed, short cycle
time, advanced control for path precision and controlled compliance to perform the necessary light duty
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tasks to achieve high flexibility, dexterity and productivity. Few light duty applications of SCARA are:
product inspection, touch panel evaluation, conveying masks for wafers, Screw tightening, stacking
electronics components, and inserting components in printed circuit boards, tapping, and chamfering,
deburring, drilling, welding, soldering, gluing, packing, loading and unloading parts of an automated line.

BACKGROUND

Nowadays automotive industries are utilizing SCARA robots for handling the body works, engines,
chassis, and other components (Jazar, 2009). The flexibility in workspace and the usage of multiple
tool is very essential for the above task. This can be achieved by the redundancy in the design of the
manipulator. The SCARA with redundant characteristics can be achieved by kinematic modelling of
the configuration followed by dynamic study with the help of simulation environment in aid with CAD
modelling tools. Rehiara (2011) worked and authored an article explaining the forward kinematics and
inverse kinematic approach to find the position of the SCARA robot end effector position using D-H
convention and corresponding transformation matrices. Spong, Hutchinson and Vidyasagar (2005) ex-
plained the forward and inverse kinematics of various robot configurations, including SCARA compre-
hensively in his publication. Hernandez, Bravo, de Jesus Rubio and Pacheco (2011) studied forward and
inverse kinematics for SCARA, Cylindrical robot with four degrees of freedom to find the end-effector
position and orientation which is applicable for TIG or MIG welding. The researchers like Wijesekara
Arachchige and Salem Abderrahmane (2013) worked on reconfigurable end effectors. The SCARA robot
was reconfigured from 4 DOF to 6 DOF. The state of the joint was selected by the motion of the end
effector, and the constraints. This methodology is applied to the SCARA robot manipulator to improve
its last joint capability. The researchers replaced the last joint with new reconfigurable joint and robot
kinematic theory is applied for model evaluation. Patel and Sobh (2014) made a comprehensive study of
manipulator performance measures that are very essential to design and study the applications of robotic
manipulators. The kinematic indices, manipulability indices and important performance parameters are
referred in his chapter to develop a robot with improvised configuration. These researches facilitates
the development of new kinematic model for the SCARA robot with multiple tool which is mentioned
in this chapter.

Fang and Li (2013) observed and verified the correctness of the SCARA robot model problem in
terms of motion of each joint. The researchers used the kinematic modelling and simulation techniques.
Alshamasin, Ionesco and Taha Al-Kasasbeh (2009) developed a complete mathematical model of the
SCARA robot which includes servo actuator dynamics and presented together the dynamic simulation
in the research. The forward and inverse kinematics equations are derived by using D-H convention. The
researchers lonescu, Chojnowski and Constantin (2002, 2007) proposed that simulation is important for
robot programmers in allowing them to evaluate and predict the behaviour of a robot, and in addition to
verify and optimize the path planning of the process. Michel (2004) emphasized in his chapter the need
and the application of modelling and simulation software’s to predict the accuracy and computational
efficiency of the manipulator dynamics. Zlajpah (2008) found that the simulation facilitates design-
ing visualization, testing robots and solve many problems before making it a reality. Al Mashagbeh
and Khamesee (2015) developed a multi-body model of four degrees of freedom SCARA for pick and
place application using MapleSim software and evaluated the robot performance. Wood and Kennedy
(2015, April 24) presented the mathematical and software developments needed for efficient simulation
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of mechanical systems in the Simulink simulation environment. Talib, Swadi, Abed, Abed and Karim
(2013) studied and investigated the kinematics of SCARA robots using kinematic and vibration methods
in dynamic conditions of the manipulator. The position, velocity and acceleration were analysed using
the simulation study. Das and Dulger (2005) presented the simulation technique in his work for a verti-
cal revolute configuration 2-R robot with two degrees of freedom is for small parts insertion tasks in
electronic component assembly lines. Ma, Zheng Lin Yu Guo, Hua Cao, Yan Bin Zheng & Liu (2014)
developed the Kinematic equations for a high speed robot for material handling to analyse forward
and inverse kinematics problems based on modified D-H coordinate system theory for their proposed
SCARA. MATLAB Simulation was used to validate that the robot parameter design is reasonable and
the trajectory planning by interpolation calculation in joint space is feasible. Kumar Jha, Dutta and
Saha (2014) analysed the dynamics of the SCORA -ER14 robot with a single gripper end effector using
MATLAB simulation.

Gouasmi, Ouali, Fernini and Meghatria (2012) compared the two robot postures for the same length
of time with the same trajectory to obtain the kinematic and dynamic parameters using SolidWorks
and MATLAB/Simulink. Urrea and Kern (2012) had modelled a redundant SCARA robot for pick and
place application with five degrees of freedom. The authors developed the dynamic model of their pro-
posed robot by means of MATLAB/Simulink programming and performed several tests like actuator
dynamics with different controllers under path tracking requirements. Schlotter (2003) described about
simulating the dynamics of multibody systems with SimMechanics, a gripperbox for the MATLAB/
Simulink environment. The use of 3D CAD model and conversion of mechanical systems into a block
diagram. The dynamic property of the robot mechanical system was well explained. He also mentioned
the flexibility to change the structure, optimize system parameters and to analyse the results within the
Simulink environment in much lesser time. Udai, Rajeevlochana and Saha (2011) developed a 3D CAD
model of KUKA KRS5 robot applicable for peg-in-hole insertion using Autodesk Inventor. Further, he
performed the dynamic simulation using MATLAB/SimMechanics and verified the inverse dynamics.
Umar and Bakarb (2014), performed the identical simulation, which results between derived direct
dynamic mechanical system of robot manipulator and SimMechanics first generation model. It was
found that both methods satisfied the principle of two link manipulator model. Zi (2011) investigated
dynamic simulation and trajectory tracking control of hybrid driven planar five bar parallel mechanism
using a simulation model of dynamics based on MATLAB/SimMechanics. The simulation based on
SimMechanics was carried out and angular velocity, angular acceleration of two driving links of kine-
matic pairs at any time was acquired. Kiitiik, Halicioglu and Dulger (2015) studied the hybrid driven
mechanical system mechanism characteristics using MATLAB/SimMechanics platform. The authors of
this chapter, Saravanamohan and Anbumalar (2016) in one of their publication presented the modelling
and simulation of the redundant SCARA robot with multiple drilling tool using MATLAB/SimMechan-
ics. Fedak, Durovsky, and Uveges (2014) presented an application of robot mechanics modelling and its
dynamic simulation using add-on SimMechanics modules of MATLAB and Graphical User Interface
(GUD) in their work. The above discussed research work by various researchers, indicate that modern
simulation approach is very important and essential to develop SCARA Robot in reduced time and cost.
To give impetus to the application of the SCARA, a newness in the design and development which is
very cost effective is to be incorporated. Hence, many researchers adopted modelling and simulation
methodology to develop and study the dynamic performance of conventional non redundant SCARA
with various types of conventional end effectors to meet the industrial requirements. If the redundancy

79

printed on 2/14/2023 11:31 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Kinematic Modelling and Simulation of 8 Degrees of Freedom SCARA Robot

in robot structure and the multiple tool end effector is used simultaneously, it will be expected to give
dexterity to the manipulator. It is essential to meet with manufacturing competence today’s industries.

This chapter discusses the Kinematic Modelling and simulation of 8 degrees of freedom SCARA
Robot with multiple gripper shown in the Figure 1. The method of developing a new generation and
configuration of SCARA robots using kinematic modelling using Denavit Hartenberg method and MAT-
LAB/SimMechanics simulation incorporated with SolidWorks CAD modelling to achieve the objective
of this chapter is explained in the following subsections.

KINEMATIC MODELLING OF SCARA WITH MULTIPLE GRIPPERS

Robot kinematics is a geometric study of motion of a robotic manipulator with respect to the datum
coordinates system. The dynamics is described in terms of the time rate of change of the robot configu-
ration in relation to the joint torques. In this chapter kinematic model is developed using the Denavit-
Hartenberg (D-H) forward kinematic approach. Conventionally dynamic parameters are computed using
the laborious equations, but in this present work the simulation is used to determine the dynamics of our
system. The forward kinematics deals with computing the position and orientation of the end effector
for the given joint variables. The kinematic model to find the position of the Multiple gripper end ef-
fector attached to the SCARA robotics derived using the Denavit-Hartenberg (D-H) forward kinematic
approach. The coordinate frames are assigned based on D-H convention to each joint as shown in Figure
2 and its parameters are given in the Table 1.

The homogeneous transformation Matrix A, (Tsai, 1999) is shown in the Equation (1) and it is rep-
resented as a product of four basic transformations given in the Equations (1) to (6). It expresses the
position of the gripper with respect to the reference frame.

Figure 1. SCARA Robot with multiple gripper

Link 3
- . f Prismatic
Joint
E—— -
, ReY°|Ute Revolute
' Joint 2 Joint 3
! Grippers—x, 7

Revolute Joint 1

80

printed on 2/14/2023 11:31 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Kinematic Modelling and Simulation of 8 Degrees of Freedom SCARA Robot

Figure 2. D-H parameters of SCARA with multiple grippers
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1 0 0 a

T(z,a) = 0100 (€))
0 0 1
0 0O
0 0 0 0
0 Cosai —sina: 0

Ta,a) = 0 sinai Cosai 0 )
0 0 0 0

The rotation and the translation motion by robotic the manipulator is mentioned in the equations (7)

and (8).
Cosfi —CosaiSinfi sinaisin®:  aiCosbi
Sinfi CosaiCosli —sinaiCosli aisin0; 6
oo sin o Cos wi di ©)
0 0 0 1
R’i*l O’i*l
Ai=| " ‘ 7
0 1 (N

The 4 x 4 matrix given in the equations (6) and (7) is partitioned into two sub matrices as shown
in the equations (8) and (9), which represent rotation combined with translation to produce the motion
required by the manipulator. Where

Cosfi —sinfiCosai  SinaiSin6:

Rffl =|Sinfi CosbiCosai —SinaiCosbi (8)
0 Sin o Cos ai
ai Cos i
OT.H = | aisin 0 )
di
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The (4x4) rigid homogeneous transformation matrices A , A,, A, A, A, A6, A, shown in the equa-
tions (10) to (16) are computed by applying the D-H parameters listed in Table 1 in the equation (6)

Where [, 1, 1, are link lengths in mm, [ is length of the Gripper A from the prismatic arm axis (Z)),
1, is length of the Gripper B from the prismatic arm axis (Z,), it is in the x axis but in negative direction.
Soitisassumedas-1/,,d,d, d, d, d, d, are link offset length between the successive links,C,, C,, C,,
C, are Cosine function of joint angles, S,, S, S, S, are Sine function of joint angles.

Ci =51 0 uLC:
S1 Ci 0 IS
A= (10)
0 0O 1 0
0 1
C: —=S2 0 D(C2
S22 C2 0 [252
A = (11)
0 1 0
0 0 1
Cs Ss 0 B3Cs
Ss —Cs 0 [3S3
As = (12)
0 0 1 0
0 0 0 1
Table 1. D-H parameters of the proposed SCARA robot with multiple grippers
Axis Joint Link Link Twist
Number Angle (8) Offset (d) Length (a) Angle (a)
1 0, d, I 0
2 0, 0 l, 0
3 0, 0 I, 180°
4 0 d, L 0
5 0 d l 0
6 0, d 0 0
7 0, d, 0 0
83

printed on 2/14/2023 11:31 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

1 00 bk
01 0 O
4= 01 4
0 00 1
1 0 0 -b
01 0 O
=01 4
0 0 0 1
Ce —Se 0
Se Cs O
As = 1 ds
0 1
C» =S5 0 0
S Cr 0 0
Ar =
0 1 ds
0 0 0 1

Kinematic Model for Positioning Gripper A and Gripper B
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(13)

(14)

(15)

(16)

The direct kinematic model to find the position of the Gripper A is obtained by multiplying the suc-
cessive transformation matrices as shown in the equation (17) to get the coordinate equations in the
transformation matrix given in the equation (18).

T=A A A A A

CsC123 + S6S123
T, 0
0
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The Equations (19) to (21) represent the Gripper A position with reference to the base frame

z, = (la 4 13)Ch2s + LiC2 + [2Ch2 (19)
Y, = (la+13)S123 4 1182 + 2Si2 (20)
z,=di—ds—da 21

The kinematic model in the homogeneous transformation matrix form for Gripper B is T, given in
the Equations (22) and (23).

T,=A.A,AA A (22)

CeC123 4 S6S123 —S6C123 + CeS12s 0 (b —13)Cr23 + hC2 + [2C12
C6S123 — S6C12s  —S6S123 — C6Cr2s 0 (Iv-13)S12s + 11S2 + 128k

23
4 0 0 -1 di—ds —da @3)
0 0 0 1
Gripper B position is indicated by the Eqs.(17+19)
z, = (b—13)Ch2s + 1C2 1 12012 24)
Y, = (I -13)S12s + 1182 1 12812 (25)
Z,=di—ds—da (26)

where C,, denotes Cos (e, + 6,), S,, denotes Sin (e, + 6,)

Determination of Gripper C and D Position

The position of Gripper C and Gripper D are found out geometrically. By using the principle of a right
angle triangle between the grippers and the links are shown in the Figure 3.

The Gripper C and gripper D position can be computed using the coordinate position equations of
the midpoint ‘M’ of the gripper head given in the equations (27) to (29)

85

printed on 2/14/2023 11:31 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Kinematic Modelling and Simulation of 8 Degrees of Freedom SCARA Robot

Figure 3. Geometrical representation of the SCARA with multiple grippers

(/] 6:
x, = l30123 + 1C2 + 12C12 27
Yy = LS, + 182+ 128e (28)
2y =4, -4, -d, (29)

From the geometrical representation in Figure 3, the Gripper C position coordinates x_and y_can be
predicted by substituting the value 6, = 6, — f in the equations (30) and (31). Z_ coordinate can be found
out by using the equation (32).

T, = l30123 + 1C2 + [2C12 30)
Yo = LS, + 1182+ 128 (3D
0 = d1 B d4 B dM (32)

Hered, =d,=d,
Similarly substituting 6, = 6, + f in the equations (33) and (34). The position coordinates x, and y,
of gripper D can be determined. The z, coordinate can be determined by using the Equation (35).
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T, = 130123 + 11C2 + 12012 (33)
Y, = 13523 + 1182 + 1282 (34)
s —d —d —d, (35)

The values assigned for the D-H parameters [, _1,_ [, = 250mm, | _ [, = 50mm, d, = 320mm, d,_d,
=0, d , =5mm to 300mm, d = d = 80mm are substituted in the coordinate equations to obtain the posi-

tion coordinates of each gripper of the end effector .

INVERSE KINEMATICS

In the inverse kinematics the joint variables are determined for the desired position of the end effector of
the robot. The algebraic methods of inverse kinematics are used to verify the joint angles (Asada, 2016).

After simplifying the terms of x, and y, coordinates given in the equation (19) and (20), 6,, 6, and
0, can be obtained for Gripper A position as shown in the equations (36) to (40). Similarly 6, and 0, are

found out for gripper B, gripper C and gripper D positions.

Ty, =T, — l3 cos Hp (36)

Y =Y, — I, sin 9p (37)

2 2 2 2
-1 ll + lz Ty T Yy

0, = m—cos 38
’ 211, 55)
l? o l? 2 2
0, = tan™" Yo os 1Al —Zx” ty‘” (39)
w" 2l1 \/mn + Y

0, = t9p —0, -0, (40)
where the symbol 6,0, and 6, denotes the angular displacement of revolute joint 1, 2 and 3.
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DYNAMIC STUDY BY SIMMECHANICS SIMULATION

The dynamic behavior is in terms of the time rate of change of the robot configuration in relation to the
joint torques exerted by the actuators is studied in this section instead of tedious equations, the simulation
of the CAD models gives the results. The CAD model of the SCARA was exported from Solidworks
environment to MATLAB/SimMechanics environment in the form of XML and STL file through Sim-
Mechanics second generation link .The XML file of the model was executed using the MATLAB com-
mand window.The CAD model of the robot was converted into a block diagram with the connecting
blocks representing the revolute and prismatic joints. The inputs assigned to joint primitives to get the
desired output through scope and Simout mentioned in the Figures 4 and 8.

Forward Dynamics and Motion Computation

In Forward Dynamic study using SimMechanics, the torque is specified by input and the motion is auto-
matically computed using SimMechanics block diagram shown in Figure 4. The automatically derived
motion of the joint 1 and the joint 2 is simulated and viewed in MATLAB/Mechanics Explorer as shown
in the Figure 5. The plots shown in Figure 6 and Figure 7 shows the simulation results of the forward
dynamics in obtaining the motion of the joints automatically by the given input.

The simulated elbow up and elbow down path by the manipulator links for the assigned joint primi-
tives can be visualized in the MATLAB Explorer window as shown in Figure 5.

Figure 4. SimMechanics block diagram for forward dynamics of SCARA with Multiple Gripper
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Figure 5. Simulated view of the proposed SCARA in MATLAB/SimMechanics Explorer
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Determination of Velocity by SimMechanics

The forward dynamics of SimMechanics pave the way to find the dynamic parameter, velocity. In the
Figure 4, adding PS-Simulink converter blocks and configuring the joint primitives. It will provide the
velocity of the joints output through the workspace blocks. The angular position of joint 1, joint 2 and
joint 3 with change in time t = 10s is shown in the Figure 12 and Figure 13 of the SCARA model with
multiple gripper. By enabling the joint velocity sensing primitive, the angular velocity in the joints are
determined by the plots shown in the Figure 6, 7 and 8 respectively. The Figure 6, 7 and 8 indicates the
graphical simulation results of angular velocity at the revolute joints if /, = [,= [, = 200mm and mass
of the links /, = [, = [, = 2.3Kg. For the revolute joint 1 joint 2 and joint 3, the angular displacement of
90° was set in the joint actuation menu. The maximum angular velocity observed at the joint 1, joint 2
and joint 3 are 14.37deg/s, 11.37deg/s and 12.14deg/s. The Figure 9 shows the linear velocity vs. time
plot generated for prismatic joint 2. The linear velocity of the prismatic arm is observed as 9.91m/s.

Inverse Dynamics and Torque Computation

In inverse dynamics study the motion input is given in the joint primitive and thereby the torque is auto-
matically Computed. The automatically computed torque in the joint 1, joint 2 and the joint 3 is simulated
using the block diagram generated from the CAD model of the SCARA in MATLAB/SimMechanics as
shown in the Figure 10. The sine wave block and Simulink - PS converter block shown in the Figure 11
provide the input motion to the revolute joint 1, joint 2 and joint 2.

The Figure 11, 12 and 13 shows the simulation results of the inverse dynamics. The simulation results
in the Figure 11,12 and 13 indicates the automatically computed torque for the input motion for the joint
1, joint 2 and joint 3 in the predetermined trajectory with respect to time t = 10s. The observed torque
values aret,= 619.1Nm, 7,=360.1Nm and t,=1135.6 Nm respectively if [, = [, = [,= 200mm.
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Figure 6. Angular velocity at Joint 1
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Figure 7. Angular velocity at Joint 2
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Figure 8. Angular velocity at joint 3
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Figure 9. Linear velocity at prismatic joint
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Figure 10. SimMechanics model for inverse dynamics of the SCARA
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Figure 11. Torque at joint 1
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Figure 12. Torque at joint 2
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Figure 13. Torque at revolute joint 3
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Figure 14. Force at prismatic joint
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For the prismatic joint the force is computed as F, = 101.1IN.

CONCLUSION

In this chapter the modeling of the SCARA robot with the Multiple gripper is carried out by SolidWorks
CAD modeling software and simulated in the MATLAB/SimMechanics environment. Without having
complicated mathematical calculations the joint torques are computed automatically for a predetermined
trajectory of the manipulator for the given input motion using SimMechanics software with second gen-
eration technology. The modeling and simulation of robot using this methodology reveal that the design
and structural changes can be done with great ease based on the dynamic study. Thus developing a robot
with desired configuration will be economical and easier.

FUTURE RESEARCH DIRECTIONS

This work can be extended in future to predict the contact force acting on each gripper based on the job
performed. Also the influence of the contact force on the joint dynamic parameters can also be investi-
gated. Various types of controllers can be implemented and position control can be studied. The number
of links and joints of the manipulator can be increased and the dynamic characteristics can be studied.
The work space study can also be performed for the improved redundant characteristics of a SCARA
robot. The modelling and simulation methodology suggested in this research can be implemented for
any kind of robot development.
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KEY TERMS AND DEFINITIONS

Denavit-Hartenberg Method: In this convention, coordinate frames are attached to the joints between
two links. One transformation is associated with the joint and the another one is associated with the link.

Forward Kinematics: The forward kinematics is when the kinematical data are known for the joint
coordinates. The variables of the end-effector in a given Cartesian space are to be computed.

Inverse Kinematics: The inverse kinematics is when the kinematics data are known for the end-
effecter in Cartesian space. The joint variables are to be computed.

Kinematic Model: It is a mathematical representation to define the orientation and translation of
the manipulator is in the form of homogeneous transformation matrix.

Kinematics: Is the science of geometry in motion. It is restricted to a pure geometrical description
of motion by means of position, orientation, and their time derivatives.

SCARA: SCARA means selective compliance assembly robot arm. The robotic arm is rigid in the
Z-axis and flexible in the XY-axes.

SimMechanics: It is a set of add on block libraries and special simulation features for modeling
physical systems in the Simulink environment.
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ABSTRACT

Applications of web data mining is the prediction of user behavior with respect to items. Recommender
systems are being applied in knowledge discovery techniques to the problem of making decisions on
personalized recommendation of information. Traditional CF approaches involve the amount of effort
increases with number of users. Hence, new recommender systems need to be developed to process high
quality recommendations for large-scale networks. In this chapter, a model for UAR matrix construc-
tion method for item rank calculations, a Page Rank-based item ranking approach are proposed. The
analysis of various techniques for computing item-item similarities to identify relationship between the
selected items and to produce a qualified recommendation for users to acquire the items as their wish. As
a result, the new item rank-based approaches improve the quality of recommendation outcome. Results
show that the proposed UAR method outperforms than the existing method. The same method is applied
for the large real-time rating dataset like Movie Lens.
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1. INTRODUCTION

Most of the real world applications use the web. Web mining is one of the techniques of Data mining — a
process of extracting knowledge or information from large volume of data. Web mining concept is broadly
divided into three groups namely Web Content Mining, Web Usage Mining and Web Structure Mining.

Web Content Mining is the process of discovering interesting knowledge from the contents of the web
documents. The content may have text, images, audio, video, or structured records.

Web Usage Mining is the process of extracting interesting usage pattern from the web data.

Web structure mining is the process of extracting structure information from the Web. This type of
mining uses some of the concepts of graph theory.The structure of a typical web graph consists of web
pages as nodes, and hyperlinks as edges connecting related pages. Based on the type of structure infor-
mation used, it can be further divided into hyperlinks and document structures. Here our focus is only
on Web Structure Mining (Srivastava et al., 2005).

Web Structure analysis was first done by Larry Page and Sergey Brin who were the doctoral students
of Stanford University, introduced the famous PageRank algorithm (Brin & Page, 2012) for performing
link analysis of web pages for web search. It is the heart of Google search engine. Initially, the algorithm
was designed to find out the significance of web pages over the web by allocating the rank score. Later,
the applications of page rank expanded to some other areas which include rating as an important fac-
tor. The notable applications related to ratings are: movie ratings, product ratings for online shopping,
article ratings, health recommendations, social networking and many more business applications. Those
systems support user to attain a satisfactory thing or item which is fit for their requirements. More over
recommender systems provide suggestions in some other applications like share market, medical sugges-
tions, hotel/restaurant bookings, music, web pages, search queries in the web and etc,. There are various
recommendation systems available, namely MovieLens, Netflix, Jester, eBay and Amazon (Gao, Wu,
& Jiang, 2010) The purpose of page rank is to rank any products or web pages which finally provide
valid recommendations to the user.

Personalization is known to be an important factor in recommendation system. It is the facility to
make content and services always available, which can be customized to each individual users according
as their personal liking behaviors (Gao, Liu, & Wu, 2010; Gao & Wu, 2010; Gao, Wu, & Jiang, 2011).
Personalized recommendation system is applied in several academic services including digital librar-
ies, e-learning, news filtering, e-commerce, and search engine domains and applications (Gao, Liu, &
Wu, 2010). Recommendation system uses Collaborative Filtering (CF), an important concept, to collect
and evaluate large amount of data based on the user selection (Zhao et al., 2016; Barbieri et al, 2011).
An extension of CF model, a new recommendation engine (Lee, Kuo, & Lin, 2016)was developed to
work with course recommendation. The proposal merged a two stage CF representation regularized by
course dependency with a graph based recommender support. According to this paper the students are
considered as users and the courses are considered as items.

Graph theory can be applied for web page ranking since the web can be related to a graph with nodes
and edges. Here the nodes are considered as web pages and the link between web pages are considered
as edges (Abedin & Sohrabi, 2009). There are several web link structure evaluation approaches were dis-
cussed like cognitive walk through for web, markov chains, survey methods, graph theory. Graph theory
concept has been used in collaborative ranking to rank items founded on the consistent recommendation
paths (Shams & Haratizadeh, 2017). An iterative network-oriented approach for collaborative ranking
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has been proposed [19] to consider the data as a bipartite graph where one part has number of users and
the other part has pair wise likings. Our research work is mainly focused on item ranking based on user
preferences using graph theory concepts.

This paper is organized as follows: In section? the related work is presented. In section3 we discuss
about the web graph, Rating Matrix (RM), Correlation Symmetric Matrix (CSM), Normalization of CSM,
and Page Rank algorithm. In section4, we present an overview of Item-Based Collaborative Filtering
(CF) and Uniformly Average Rating Matrix (UAR Matrix) and an algorithm for UAR Matrix Construc-
tion are given. Section 5 describes an experimental analysis part using the MovieLens Dataset and the
performance evaluation. Concluding remarks and future research directions are given in the last section.

2. RELATED WORK

While searching over the web, it is becoming hard to identify the interesting knowledge of user. Rec-
ommender System (Barbieri et al., 2011) is a type of filtering system that suggests people in selecting
the preferred product or item. In recent years recommender systems are utilized in variety of popular
fields such as movies, music, news, books, research articles, search queries, social tags, and products in
general. There are some recommendation algorithms, well-known for their usage on e-commerce web
sites, where the input of a single customer is used to produce a list of recommended items or products
(Linden et al., 2003) For instance, we can consider “Amazon.com” where the customer provides as input
a particular product, and then the system displays a list of related products to the customer.

The widely used approach for designing recommendation systems is Collaborative Filtering. Col-
laborative Filtering (Zhao et al., 2016; Barbieri et al, 2011) is the process of gathering and evaluating
a huge amount of data on user behaviors, preferences and predicting what the users will prefer to use
based on the similarity to other users. There are two types of CF techniques; one is user-based CF and
the other one is item-based CF. User-based CF method calculates the user’s similarities based on user
ratings and recommend the items whereas the [tem-based CF method considers similarities between the
items and recommends the most similar items. In Sarwar et al. (2001), various Item-based recommenda-
tion algorithms for measuring item-to-item similarities and techniques for obtaining recommendations
are analyzed.

A contextual item —based CF method is proposed in Tan & Pan (2012), which computes the similar-
ity between the current context of an active user with other contexts. In a particular context, rating of
previously given items by the active users is compared with user’s current context to decide whether it
is similar or not. Then it predicts the item that the active user will like to choose in the current context.

Personalization is one of the important concepts used in recommendation systems. Personalized
recommendation is a widely accepted approach and has achieved much interest in business and research
fields (Gao, Liu, & Wu, 2010; Gao & Wu, 2010; Gao, Wu, & Jiang, 2011). Personalization is the process
of collecting and evaluating user information for producing the accurate information at right time. The
purpose of incorporating personalized contextual information with item-based collaborative filtering
recommendation is to propose a context-based item difference analysis, a personalized context analysis,
and a prediction of rating estimation method based on Slope One algorithm. The method chooses only
one contextual parameter for a single user, and the user’s weight is not taken into consideration. This is
the major limitation of this method (Jiang & Gao, 2009).
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In the item-based CF method with user ranking approach was proposed to find the relative weight
of the users. The quality of recommendations is improved by incorporating the weight of a user, user-
rank into the calculation of item similarities and differentials. The calculations are done by using the
Page-Rank based user ranking approach, user-rank based item similarities or differentials approach. One
of the well-known ranking algorithms in web search is the PageRank algorithm. PageRank algorithm
measures the significance of the web pages.

A random walk based scoring algorithm was proposed (Gori et al., 2007) to recommend high-ranking
items to potentially attracted users by ranking the products based on the anticipation of user’s liking. The
algorithm works better in terms of memory usage and computational cost when compared to other rank-
ing algorithms. Application of graph theory concepts with page rank algorithm was discussed in Abedin
& Sohrabi, 2009). The study presented a new proposal by using page rank concept for the analysis and
improvement of website link structure mining by means of web usage mining. The improvements were:
discovery of target web pages by performing ranking and prioritizing the web pages and by applying
graph theory definitions some direct links from other web pages were added to the target page. Also the
study indicated that by applying graph theory concepts for evaluating the website usability is a better
way than cognitive walk through, markov chains and survey-based methods. Two main drawbacks of
the method were: the proposed ranking technique was unproductive with more than 40 pages and there
was no upper and lower bound average connectivity level of edges.

Many research works dealt with the homogenous implicit feedback of buying preferences of various
users in different transactions which did not include the implicit feedback like browsing activities of
individuals (Pan et al., 2015). Hence the problem of such vagueness could be simply handled by means
of heterogeneous implicit feedback method of adaptive Bayesian personalized ranking (ABPR). The
proposed method avoided the uncertainty using pair wise preference analysis on implicit feedback. A
hierarchical itemspace rank (HIR) method has been proposed (Nikolakopoulos, 2015) to reduce the
problem of sparsity. The study proposed a disintegration method to divide the itemspace into item blocks
by defining the indirect closeness among the elements. The proposed approach is scalable and efficacy
because of not only the dimension is irrespective of the number of users but also the smart mathematical
properties of the hierarchical closeness matrix which allow easy computational management.

A reliable graph-based collaborative ranking approach named ReGRank (Shams & Haratizadeh,
2017a) has been presented to represent users’ priorities and evaluates it to produce a recommendation
list directly. ReGRank ranked the items according as the reliable recommendation paths which are syn-
chronized with the semantics following different techniques in neighborhood collaborative ranking. The
proposal used the neighborhood collaborative ranking method which enhanced the traditional collabora-
tive ranking method. A collaborative ranking technique using an iterative network-oriented approach has
been proposed (Shams & Haratizadeh, 2017b) which used a bipartite graph where one part has number
of users and the other part has pair wise likings. The proposed approach filtered the user similarities and
likes by means of a random walk method on the graph arrangement.

3. PRELIMINARIES

A directed graph D = (V, E ) consists of a finite nonempty set V whose elements are called vertices or

nodes and a set E of ordered pairs of distinct elements of V are called edges or links.
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Web Graph: Web graph is a directed graph where V is a set of web pages and elements of E are
hyperlinks.

Let U = {Ul,...,U } be a set of users and I = {Il,....,ln} be a set of items, and let r; denotes the

rating value of item j by user i. The m X n matrix R = (73,') is called the Rating Matrix.
Suppose each pair of items i, j is rated by a single user u and r (u, 7,) be the rating value of item i by

user j.
Then the correlation similarity [4] of i and j is defined by,

Sim (7,, ]) = Z’UEU (R‘” B Rz) (Ru] - RJ>

! \/ZuEU (Rw’ — &, )2 \/Zugy (Rw‘ - )2

)

where,

R, and RW- are the user’s rating on items i and j respectively.

R and R are the rating values of particular items i and j respectively.
i j

This gives an n X n symmetric matrix and is called as the Correlation Symmetric Matrix (CSM).
The CSM can be normalized by dividing each value of Sim (z’, j) by the sum of the elements of ;"

column. Hence in the normalized CSM, the sum of the elements in each column is 1.
3.1. Concept of PageRank Algorithm

PageRank is an important concept of link analysis, for evaluating the significance of web pages. The
main objective of PageRank algorithm is to calculate the importance of web pages depending on the
interconnection of links over the web. The more the number of incoming links to a page, the more the
importance is.

Let G= (V, E) be a web graph (Gao, Wu, & Jiang, 2011). For any v € V', any hyperlink of the form

(u, v) is called an in-link at v and any hyperlink from (v,u) is called an out-link at v. The in-degree
id (v) is the number of in-links at v and the out-degree od (v) is the number of out-links at v.

Let us consider an example of 4 web pages which are interconnected by hyperlinks among them. The
web pages are: P, P P P .

From the above example, the web pages are connected by using hyperlinks with each other. For any
two web pages it is not necessary that a link must exist between them. The in-link and out-link may or
may not exist for any specific web page with other web pages. It is understandable that there is no self
loop exists for a particular web page in the web graph i.e. the hyperlink of any web page does not con-
nect to the same web page.

The rank (Liu, 2007) of a specific page, i is denoted by P(i) and is defined by the formula,
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Figure 1. A web graph with interconnected links

2)

The above formula is the fraction of the summation of incoming links of all the connected pages with
P (z) to the out-degree of that particular page, P ( J ) .

T
Let P = [(P (1>,P (2) N (n)) ] Then for each page i, PageRank formula is also given by,

P(i)=(1—d)+ it) 3
<> < d) d(NZ)E:EOd(j> 3)

The parameter d is termed as the damping factor, the value of d is between 0 and 1. A Transition
Probability Distribution (TPD) matrix, M = M i is defined by,

%, if od(i) =0
M, = i if (i,j) € E @
0, otherwise

The sum of all elements in a column of the TPD matrix must be 1.
Clearly,

Zn:Mij =1 (5)
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For any fixed j.
A TPD matrix of the sample web graph (Figure 1) is formed as follows:

0 0 1/2 1/2
1/3 0 0 0
v 11/3 0 0 1/2
1/3 1 1/2 0

Matrix 1: TPD Matrix of the Web Graph

Note that in Matrix1, sum of all the elements of a single column is equal to 1.
An Initial Probability Distribution (IPD) matrix with n-dimensional column vector be,

p=(B0)R @R () |

where ZPO (z) =1, be an initial probability distribution. IPD matrix can be formed as,

i=1
1/4
1/4
P
07 11/4
1/4

Matrix 2: IPD Matrix

Let,
P<i) =) MF, (7)
i=1

For the first transition, Equation (6) takes the form,

PIZMUXR)

Hence the probability distribution after n transitions is given by,

P =M xP
n 1j n—1
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The number P, is called the page rank value of the page i.

Talking about the applications of PageRank algorithm, it is widely used in many of the business ap-
plications such as e-commerce (marketing areas, online shopping/tradings), social networking. While
considering the marketing area, the concept of item — user transaction needs to be focused. There the
user rates an item or product based on his/her previous history of experience. Based on the importance of
item, it is rated by the user and could be ranked. Since the web is grown explosively, it is becoming hard
to discover the desired item by simply searching over the web. In that situation, recommender system
plays a vital role. Recommender System is a type of filtering system that suggests people to make choice
of the preferred product or item. The most commonly used approach for designing recommendation
systems is the Collaborative Filtering (CF). Collaborative Filtering is a filtering system of gathering
and evaluating a huge amount of data from user likings, preferences and predicting what the users will
prefer to use in future based on the similarity to other users. There are two types of CF techniques; one
is user-based CF and the other one is item-based CF.

4. ITEM-BASED COLLABORATIVE FILTERING

The main concept of traditional (user-based) collaborative filtering approach is to predict ratings of a
user based on the view of similar users. Though this approach has been very successful, there have been
some potential problems such as sparsity and scalability (Sarwar et al., 2001) Hence item-based CF got
importance in rating products to overcome the above problems.

4.1. lllustration of Item-Based CF

Consider the rating matrix R where U = {U,...,U is the set of m users and [ = {Il, ceeny In} is the set

of n items. For instance, if there are 7 users and 6 items, a rating matrix is given below. The rating val-
ues are taken in the 5-point scale and the entry ¢ represents that the item is not rated by the particular
user (Jiang & Gao, 2009).

Matrix 3: The Rating Matrix (RM)

3 4
1
4
3 3
3 2
11 5
2 4 2 2 4
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4.2. Uniformly Average Rating Matrix: (UAR Matrix)
UAR matrix of a rating matrix is obtained by the following steps:

e  If ais the largest number in a column, which is repeating n times where n > 1 then replace all the
other entries by zero except o.

e  [f the maximum number in a column is not repeated more than once, let x and y be the two largest
numbers in that column, and let

T+y
2

o =

©))

Replace x and y by a and replace all the other entries in the column by zero.

e  If xis the first largest number which is not repeated more than once but the second largest number
y is repeating more than once in that column then we have,

x—l—n(y)

(it 1) (10)

o=

Here, we replace x and all the respective places of y by a.

Matrix 4: UAR Matrix of RM

The UAR Matrix of RM is given below.

3.67 0 325 3 233 O
0 0 325 0 233 O
0o 4 0 3 0 433

3.67 0 325 3 O 0
0 4 325 0 233 O

367 0 0 O 0 433
0 4 0 3 0 433

Matrix 5: CSM From UAR Matrix

Next step is to find the correlation between the items of the UAR Matrix and CSM matrix of the above
UAR matrix is given below.
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= o= =D OO
== == OO

S W = O = DN
e e e T N R
S O = W o~
S O = O = =

Matrix 6: Normalization of CSM

The normalized matrix of the CSM matrix is given below

0o 0 2/7 1/5 1/6 1/3
o 0 1/7 1/5 1/6 1/3
2/5 1/4 0 1/5 3/6 0
1/5 1/4 1/7 0 1/6 1/3
1/5 1/4 3/7 1/5 0 0
1/5 1/4 0 1/5 0 0

5. EXPERIMENTAL ANALYSIS
5.1. The MovieLens Dataset

The commonly used popular dataset for the recommender systems is the MovieLens dataset that comes
under MovieLens project (Sarwar et al., 2001). MovieLens is a freely available dataset by GroupLens
Research Project at the University of Minnesota. GroupLens Research currently works on a movie recom-
mender system based on collaborative filtering (http://www.movielens.org). The dataset consists of 6040
users and 3952 movies. The ratings are made on the scale of 1 — 5. Each user has at least 20 ratings from
3952 movies. The dataset can be divided into two parts. i.e., training set and test set. 80% of the data was
considered as training set and 20% of the data was considered as test set. The data set is represented as a
user-item rating matrix, which has 6040 users in the row and 3952 movies in the column of the matrix.

5.2. Experimental Results

In this study, an algorithm is developed to remove the least significant items with lower ratings. For this,
the top rating items can be kept as it is and the lower rating items must be ignored in the beginning itself.
This process can be achieved by using the concept of UAR matrix construction method. As a result a
symmetric matrix is obtained based on the column value of the initial matrix. Once the symmetric matrix
is formed then the item ranking process can be carried out.
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The whole process of ranking is as follows: First we consider a web graph and the adjacency matrix
of the same graph can be obtained. The Initial Probability matrix is formed first and also then Transition
Probability Matrix is formed based on the existing link analysis algorithms. Next the rank of each item
is calculated using Equations 4-8. Item ranking algorithm is executed for 10 iterations and the damping
factor is set as 0.5 for both without UAR and with UAR matrix construction methods.

Replacement of Uniform Probability Distribution Value (1/n)

Uniform probability distribution value is applicable if any column has all the entry as 0. The same can
be replaced by the uniform probability distribution values 1/n. And then the ranking calculations take
place for further analysis.

Implementation of Large Real Time Dataset

The implementation of sample web graph has been explained with our proposed UAR matrix construc-
tion method of item ranking algorithm. Next we can do the same process for analyzing the large volume
of real time data — MovieLens data. The values for number of iterations and the damping factor are set
as 50 and 0.5 respectively. From the experimental results we come to know that the ranking values have
significant changes than the existing ranking algorithm. UAR matrix construction method produces some
significant changes in both sample and real time data. Because our process considers only the high rated
items. Though the low rated items are ignored in the beginning of process, it is easy to find correlations
depending upon the average values calculated by our UAR method.

5.3. Efficiency of Proposed UAR Matrix Calculation

The purpose of obtaining UAR matrix is to neglect the low rated items for further process. This step has
the benefit that only the relevant- high rated products will be listed out for user selection. Then the cor-
relation matrix for the high rated item’s ratings is obtained. Finally Item ranking is calculated for those
identified item’s ratings based on the PageRank algorithm. In the proposed UAR matrix construction
method, the consideration of only high rated items plays a vital role in performing the item ranking. This
is an efficient way of reducing the number of correlations.

Figure 2 explains about the ranking score of both existing and proposed methods of item ranking.
In the figure IR represents Item Ranking. Here the increase in existing IR also shows the increase in
proposed IR. Therefore the proposed ranking based on Uniformly Average Rating method proves to
be efficient than the existing one. Similarly for the real time dataset, the experimental results show the
significant improvement of the proposed method of ranking.

5.4. Evaluation Metrics
The most extensively used metrics for measuring recommendation deviations from their true values

are the Mean Absolute Error (MAE) (Gao, Wu, & Jiang, 2011) and Root Mean Square Error (RMSE)
(Zhao, Wang, & Lai, 2016).
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Figure 2. Experimental Results of Existing IR and Proposed UAR Based IR
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MAE can be calculated as follows: Let { Dys Dys- pn} be the set of all predictions and {rl, Tysee- rn}

be the set of real ratings of predictions. MAE is the average of absolute error for each prediction-rating
pair, i.e., { D, 7}} . The cardinality of the prediction-rating pair can be denoted by ‘ D, — 7;‘ . Formula for

measuring MAE is given by,

n

oo p— 7;\
MAFE === (11)
n
RMSE can be calculated by using the below formula.
RMSE = (12)

If the resulting MAE and RMSE values are lower, then the predictions will be more accurate and
the recommendation will be better [6]. From the statistical analysis, results of MAE and RMSE in the
proposed UAR method are lower than the existing IR method which proves that the proposed method
produces comparatively better results than the existing one.

5.5. Performance Evaluation Using the Tests of Significance

A very important aspect of the sampling theory is the study of tests of significance which enable us to
decide on the basis of sample results. To make the efficiency analysis of the proposed method more
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precise, significant tests can be conducted. We have used Paired T-test for evaluating the efficiency of
UAR based IR method.

e  Null Hypothesis H: Proposed UAR method has no significant improvement than the existing IR
method.

e  Alternative Hypothesis H,: Proposed UAR method has a significant improvement than the exist-
ing IR method.

The calculated value of paired T-test method is greater than the tabulated value, for 5% level of sig-
nificance with 19 degree of freedom (since no of items taken for calculation here are 20).

Hence we accept H, and reject H. So the proposed UAR based IR method has significant improve-
ment than the existing IR method.

6. CONCLUSION

Recommender System suggests users to find items based on their interest. In this paper we have pre-
sented Uniformly Average Rating method to strengthen the recommendation system by neglecting the
low rated items. Low ratings are identified and ignored, and the uniformly average rating value of each
item given by the individual user is calculated by the UAR method. Then the item ranking is performed
on the PageRank-based item ranking approach. The experimental results prove that the proposed method
gives a considerable enhancement of the existing method. More over the results of paired T-test provides
us there is a significant improvement than the existing IR method. In this paper the low-rated items were
ignored for the calculations, so in the future work we will make use of the respective items for prepar-
ing recommender system such that even the low-rated items are also sold out. In this way we will be
able to reduce the loss risk of the organization by making the user to buy the low-rated items using our
recommender system.
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ABSTRACT

This chapter examines the influence of the various ferromagnetic materials on the performance of a
single-phase tubular permanent-magnet linear generator (TPMLG) for wave energy conversion. Four
ferromagnetic materials were considered in this study. They are non-oriented electrical steel, Permalloy
(Ni-Fe-Mn), Accucore, and Somaloy 700. The generator equipped with a tubular stator carries a single
coil and employs a quasi-Halbach magnetized moving-magnet translator. Therefore, in order to obtain an
accurate performance analysis, the nonlinear time-stepping finite-element analysis (FEA) technique has
been used. The electromagnetic characteristics, including the magnetic field distributions, flux-linkage,
winding inductance, electromagnetic force, and electromotive force (EMF) have been investigated. It is
shown that a generator whose stator is fabricated from soft magnetic composite (SMC) materials has
potential advantages in terms of ease of manufacture, highest force capability, lower cost, and minimum
eddy-current loss.
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INTRODUCTION

Nowadays, the consensus on the electric linear machines (ELMs) to replace their rotary counterparts
has been gradually fostered. By using ELLMs numerous advantages are possible, such as high efficient
energy generation, the direct-drive system as well as simple structure (Lee, Kim, Jun, & Lee, 2011).

ELMs produce linear motions directly without mechanical transmission means. Thus, it can signifi-
cantly simplify the structure of the system and improve the working efficiency. These machines have been
used in widespread applications, such as in wave energy generation, automotive applications, robotics,
medical operation, and reciprocating compressors (Feng et al., 2015; Zheng, Huang, Gao, & Chang,
2015; Abdalla, Ibrahim, & Mohd Nor, 2014). Among the ELMs, the tubular permanent-magnet linear
machine (TPMLM) has superior merits, such as high efficiency, high power density, and remarkable
force capability due to the lack of end-windings. Moreover, the net attractive force between the stator
and translator is zero (Niu, Ho, & Fu, 2011).

The TPMLM can possibly be broken down into three categories, such as moving-coil, moving-iron,
and moving-magnet. However, moving-coil TPMLM suffers from numerous demerits, such as limited
access to moving-coil, difficulty in dissipating the heat from the coil and the fragility of the connections
and flying leads, as well as the limited stroke. The moving-iron type is rarely used due to the heavy
moving mass, relatively poor energy conversion, and low force density. Therefore, because of the copper
coil directly wound around the yoke of the moving-magnet TPMLM accordingly the high force density
can be obtained, thus, this kind of TPMLM it seems to be more suitable for the linear energy conversion
(Ibrahim, 2009; Si, Feng, Su, & Zhang, 2014; Wang, Howe, & Lin, 2008).

The appropriate selection of the materials for the ELMs represents a significant role in the development
and performance of the machine. The hard-magnetic materials of both high coercivity and high remanence
at a wide range of temperature and affordable cost have an important role in the performance of ELMs.
The rare-earth elements, such as neodymium-iron-boron (NdFeB) and samarium-cobalt (SmCo), can be
considered as the best choice for the permanent-magnet (PM). As a comparison, the SmCo have better
chemical properties, whereas, NdFeB is superior in terms of physical properties. The fact that, the PMs
of the two groups have complementary characteristics to each other as well as their energy product is
high, thus; they are possible to be used in the new technical designs of TPMLMs. Moreover, rare-earth
PM materials have superior merits as compared with the conventional ferrite PMs; they can reduce the
volume of the required PMs and have significantly higher flux densities (Gieras, 2008; Shahgholian &
Shafaghi, 2010).

The soft magnetic composite (SMC) materials are gaining much attention when the high efficiency
and manufacturing of the complex design of electrical machine are required. When comparing SMC
materials with non-oriented electrical steel, the SMC materials have lower total magnetic losses at high
frequency due to the iron particle insulation, which lowers the eddy current loss component. The use
of the SMC materials offers near-net-shape, low-cost manufacture and good utilization of the available
space to achieve a compact design. Besides, decreasing the hysteresis loss is considered as an important
objective in the SMC development (Castro & Landgraf; Ibrahim, 2009).

Therefore, in order to have an efficient energy conversion system, the simplicity, affordability and
force capability, are highly desirable features. Basically, the performance of the TPMLMs can be well
improved by using a right selected materials (Chen, Fan, & Lu, 2008; Tavana, Shoulaie, & Dinavahi,
2012). Besides, the usage of quasi-Halbach magnetization in the TPMLM offers numerous attractive
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features, such as a sinusoidal field distribution, which results in a minimum EMF ripple (Lee, Choi, Lee,
Lim, & Gweon, 2006; Meessen, Gysen, Paulides, & Lomonova, 2008).

This research aims to study the effect of the ferromagnetic materials on the performance of a single-
phase TPMLM that used for wave energy conversion. Four ferromagnetic materials have been considered
in this study namely, non-oriented electrical steel, Permalloy (Ni-Fe-Mn) (Gieras, Piech, & Tomczuk,
2011), Accucore (Gieras, 2008; Gieras et al., 2011; Gieras, Wang, & Kamper, 2008) and Somaloy 700
(Gieras, 2008; Ibrahim, 2009). Therefore, Four analysis models for single-phase TPMLM were presented
and compared. The conditions of the Four analysis models are the same, except for the ferromagnetic ma-
terials. Therefore, the electromagnetic quantities have been computed to investigate that the performance
of the machine is depending on the characteristics of the core material. The non-linear time-stepping
Finite-Element Analysis (FEA) has been successfully utilized in this study for the design and analysis.

BACKGROUND

The three most well-developed technologies for deriving electrical power from the ocean include tidal
power, wave power and ocean thermal energy conversion. From these possibilities, the wave energy
conversation seems to have the greatest general application (Szabo, Oprea, Viorel, & Bir6, 2007).

Figure 1 depicts the simplest configuration of the wave energy conversation system that consists of
the linear generator, the mechanical accessory, and the floating buoy lifted-dropped by the waves con-
nected directly to the linear generator fixed on a concrete foundation, which stands on the bottom of the
sea (Li, Chau, & Jiang, 2011)

MAIN FOCUS OF THE CHAPTER

The study is based on the TPMLM that its initial design and operational specifications are listed in Table
1, and its schematic representation for 2-D and 3-D is shown in Figure 2. The generator consists of a
slotted stator and a 2-pole PMs translator with a trapezoidal PMs configuration.

Figure 1. Configuration of the floating buoy system with the linear generator

Bouy

Waves
Linear Generator

Stator
Translator
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Table 1. Design parameters and operational specifications of a TPMLM

No Parameter Value
1 Stator undercut angle 30°
2 Tooth tip height 1.0 mm
3 Thickness of the yoke 3.30 mm
4 Air gap length 0.8 mm
5 Pole-pitch 25 mm
6 Inner radius of the supporting tube 11.1 mm
7 Length of permanent-magnet 50.0 mm
8 Ferromagnetic height 3.9 mm
9 Outer diameter of the stator core 100.0 mm
10 Opening of the slot 10.0 mm
11 Outer radius of the magnet 26.0 mm
12 Magnet height 5.0 mm

Figure 2. The structure of the proposed TPMLM (a) 2-D (b) 3-D

Stator core Stator coil
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magnets Permanent magnets
- - - - - P ————— e 3.-.- Fememagnctic
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The fundamental principles of electromagnetic machines are Lorentz law, Faraday law, and the Biot-
savart law. The force produced in the proposed TPMLM is based on Lorentz’s law as expressed in (1)

F=Bxlxi

where B is the air gap magnetic flux density, [ is the length of the conductor and + is the current in
the winding. Based on Faraday’s law, the induced voltage when the flux passes through of an N-turn
coil is expressed as in (2) and (3) (Polinder, Mueller, Scuotto, & Goden de Sousa Prado, 2007)

N,
dt

e:BXlxvt
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where e is the induced voltage in the winding and ¢ is the flux passing through the coil, N_ is the
number of coil turns, 7 is the time and v, is the speed of the translator. Generally, the flux density can
be computed as

noX W .
'—UX’Z,
2XTmTXT

B =

where y, the permeability of the free space and its value is, p, = 47 X 10" H/m and u is the relative
permeability, and for any material is given by the ratio of the permeability to the free space permeabil-
ity, and expressed as the following:

M, =
o

The magnitude of the magnetic field intensity, H in the core due to the applied currentis, H =i /[,
and then the equation (4) can be re-written as:

B=p xp, xH

It can be noted that the strength of the magnetic field flux produced in the electromagnetic machines
also depends on the properties of the materials (Feng et al., 2015).

The mechanical equation governing the motion of the proposed TPMLM can be expressed as in (7),
while the resonant frequency, f, is expressed as in (8).

M'z'd(t) =K. —kz, (t)— Dz,

1 k
L=\

where M, K, k and D, are the mass of the translator, the thrust force coefficient, the effective spring
stiffness and the damping coefficient, respectively. z,(¢), Z,(t) andZ (), are the displacement, the
velocity of the translator and the acceleration, respectively (Al-Otaibi & Jack, 2008; Ibrahim, 2009; Jang,
Choi, Cho, & Lee, 2005).

Normally, the stator cores of the electrical machines are fabricated from electrical steel sheets. The
ferromagnetic sheets their thicknesses are from 0.5 to 0.6 mm, at frequency 50 Hz, the skin effect practi-
cally does not exist. The laminated cores of small ELMs are more difficult to fabricate, whereas SMC
materials simplify the manufacturing process for the complicated shapes (Gieras et al., 2011; Gieras et
al., 2008).
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Figure 3 compares the B-H properties of non-oriented electrical steel sheets, Permalloy, Accucore
and Somaloy 700 (Gieras, 2008; Gieras et al., 2011; Ibrahim, 2009). Actually, non-oriented electrical
steel sheets are used for the construction of large, medium and low-power electrical machines as well
as small transformers and magnetic amplifiers. The silicon content increases the resistivity (Gieras et
al., 2011). Permalloy (Ni-Fe-Mn), is used for the construction of small electrical machines and micro-
machines working in humid or chemical active atmospheres, also it is a good ferromagnetic material for
small transformers used in electronic devices and electromagnetic converters. The Permalloy has the
best corrosion-resistant, but its saturation for magnetic flux density is lower than that of non-oriented
electrical steel sheets (Gieras et al., 2011).

Accucore is a new SMC material that is competitive with traditional steel laminations. Accucore is
used in the production of small electrical machines and electrical machines with complicated shapes.
The components of SMC are iron powder, dielectric (epoxy resin) and filler (glass or carbon fibers) for
mechanical strengthening, the specific density is 7550 to 7700 kg/m? (Gieras, 2008; Gieras et al., 2011;
Gieras et al., 2008). Somaloy 700 is an SMC material produced by Hoganas, Sweden, that is a surface-
coated metal powder with an excellent compressibility. Somaloy 700 can be used for developing 3-D
electrical machines, transformers, and sensors (Ibrahim, 2009).

Therefore, in order to assess the performances of the proposed TPMLM, an axisymmetrical calcula-
tion model has been created by using the Maxwell 2-D FEA software, and the nonlinear characteristics
of the materials were included. The machine was analyzed by using aforementioned different ferromag-
netic materials. The NdFeB PM has been used and modeled with a remanent flux density of 1.14 T, a
coercive force of -860 kA/m and a relative permeability, p, of 1.05 as well as the magnetization vector
direction has been adopted.

Therefore, the output results can be given in various forms, including a plot of vector magnetic
potential, flux density map, and flux path plot. Figure 4 compares the magnetic flux density distribu-
tions in the TPMLM with PMs excitation only and zero current in the winding. The results plotted at

Figure 3. B-H curves of the four ferromagnetic materials
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Figure 4. Magnetic flux density distribution on a TPMLM at zero current in the winding (a) Non-oriented
electrical steel (b) Permalloy (c) Accucore (d) Somaloy 700.
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zero displacements between the stator and translator, this serves to illustrate that how the magnetic flux
density flows in the proposed machine.

2-D FEA-calculated flux lines distributions in the TPMLM are presented in Figure 5. The results
presented at the no-load and initial position of the translator (z, = 0.0 mm). It can be observed that at
zero displacement the magnetic flux distributions is uniformed and symmetrical with respect to the axial
center. Hence, the flux-linkage of the winding is zero.

Figure 6 and Figure 7, respectively, show the FEA calculated open-circuit radial and the axial com-
ponent flux density in the air gap of the proposed machine. The axial air gap flux density waveforms
due only to the magnets of the TPMLM is shown in Figure 7. As can be been observed from Figure 7,
the peak value of the flux density is due to the flux focus effect in the machine. Therefore, there are two
kinds of peak values in the axial air gap flux density waveforms of the machine, where one is called the
local peak value and the other is called the absolute peak value, that is due to the intersections between
the translator and the stator teeth. Thus, the local peak value corresponds to the true peak value of the
PM flux in the machine and it is more important. As it was proven from the plot representation, the
non-oriented electrical steel and Permalloy are exhibiting a higher magnetic flux density distribution in
the air gap of the proposed machine, consequently higher loss and resulted in low efficiency.

Figure 8 shows the moving speed versus time of the translator. Whilst the magnetic flux-linkage
that is resulting in the winding is shown in Figure 9. From the result, it can be observed that maximum
flux-linkage has been obtained for Somaloy 700.

Figure 10 compares the EMF waveforms of the four models at a constant armature velocity of 1 m/s.
The PMs in the translator generates a magnetic field excitation. Whereas, the second magnetic field is
generated from the excitation can be sinusoidal or non-sinusoidal including voltage and current applied
to the winding or an external circuit attached to the winding of the machine.
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Figure 5. Magnetic flux lines illustrated by the FEA for TPMLM at open-circuit (a) Non-oriented elec-
trical steel (b) Permalloy (c) Accucore (d) Somaloy 700.
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Figure 6. Effect of the ferromagnetic materials on the air gap radial flux density distribution
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Figure 7. Effect of the ferromagnetic materials on the air gap axial flux density distribution
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Figure 8. Translator moving speed versus time
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The force in the machine produces as a result of the interaction of the fields from the PMs and fields
from the winding, or from the interaction of the PMs and the stator ferromagnetic material. The first
force is called the electromagnetic or magnetic force, and the second one is called a cogging force (Jiabin
Wang, Ibrahim, & Howe, 2010). The magnetic force value, and thereby the sense of the no-load move-
ment, depending on the relative position of the stator and mover magnets as well as the current sense
in the stator coils. The calculated field distribution is used to estimate the electromagnetic force, which
acts on the translator (Tomczuk, Schroder, & Waindok, 2007).
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Figure 9. Effect of the ferromagnetic materials on the winding flux-linkages
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Figure 10. Comparison of EMFs using four different ferromagnetic materials
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Figure 11 depicts the thrust force versus time characteristics of the four models which are dealt ac-
cording to the stator core material at rated armature current. The stator winding inductance represents
one of the most important key parameters for the motor modeling and performance. Figure 12 compares
the FE calculated winding inductances of the four models.
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Figure 11. The magnetic forces of TPMLM using four different stator core materials
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Figure 12. Comparison of winding inductances
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CONCLUSION

The influence of four ferromagnetic materials, such as non-oriented electrical steel sheets, Permal-
loy (Ni-Fe-Mn), Accucore and Somaloy 700, on the design and performance of single-phase tubular
permanent-magnet linear generator (TPMLG) has been analyzed, and their relative merits have been
evaluated. It has been shown that the designs which employ non-oriented electrical steel and Permalloy
have the highest magnetic flux density at the air gap, despite its stator having poorer space utilization.
The TPMLG with SMC materials offers potential features of lower cost manufacture, easy to be formed
to any complicated shape and has a high force density and low eddy-current loss. The time-stepping
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Finite-Element Analysis (FEA) has been successfully employed in this study. As the machine with
SMC materials has low loss, the high efficiency is expected, which conducive to an energy-efficient
generator. Computer simulations for the magnetic field distributions, thrust force, winding inductance
and EMF of the four models have been established. The SMC materials have lower saturation induc-
tion than the electrical steel sheet. Besides, decreasing the hysteresis loss is considered as an important
objective in the SMC materials development.
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ABSTRACT

Electrochemical machining (ECM) is a non-conventional machining process that is used for machining
of hard-to-machine materials. The ECM process is widely used for the machining of metal matrix com-
posites. However, it is very essential to select optimum values of input process parameters to maximize
the machining performance. However, the optimization of the output process parameters and hence the
machining performance is a difficult task. In this chapter an attempt has been made to carry out single
and multiple optimization of the material removal rate (MRR) and the surface roughness (SR) for the
ECM process of ENI19 using the particle swarm optimization (PSO) technique. The input parameter
considered for the optimization are electrolyte concentration (%), voltage (V), feed rate (mm/min), and
inter-electrode gap (mm). The optimum value of MRR and SR as found using the PSO algorithm are
0.1847 cm3/min and 25.0612, respectively.
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INTRODUCTION

The traditional processes such as grinding, milling, turning, drilling etc., remove material by mechani-
cal abrasion, micro chipping or chip formation. However due to the following reasons the traditional
processes are not economical and even possible (Kalpakjain, 1984):

Hardness is very high i.e., above 400 HB.

Material is too brittle

The machining forces are too high for the delicate and slender workpiece specimen.
The complexity of the part to be machined.

The residual stresses in the machined component which is not at all acceptable.

The above disadvantages have led to the development of other material removal mechanisms such as
chemical, thermal, electrochemical and other hybrid mechanisms. These material removal mechanisms
have therefore resulted in machining processes referred to as non-traditional machining processes. Ow-
ing to the advantages offered by the non-traditional machining processes, these are available for a wide
range of industrial applications. The source of energy used differ from process to process and therefore
can be categorised accordingly: thermal and electrothermal processes such as laser beam machining,
ion beam machining, electric discharge machining etc., chemical and electrochemical processes such as
electrochemical machining, electrochemical honing etc., mechanical processes for instance ultrasonic
machining water jet machining etc. and hybrid processes as for instance abrasive electrical discharge
machining etc.

Amongst the different processes, electrochemical machining (ECM) process is one of the most
promising methods and is the prime focus in the present study. The electrolysis process is the working
principle of the ECM process (Rajurkar et al., 1999)the laws of which were formulated by Faraday in
1983. In the ECM process tool and the workpiece are respectively the cathode and the anode. A high
current density ranging 10-200 A/cm?2 results on application of a constant potential difference across
the two electrodes. A suitable electrolytic solution is used such that the shape of the cathodic tool re-
mains unchanged. The electrolytic solution is pumped at rates ranging 3-60 m/s and serves to remove
the unwanted machining waste and minimize the effects arising due to electrical heating and generation
of gas at the electrodes. The gap width along the electrode length reaches a steady value as the cathodic
tool approaches the workpiece. Under these conditions the shape of the cathodic tool is produced as a
mirror image on the anodic workpiece.

The ECM process possess a number of advantages such as the capability to handle a large number
of materials which are not limited by their mechanical properties but by their electrochemical proper-
ties. The difficult to machine materials and high strength alloys are machined by the ECM process with
higher material removal rates. Further, the ECM process can easily machine and shape the fragile parts.
The advantages such as the machining of the 3D curved surfaces free from striation marks, burrs and
stress, no tool wear makes the ECM process a widely accepted machining processes for a number of
applications. A wide range of sophisticated parts such as rifle bores, turbine blades, micro components
etc., are being manufactured using the ECM process.

However the ECM process suffers from a number of limitations such as higher power consumption,
high cost on initial investment and large floor space. The problem is further aggravated with the issues
of toxicity and the corrosion from the etchants. Further the changes taking place at the inter electrode
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gap are difficult to predict because of the complexity of the process involved. The properties of the
electrolytic solution varies considerably because of the continual heat and gas bubbles. The analysis
becomes further complicated as a result of the variation of hydrodynamic parameters such as pressure
during the machining process. Therefore a careful selection of the different parameters and careful plan-
ning is recommended before commencing the machining process. The selection of suitable machining
parameters is critical to achieve optimum machining results. Further, the production cost as well as
the greenhouse gases increases with the increasing power consumption. Therefore, the optimization of
machining parameters can lead to efficient machining operation and hence saving of energy resulting
in green manufacturing.

In order to take note of the above limitations, number of reports has been published on optimization
of the ECM process. A two dimensional inter electrode gap model was proposed by Bhattacharyya et
al. (1973) with the objective of maximizing the material removal rate. The design variables considered
were velocity of the electrolytic flow and the tool feed rate. Choking, passivity and temperature were
considered as the constraints while optimizing the material removal rate. The authors had considered
only single objective optimization problem and the optimization problem was solved using the less ac-
curate graphical technique. Simplified assumptions such as conductivity of the electrolyte as a function
of void fraction and constant electrolytic pressure were considered.

A cost model considering the different costs involved was proposed for the ECM process by El-
Dardery (1982). The optimum values of the different variables considered in the cost equation i.e., feed
rate, voltage and electrolytic flow rate, were obtained by partially differentiating the cost equation with
respect to the variables considered. However, the values of the variables were not of practical importance
since no constraints were considered in solving the problem.

A multi-objective optimization technique was investigated for the ECM process by Acharya et al.
(1986). The material removal rate and the tool life were maximized while the dimensional inaccuracies
were minimized.The decision variables considered were velocity of the electrolytic flow rate, applied
voltage and tool feed rate. The choking constraints, passivity constraints and the temperature constraints
were considered as the constraints for the multi-objective optimization problem. Goal programming was
used for solving the problem. However, the bounds for the feed rate and differences in the inter electrode
gap wasn’t considered for the model.

Choobineh and Jain (1993) overcame the limitations of the model proposed by Acharya et al. (1986).
The authors of the work considered maximization of dimensional accuracy and material removal rate
and adopted the vertex method to solve the multi-objective problem.

The optimization model proposed by Acharya et al. (1986) was modified by Jain and Jain (2007)
by expanding the bound ranges for tool feed rate and velocity of electrolytic flow. The objective was to
minimize the dimensional inaccuracy. The constraints and the objective function wasn’t linearized. Ge-
netic algorithm was used to address the optimization model.However, the authors of the work neglected
the passivity constraint. Further, the single objective function was only considered by the authors. There
are number of disadvantages associated with the genetic algorithm such as low speed of convergence,
difficulty in selection of parameters such as crossover rate, rate of mutation and the population size.

The grey relational analysis (GRA) was used by Asokan et al (2008)to simultaneously optimize
material removal rate and surface response. Optimization of material removal rate, cylindricity error,
overcut and surface response was considered by Chakradhar and Gopal (2011). The authors of the work
adopted the GRA method to solve the optimization problem with feed rate, concentration of electrolyte
and applied voltage as input parameters.
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Grey-Taguchi approach was adopted by Das et al. (2014) for optimization of material removal rate
and surface roughness of EN31machined using the ECM process. The process parameters considered
for the optimization were voltage, electrolytic concentration, voltage and interelectrode gap. The opti-
mization of material removal rate for various process parameters for the ECM machining of EN41 and
EN19 was carried out by Vikas et al. (2014) using the Taguchi method.

RESEARCH GAP

It can be observed from the above literature survey that traditional methods such as graphical solution
technique, GRA, linear programming technique etc. have mostly been used for the parametric optimiza-
tion of the ECM process. However the traditional methods are restricted over a broad range of spectrum
of problem domains. The complexity of the optimization problem further limits the application of the
traditional optimization methods. The use of non-traditional methods such as GRA provides a near op-
timal solution. Therefore to overcome the drawbacks of the traditional optimization techniques and non-
traditional methods such as GRA, evolutionary optimization techniques are being used by the scientific
community. The evolutionary optimization algorithm is based on biological genetics. These optimization
techniques are more robust in comparison to the traditional techniques because instead of making use of
functional derivatives, fitness information is used by the evolutionary optimization techniques. Therefore
efforts are being made to use such optimization techniques to achieve a more accurate solution.

Therefore in this chapter, particle swarm optimization (PSO) was adopted for the optimization of
surface roughness and material removal rate for the electro-Chemical Machining of EN19. Electrolyte
concentration (%), Voltage (V), Feed rate (mm/min) and Inter-electrode gap (mm) were considered as
the process parameters. Further, the multi-objective optimization was also performed for an objective
function comprising of both the surface roughness and the material removal rate. The optimal process
parameters would be identified for best output conditions.

EXPERIMENTATION FOR ECM PROCESS
Machine Set Up for ECM Experimentation

METATECH electrochemical set up was used for conducting the various experiments. The experimental
setup is shown in the Figure 1. There are three important machining components for ECM machining set
up: the control panel, machining chamber and the circulation system for the electrolytic flow. The anodic
workpiece is fixed on a fixture inside the machining chamber whereas the cathodic tool is attached to
the servo controlled main screw. A current sensing circuit is provided to take care of the shorty circuit.
The current sensing circuit sends a signal to the stepper motor in case the machining current exceeds the
acceptable limit. The controller circuit of the stepper motor immediately reverses the downward motion
of the tool and thereby shutting the ECM machine. The electrolytic tank contains the electrolyte (KCI)
which is pumped to the machining chamber.
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Figure 1. ECM process setup
(Tiwari et al., 2016)

Material for ECM Experimentation

The anodic workpiece used for carrying out the ECM experimentation was EN 19 steel block with
cylindrical cross-section. The EN19 steel has good ductility and shock absorbing capacity. Further the
wear resistance of the tool is high and is known for its high strength property. The tool had the diameter
of 25 mm and height of 15 mm. Figure 2 shows the EN19 steel tool used for carrying out the ECM
experimentation. The EN19 steel tool lands itself for a wide range of applications such as drive shaft,
axels, crankshaft, stud, high tensile bolt, rifle barrels and propeller shaft joints.

A copper tool with diameter of 17 mm was used for the ECM experimentation. The tool used is shown
in the Figure 2. The electrolytic solution of KCL was fed to the machining zone through the centrally
drilled hole in the tool. KCI was used because it has no passivation effect on the workpiece surface.

Figure 2. ENI9 tool for ECM experimentation
(Tiwari et al., 2016)
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Inputs Parameters

The four input parameters considered for the ECM experimentation were: Voltage (V), Electrolytic
concentration (%), interelectrode gap (mm) and feed rate (mm/min).The above parameters were selected
on the basis of extensive literature surveys that have reported these parameters to be most influential for
the material removal rate (MRR) and the surface roughness (SR). The input parameters with their levels
have been tabulated in the table 1.

Output Parameters

The two output parameters considered were: MRR and SR.

Material Removal Rate (MRR)

Equation 1 can be used for the determination of the MRR (cubic centimetre/min) in the ECM process:

MRR=CxIxH (D

where, C is the specific removal rate (cm3/amp-min); I is the current (amp) and h is the current efficiency.

Therefore, MRR depends upon the amount of current passed and the elapsed machining time. Besides
these critical factors the MRR is also dependent on the type of electrolytic solution used, electrolytic
flow rate etc.

Surface Roughness (SRR)

The deviation of a surface from its ideal level is defined in terms of surface roughness. The surface
roughness is defined according to ISO 4287:1997 international standard. The term surface roughness is
often referred to as roughness and determines the surface texture. The surface roughness is calculated
by the deviations I i.e., deviation of surface from a theoretical centre line. If the deviations are large, the
surface roughness is high. Whereas the surface is considered to be smooth for small deviations. This is
known as arithmetic mean surface roughness and is depicted in Figure 3.

Table 1. Input parameters with their levels

Process Parameters (Unit) Symbol Level 1 Level 2 Level 3
Electrolytic Concentration (%) A 10 15 20
Voltage (V) B 8 10 12
Feed Rate (mm/min) C 0.1 0.21 0.32
Inter-electrode gap (mm) D 0.2 0.25 0.3
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Figure 3. Arithmetic mean surface roughness
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Design of Experiments

One of the systematic processes to relate the input process parameters with that of the output process
parameters is the design of experiments (DOE). The DOE aids in optimizing the output by processing the
input process parameters. There are certain input factors that can be altered with respect to the time and
are termed as the controllable factors, whereas there are uncontrollable factors that cannot be modified
throughout an experiment. The DOE speeds up the designing process and minimizes the manufacturing
cost. The DOE can be divided into five main phases: Conceptual, Discovery, Breakthrough, Optimiza-
tion and Validation.
Terms commonly used in DOE are:

e  Response: A dependent variable which is the outcome in an experiment. There may be one or
more than one response variables under investigation.

Factors: Variable contributing and affecting the response variable.
Levels: The conditions of the factors under study.

e  Orthogonality: It is a desirable property that can be thought of as factors independence. In an
orthogonal experiment the factors are independently varied. The summary of the results obtained
by variation of the factors can be depicted graphically. However, orthogonality is no longer a re-
quirement because of the availability of powerful software and computers.

e  Blocks/Blocking: there may be a situation in experimentation where there may be large number
of runs that cannot be completed in homogeneous conditions. In such situations the inclusion of
nuisance factors into investigation is inevitable. The nuisance factors are of not primary interest.
Blocking can be used to account for the nuisance factor by separating the experimental runs into
separate blocks carrying out experimental runs in homogeneous conditions.

e  Randomization: it is the process of recording the observations in a random order i.e., assign-
ment of the different level of the input process parameters to the experimental output in random
order. The process of randomization involves the start and stop technique for each observation
performed.

e  Replica/Repetition: the results obtained with the repetition of the experimental runs incepting
from the initial step. However, the signal-to-noise ratio increases arising from the nuisance vari-
ables inevitable to be avoided. Replication is therefore the method for increasing the level of preci-
sion of the experiment.
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Treatments: the condition that is associated with a specific level in a specific experimental run.
Factorial Experimentation: the effect on the output process parameters of the individual factor
or combination of factors is estimated using the method of factorial experimentation. The data is
collected at the vertices of a cube in k-dimensions and if the data is collected from each of the
vertices of a cube then it is known as full factorial.

Some of the techniques for design of experiments are: Taguchi method, Sieve DOE, Split-Plot DOE,
and group method of data handling (GMDH). In the present work Taguchi method has been used for
the formulation of DOE. According to Taguchi, the total degrees of freedom of the selected orthogonal
array (OA) must be greater than the DOF for the standard OA. In the present the number of factors are
four i.e., Voltage (V), Electrolytic concentration (%), interelectrode gap (mm) and feed rate (mm/min).
The total number of interactions and the DOF of four factors is 20 (4x 2 + 3 x 4). Since the standard OA
for four factors with three levels are L9 and L27 having DOF of 8 and 26 respectively, L27 orthogonal
array was selected for the problem under consideration. The DOE with L27 orthogonal array has been
tabulated in the Table 2. The results obtained for MRR and SR with the design of experiments have
been tabulated in the Table 3.

Regression Model
The relationship between the input parameters and the output parameters can be obtained using the
statistical tool of regression analysis. Minitab 16 was used for obtaining the relationship between MRR

and input variables and also for obtaining the relationship between SR and the input variables. Equations
1 and 2 are the relations for MRR and SR respectively.

Table 2. DOE using L27 Orthogonal array

Exp. No. A B C D Exp. No. A B C D
1. 1 1 1 1 15. 2 2 3 2
2. 1 1 2 2 16. 2 3 1 1
3. 1 1 3 3 17. 2 3 2 2
4. 1 2 1 2 18. 2 3 3 3
5. 1 2 2 3 19. 3 1 1 3
6. 1 2 3 1 20. 3 1 2 1
7. 1 3 1 3 21. 3 1 3 2
8. 1 3 2 1 22. 3 2 1 1
9. 1 3 3 2 23. 3 2 2 2
10. 2 1 1 2 24 3 2 3 3
11. 2 1 2 3 25. 3 3 1 2
12 2 1 3 1 26. 3 3 2 3
13. 2 2 1 3 27 3 3 3 1
14 2 2 2 1
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Table 3. DOE results

Exp No. MRR SR Exp No. MRR SR

1. 0.1033 13.5576 15. 0.1169 16.5729

2 0.0917 13.6241 16. 0.1506 19.2462

3 0.0801 13.6906 17. 0.1390 19.3127

4 0.1138 16.3639 18. 0.1274 19.3792

5 0.1022 16.4304 19. 0.0809 13.8626

6. 0.1281 16.4204 20. 0.1067 13.8526

7 0.1243 19.1702 21. 0.0951 13.9191

8 0.1502 19.1602 22. 0.1289 16.9524

9 0.1386 19.2267 23. 0.1172 16.6589

10. 0.0921 13.7101 24. 0.1056 16.7254

11. 0.0805 13.7766 25. 0.1394 19.3987

12. 0.1064 13.7666 26. 0.1277 19.4652

13. 0.1026 16.5164 27. 0.1536 19.4552

14 0.1285 16.5064
MRR = 0.000253A + 0.011500B + 0.008014C — 0.250000D + 0.058007 (1
SR =0.0254A + 1.3904B + 0.3726C + 0.5101D + 2.0411 2)

OPTIMIZATION OF MATERIAL REMOVAL RATE USING PSO
Particle Swarm Optimization Technique

Kennedy and Eberhart (1995) developed the particle swarm optimization (PSO) technique which is one
of the evolutionary optimization techniques. The common evolutionary computational attributes exhib-
ited by the PSO technique simulates graphically the choreography of the bird flock. The PSO technique
incepts with the initialization with population of random solution and then updating the generations to
achieve the optimal solution. The potential solutions which are referred to as particles are then flown
through the space of the problem which follows the current optimum solution. The particles in the prob-
lem space keeps track of its position. The coordinate of each particle is associated with the best solution
achieved so far. The best position achieved by the particle is referred to as ‘pBest’. The best position
achieved by any particle in the problem space is known as the ‘gBest’. Thus the PSO technique is based
on accelerating the particles towards their ‘pBest” and ‘gBest’ locations. The random terms weights the
acceleration and therefore separate set of random numbers are generated for acceleration towards ‘gBest’
and ‘pBest’. The updated velocity i.e., the new velocity of the particle is obtained using the Equation 3.
Equation 4 on the other hand gives the updated position of the particle in the problem space.
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V., =wV +cn(pBest, — X,)+c,,(g9Best, — X)) 3)

3

X=X +V, 4)

The random numbers r1 and r2 are generated randomly and lies in the range [0, 1]. cland c2 are the
acceleration constants that weights the acceleration terms. The confidence of the particle in itself is
represented by c1 whereas c2 represents the confidence a particle has in a swarm. c1 and c2 are referred
to as cognitive and social parameters respectively. The values of these two parameters determines the
change in amount of tension in the system. The low values of the parameters results in the particles
roaming far away from the target regions whereas a higher value results in an abrupt movement towards
the target solution (Dong et al., 2005). The exploration abilities of the swarm particles are controlled
by the inertia weight w and is therefore very critical in determining the convergence behaviour of PSO.
The lower values of w restricts the velocity updates to nearby region in the search space, whereas higher
values results in velocity updates for a wider space in the problem space. Berg and Engelbrecht (2006)
have investigated the effect on convergence if benchmark functions of w, c1 and c2.

Heuristics have been developed to obtain the values of cl ¢2 and w but these are applicable for
single-objective optimization problems only. Determination of the parameters and the inertia weights
for multi-objective optimization problems is relatively difficult and therefore a time variant of PSO has
been described by Tripathi et al. (2007). In this variant of PSO, the parameters and the inertia weights
are adaptive and changes with the iterations. The search space can be explored more efficiently with
the adaptive nature of the time variant PSO technique. The premature convergence was taken care off
by the mutation operator.

The PSO technique doesn’t require complex encoding and decoding process as required by genetic
algorithm. The real number represents a particle which update their internal velocity in search of the
best solution. In PSO technique the particles tend to converge towards the best solution by iteratively
looking for the best position which comprises of the evolution phase. It is very important to handle the
non-linear equation constraints and evaluate the infeasible particles. This is mainly due to the fact that
the particles generated during the process may violate the constraints of the system and thereby resulting
in infeasible particles. Various approaches such as repair of infeasible particles, rejection of the infea-
sible particles, penalty function methods etc. can be adopted to cope with the evolutionary problems
with constraints. The recent developments however suggest the use of penalty method for addressing
the same (Dong et al., 2005).

Optimization of Material Removal Rate and Surface Roughness Using PSO

The PSO technique incepts with the setting of PSO parameters which determines the performance of the
PSO algorithm. The values of parameters were taken from the work of Hu and Eberhart (2002) Therefore,
w = (0.5+ (rand/2), c1 =c2= 1.49445, number of iterations =100 and population size = 27 particles.

As a second step to PSO technique, initialization of the random position and velocity vectors is fol-
lowed. The fitness values are derived from the following function given by Equation 5.
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MinF(z) = —w,f +w,f, 4)

f, and f, are normalized values of MRR and SR. The values of inertia weights considered are 0.7
for MRR and 0.3 for SR. a higher value of inertia weight for the MRR signifies that a MRR is given
relatively higher significance than SR. The initial values have been tabulated in the Table 4.

Finding pBest and gBest is a third step to the PSO technique. In this chapter 3 particles have been
considered for each parameter. The lowest fitness value is selected as the gBest and for the first iteration
the pBest will be same as gBest. The change in position is then obtained using Equations 3 and 4 for
each of the parameters. Table 5 shows the new position of particles after first iteration and the change
in position of each particle has been tabulated in the Table 6.

As can be observed from Table 5, the particle 1 has the lowest fitness value of 7.7726. Therefore
the pBest for each parameter will be the values corresponding to 7.7726. However, it is higher than the
initial gBest value which was 5.7618. Hence the gBest achieve is not updated. The process is continued
for 100 iterations and the final optimised value of gBest gives the final solution.

Similar process was adopted for the single objective optimization of MRR and SR.

Table 4. Initial population and fitness value

Particle A B C D MRR SR Fitness Value
1 10 0.1 0.2 0.1033 13.5576 3.9949
2 15 10 0.21 0.25 0.1160 16.5319 4.8784
3 20 12 0.32 0.3 0.1286 19.5062 5.7618
Table 5. New position of particles after the first iteration
Particle A B C D MRR SR Fitness Value
1 12.3728 16.9602 0.3374 0.4118 0.1559 26.2726 7.7726
2 21.8046 18.6454 0.1986 0.2630 0.2138 28.7277 8.4686
3 24.5809 17.3213 0.6141 0.6934 0.095 27.2726 8.1330
Table 6. Changed position of particles after the first iteration
Particle A B C D
1 23728 8.9602 0.2374 0.2118
2 6.8046 8.6454 -0.0114 0.0130
3 45809 5.3213 0.2941 0.3934
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RESULTS AND DISCUSSION

The results obtained from the PSO algorithm have been tabulated in the Table 7. As can be observed
from Table 7 that the maximum value of MRR is corresponding to experimental number 13 and is
0.1847 cubic centimetre/min. The values corresponding to the maximum MRR for the various input
parameters are: A=15; B=10; C=0.1; D=0.3. Figure 4 shows the variation of optimized values of MRR
for the different experimental runs.

On the other hand the minimum value of SR is 25.0612 corresponding to the experiment number 3.
The values corresponding to the minimum SR for the various input parameters are at A=10; B=8; C=0.32;
D=0.3. Figure 5 shows the variation of optimized values of SR for the different experimental runs.

The fitness calculation for the multi-objective optimization shows that experiment number 2 is the
best experimental run with the minimum fitness value of 7.4251. The values of input parameters for the
minimum value of fitness function are: corresponding to the input parameters are: A=10; B=8; C=0.32;
D=0.3. The variation of fitness values for different experimental runs is depicted in Figure 6.

CONCLUSION

In the present chapter the single and multi-objective optimization of the MRR and SR for the ECM
process of EN19 was carried out using the PSO algorithm. The optimum value of MRR and SR were
established. The single objective optimization can be used to fulfil the specific requirement of the manu-
facturing unit. For instance if MRR plays a critical role in production of goods, then the manufacturer
can go for maximizing of the MRR value.

Table 7. PSO results

EN’(‘)*’ A|lB|C|D| MRR SR F“,;’;EZS EN’;p A|B|C|D| MRR SR 11‘;‘;315
Lol ol ] o | o2saaar | 74517 | s | 2| 23] 2| 01791 | 202040 | 86358
2 [ 1| 1| 2]2]| oms1 | 250888 | 74251 | 16 [ 2|3 | 1| 1| 01470 | 27.0418 | 8.007
30 (11| 3] 3| 01493 | 250612 | 74138 | 17. | 23| 2|2 01610 | 269859 | 79831
4 |12 1] 2] 01786 | 201024 | 86057 | 18 | 2|3 |3 ]3| 01653 | 269583 | 7.9718
s |1 l2)2] 3| 01827 | 200667 | 85921 | 190 | 3| 1|1 ]3| 01512 | 251968 | 74532
6. | 1|23 ] 1] 01631 | 200879 | 86122 | 20. | 3|1 | 2] 1| 01314 | 25200 | 74710
7. 11|31 ] 3| otess | 268567 | 79417 | 21 [ 3| 1| 3] 2| 01456 | 251621 | 7.4467
8& [ 13| 2] 1| 01450 | 268698 | 79504 | 22. |3 | 2] 1| 1] 01650 | 292235 | 86516
o. | 13|32 01592 | 26820 | 79352 | 23. |3 |22 ]2 01790 | 201676 | 86250
0. |2 1|1 ] 2] o4 | 252608 | 74753 | 24. | 3| 2|3 ]3| 01832 | 291400 | 86137
i | 21|23 | o1si2 | 252051 | 74617 | 250 [ 3|3 | 1| 2| o610 | 269576 | 7.9746
12 |21 3] 1] 01316 | 252463 | 74818 | 26. | 3 |3 |2 ]3| 01651 | 269219 | 7.9610
13 | 2|2 1] 3| 01847 | 202388 | 86423 | 270 | 3 |3 | 3| 1| 01455 | 269431 | 79811
4 2221 otes90 | 202518 | 86601
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Figure 4. Variation of optimized value of MRR.
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The multi-objective optimization was based on the concept of fitness function and the experimental
run with the minimum value of fitness function was found to be best amongst the different runs consid-
ered. Therefore the PSO algorithm proved to be a cost effective solution for establishing the optimum
values of input process parameters for enhancing the machining performance of the ECM process. The
multi-objective optimization thus aids in selecting the best experimental run for the production of goods
and services under the conflicting output process parameters such as MRR and SR.

SCOPES OF FUTURE RESERACH

The PSO algorithm can be used for the optimization of other output process parameters such as accuracy.
Further, the optimization can be performed by taking into account more input parameters. The machin-
ing optimization of ECM for composite materials can be investigated with the PSO. The PSO algorithm
can be used for the optimization of process parameters for other non-conventional machining processes
such as ultrasonic machining, electro discharge machining etc.
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Figure 5. Variation of optimized value of SR.
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Figure 6. Variation of optimized value of SR.
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Performance Study of LaPO, -
Y, O, Composite Fabricated
by Sol-Gel Process Using
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ABSTRACT

This chapter presents an effective approach to assess the abrasive water jet machining of lanthanum
phosphate reinforced with yttrium composite. A novel composite is prepared with the mixture of lantha-
num phosphate sol and yttrium nitrate hexalate with a ratio of 80/20 by aqueous sol-gel process. Silicon
carbide of 80 mesh size is used as abrasive. The effects of each input parameter of abrasive water jet
machining are studied with an objective to improve the material removal rate with reduced kerf angle
and surface roughness. The observations show that the jet pressure contributes by 77.6% and 45.15% in
determining material removal rate and kerf angle, respectively. Through analysis of variance, an equal
contribution of jet pressure (38.18%) and traverse speed (40.97%) on surface roughness is recorded.
Microscopic examination shows the internal stress developed by silicon carbide which tends to get plastic
deformation over the cut surface.
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INTRODUCTION

Ceramic materials are well known for its high temperature stability, high strength, relatively low density,
high hardness, excellent wear and corrosion resistance. In present days the efforts have been taken to
improve their toughness so that better machineability can be achieved. However, the growing demand
of new materials for use in a variety of environments has become necessary to investigate and identify
new materials which will suit to specific requirements. The rare earth phosphate material because of its
poor toughness and high brittleness, it is limited in its wide practical applications.

Development of rare earth composites is of great interest to the researchers owing to their advantages
over conventional materials. Among them, rare earth lanthanum phosphates had attracted many research-
ers as Sujith (2014), Chenghao (2015), Min (2001) whose study explores the unique characteristics
of the composite like: high temperature withstanding capacity, non-reactant, chemically inert and no
phase transformation at elevated sintering temperature and it also proved that the Lanthanum Phosphate
(LaPO,) acts as an interfacial material in machining composite. Gong (2006), had proved that the LaPO,
in the composite mixture will enhance to form an interfacial layer while machining. Hence it induces the
toughness property to the hard materials and leads to increase the machiniability of the materials. Abdul
Majeed (2008), prepared Al,O,-LaPO, composite, with an addition of 30% of LaPO,. This composite
was identified to have least hardness value and improves machinability.

Alangi (2011), had developed a Y, O, thin film deposition on tantalum substrate. The developed thin
film admirably act as a corrosion resistance layer against the liquid uranium attack, even at elevated
working conditions of 1300° C. Study made on different materials likely CaO, MgO and Y, O, by Alberdi
(2013) upon developing of a stabilized compound with Zirconia, Yttrium Oxide (Y,0,) has identified
to have a least hardness value. Composite with the addition of Y,O, particles is found that an increase
in densification of the composite. Hence it is stated that the yttria particles have a tendency to reduce
the porosity of the particle. To validate the Alberdi etal work, Gunduz (2008), observed a similar report
while doping Yttria with Bovine Hydroxyapatite. Further it is confirmed that the composite has found
to have least porosity even at the elevated sintering temperature of about 1200° C. Maiti (2006), report
on microstructural property of Al O, based Y,O, composite delivers that an equiaxed grain structure
with fine grain size and grain boundary is obtained with addition of yttria elements. According to Sun
(2007), the additions of yttria in the silicate ceramic enhance the machiniability of the composite. The
formation of weak interface bonds of the atomic planes (Y-O) with silicate improves the toughness
of the composite material. Mogilevsky (2007), had identified that the solubility of the yttrium in the
LaPO, was superior with increase in the working temperatures. It is further reported that the solubility
of yttrium is found to be maximum when the atomic composition of yttrium is below 42%. Kim (2006),
states that at elevated sintering temperature reduction in porosity of W-Y,O, composite is achieved with
increase of Y,0, particles. Sankar (2011, 2012) in his studies on LaPO,/Y 0, composite states that the
properties Y, O, and LaPO, are found to be similar in nature moreover, it is further stated that when
these particles are formed as composite, they are proven to be in a stabilized state at ambient condition.
Hence this enhances the researchers to develop a composite material that possess an excellent property.
Also, this composite has been found to withstand high temperature and the sankar et al., proposed that
the LaPO /Y O, composite could be a suitable material for high thermal barrier, melting and also for
functional material applications.
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Use of conventional methods to machine these ceramic composites are often difficult is due to their
superior physical and mechanical properties. To perform the machining operation, it requires a very high
cutting energy and temperature. The removal of material in Abrasive Water Jet Machining (AWIM) is
purely by erosion caused by the high accelerated abrasive particles from the jet stream. Xu (1995) reported
that the erosion wear on hard surface causes an increase in temperature on sample surface. Further the
simultaneous cooling by water in AWJM will induces residual stresses on the cut surface. This would
results in the formation of micro-crack on the machined surface of the composites. Zhang (2011) had
conducted a comparative study on various unconventional machining practices like laser cutting machine
and the wire electrical discharge machine, it is concluded that AWJM is a cold working process and the
surfaces are free from heat affected zones. AWJM studies by Wang (2004) limits by kerf width. Kerf
taper is characterized by a wider entry at the top than at the bottom. It is one of the major barriers that
limit AWJM applications. Early research studies by Shanmugam (2009, 2008) had described various
methods to reduce the Kerf Angle (KA) on machining ceramic composites in AWJM. The effect of out-
put performance characteristics on different operating conditions in AWJM with various abrasives on
different materials shows diverse results which has been evaluated and reported by Gudimetla (2002),
Ghosh (2015), Chen (1996), Ahmet Hascalik. (2007). According to Kopac (2007), exclusive of input
parameters material properties predominantly determine the machinability of the material.

According to Pirso (2010), the ratio of hardness of an abrasive and the hardness of the structured
material (Hardness Ratio: H/H ) creates an impact in machining. Selection of abrasive particle will
enhance the quality of the machining. Further, it is also stated that SiC abrasive is broadly used for the
manufacturing of highly engineered parts because of its high hardness, low coefficient of friction, wear
resistance and high decomposition temperature. Inspite of the report, Srinivas (2011), had suggested that
apart from the hardness of abrasives, the hardness of the particles present in the matrix composition will
also significantly affect the machining performance. Investigation on abrasive erosion in AWJM by Fang
(1992, 1993), proves that based on the movement of abrasive particles in the jet, the nature of wear will
be in the form of micro-cutting, grain fracture or plastic deformation on the cut surface.

Khan (2007) had performed the AWJM on glass substrate material with different abrasives. Through
the observation, it is suggested that SiC abrasives will exhibits a superior performance characteristic in
AWIJM machining compared to alumina and garnet. The abrasive wear mechanism mainly depends on the
relative hardness between the machinable material and abrasives. When Xiaoyong (2013), made a review
on use of different abrasive in AWJM and it is identified that on use of varied abrasives creates different
sign on the kerf region. Al O, abrasive enhance to get kerf surface such as ploughing, when SiC is used
as abrasive, it creates micro-cutting, grain fracture and plastic deformation, on use of SiO, as abrasives
tend to produces extrusion and removal of binder phase and also, a slight plastic deformation surface with
grooves are identified on the cut surface. The hard abrasive particles intensively determine MRR and
Surface Roughness (Ra) but according to Fowler (2009), they do not have any influence on the surface
waviness. Zhao (2014), performed an experimental analysis in AWJM with four different materials. The
authors concluded that for hard materials the cut surface was found to be smooth whereas rough wear
tracks and wear scare are found in ductile type of materials. The AWJM will change depending upon
the material properties and cutting conditions. Selvan (2012), on cutting the cast iron using AWJM, on
considering the surface roughness alone, it is found that JP significantly determines the output response
than SOD and TS. Whereas in Derzija (2015), study in AWJM on aluminium material yields a diverse
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result showing that the TS has significant effect than the other independent parameters. Hence the ma-
chining effects will change based on the working condition and the material property. Sharma (2011),
suggest that to evaluate the machining performance of a newly fabricated composite material and also,
to predict the various independent parameters limitations on AWJM while machining the composite, a
necessity of consideration of an integrated taguchy approach will reduce the complicity. This could be
done by optimizing the series of experiments.

Hloch (2009) has conducted a series of experiments with varied sample thickness. The surface
topography and the mechanism of material removal in AWJM are studied. The study reveals that with
increase in depth of cut the surface tend to have more wear track, also the kerf taper increases with in-
crease in the thickness of the sample. Hutyrova (2015), had extended the AWJM applications as beside
cut through operations, it is also now used in turning operations. This kind of operations will completely
eliminate the tool wear, thermal induced surface and is also not limited with the material properties. It
could perform operations on wood, plastics and alloys etc. Carach (2016), had performed the turning
operation on hard materials and reported that there is no evidence of melt surface over the kerf regions.

Every material varies in their mechanical behavior because of their physical and chemical nature.
So it became important to investigate the mechanical properties before advocating the use of a ceramic
matrix composite for a particular application. In general large numbers of combination of matrix and
reinforcements are available to develop ceramic matrix composite. In present work, a series of experi-
ments have been conducted on LaPO /Y 0O, composite which is prepared by the Sol-Gel process. The
composite is cut for taguchy’s L27 orthogonal array using AWJM. The input parameters such as Jet
Pressure (JP), Stand-Off Distance (SOD) and Traverse Speed (TS) are considered to be the affecting
machining parameters and observations are conducted with an objective to minimize the KA, Ra and
to improve the MRR. Further, ANOVA study is performed on each output parameters to measure the
performance deviation of each input parameter over the individual output parameters.

MATERIALS AND METHODS
Preparation of Composite

Synthesis of these nano-structured gels requires significantly milder conditions and temperatures than
we encountered in the “heat and beat” method. Wet gels in which the pores are filled with a fluid can be
synthesized by a number of different so-called “sol-gel” routes involving the controlled hydrolysis and
condensation of molecular precursors.

Synthesis of Lanthanum Phosphate

A Wide Variety of synthesis of lanthanum phosphate powders are performed by the researchers. An at-
tempt has been made to synthesis the lanthanum powder by Aqueous Sol-Gel process. The commercial
available materials are used as the starting component for the process. The obtained powders are sintered
to the determined temperature to get the nanosize particles. The prepared powders are characterized and
reported in detail. From the observations lanthanum and the lanthanum phosphate powders obtained
through the sol-gel process are in the range of 25-80 nm.
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Commercially available lanthanum chloride is mixed with deionized water to form the solution and
further addition of orthophosphoric acid in a defined stoichiometric estimation in a ultrasonic bath and
as a supplementary product 25% of ammonia is flocculated to LaPO, particle. With a pH range of 6.8
+ 0.2, a complete flocculated precipitate of LaPO, is obtained. The precipitate is rinsed several times in
hot water followed by centrifuged force to remove the chlorine content. To convert the precipitate in to a
colloidal sol, 20% (Vol) of nitric acid is added with continuous stirring condition at pH in a range of 1.75
to 1.85 and it is followed by ultrasonication for 15 min. LaPO, gel is obtained in the ammonia atmosphere
and is dried followed by ball milling. The gained powder is calcinated to1400°C for 2 hours. A systematic
flowchart had shown in Figure 1 will delivers the preparatory steps of lanthanum phosphate powder.

For a typical case phenomenon, to fabricate 20 gms of lanthanum phosphate powder, commercially
available lanthanum chloride hexa hydrate (LaCl,.6H,0) is taken as the starting material. The deionized
water is added gently to the LaCl,.6H,O, as it converts to solution state. Nearly 1700 to 1800 ml of deion-
ized water is required to acquire the 0.5 mole of LaCl,.6H,O solution. To reduce the concentration of the
prepared solution (pH), 88% concentrated orthophosphoric acid (H,PO,) is added as a supplementary
product. To obtain the value of pH.2, the H,PO, acid is added drop wise with continuous stirring condition.

Once the pH value is reached addition of the supplementary product is stopped. Further the stirring
operation is performed continuously for about 2 hours for the complete mixing of the solution. To attain
the lanthanum phosphate sol from the obtained solution, ammonia solution is also added like the H,PO,
to flocculate the sol. The addition of ammonia solution is performed until all the phosphate molecules
in the solution get deposited. The pH value will change on the quantity of the ammonia solution. Once
the clear solution is found in the top portion of the beaker make sure that all the phosphate molecules are
deposited and then the addition of ammonia solution can be dropped. The precipitates formed are rinsed
several times with warm water by centrifugal force to remove the chlorine content in the precipitate. By
means of washing the precipitate through the centrifugal force will results in the removal of the excess
amount of phosphate elements present in the medium.

A conventional silver test is carried out to confirm the complete removal of chlorine atoms in the
medium. The rinsed precipitate is then mixed with the deionized water to form the sol. Nitric acid with
20% in volume percentage of sol is added with the pH in the range of 1.75 to 1.85. Under vigorous stir-
ring condition of about 5 hours, the lanthanum phosphate sol is peptized. Using Ultra sonic processor
P2, Vibronics, India, Ultrasonification is done for 15 minutes. By placing the ammonia solution closer to
the dessicator, the ammonia atmosphere is created. In this atmosphere, the sol is allowed to settle down.
After 24 hours of settlement, a thick lanthanum phosphate gel is formed. The obtained gel is calcinated
to 70°C for about 24 hours and then it is grinded. To remove the water content, the grinded powders are
further heated to about 1400°C.

Synthesis of Lanthanum Phosphate: Yttria Composite

To synthesis 80% lanthanum phosphate with 20% yttria composite, the stoichiometrically prepared
lanthanum phosphate sol is taken as the primary material. Lanthanum phosphate sol is obtained when
preparation of LaPO, without yttria which is explained in the above topic. The commercially available
Yttrium nitrate hexahydrate (99.9%) (Y (NO,). 6H,0) is used as the starting material for the yttrium
oxide. The systemic procedure for the preparation of the lanthanum phosphate is revealed on preparation
of the lanthanum phosphate powder.
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The calculated quantity of the starting element of the yttrium oxide is mixed with the distilled water
to acquire a sol form. The acquire sol is mixed with the primarily obtained lanthanum phosphate sol
with the continuous string condition. Mechanical stirrer is used for the stirring operating. Ammonia
solution is taken as a supplementary product and is added to the mixer to maintain the pH value. The
addition of ammonia solution will rise the pH value also, it flocculated the LaPO, and yttrium oxide
from the sol. The addition of ammonia is carefully monitored. Stirring is done continuously for 3 hours
for the homogeneous mixture of the solution. The precipitate obtained is washed with the warm water
and it is dried to 70°C to remove the excess water content. The obtained powder is furthered calcinated
to 700°C for two hours.

To synthesis a 5gm of LaPO,+20 wt%Y 0, nano composite, 17gm of yttrium nitrate is dissolved in
a minimum quantity of distilled water. The mixture is then added with 0.05 M lanthanum phosphate sol
(preparation s stated in earlier stage) under constant stirring using a mechanical stirrer. The homogeneous
mixture of lanthanum phosphate sol and the yttrium nitrate solution are obtained at the constant string
condition of about 2 hours. The precipitation of Y(OH)3 as well as flocculation of LaPO, is achieved
slowly by adjusting the pH to 8 using 25% NH3 solution and the composite precursor is kept stirring
for 3 hours. The precipitate obtained was later dried over water bath and further calcined to different
temperatures 1400°C and let for further characterization.

The obtained powder is consolidated to disk shape (36mm diameter and 7mm thickness) in titanium
coated Oil Hardening Non Shrinking Die Steel (OHNS) with a uniaxial compression force of about 480
MPa at room temperature. The obtained disk is sintered to 1400°C for two hours.

EXPERIMENTAL STUDIES AND PROCEDURES

AWIM of model DIP 6D-2230 manufactured by Dardi International Corporation has a tungsten carbide
nozzle of 0.67mm diameter with an inbuilt orifice of 0.25mm diameter is used for the observation. In
the machining of these type of composite materials, selection of machining parameters is found to be a
challenge for the researchers. To induce the usage of this technology over cutting these composites, its
various input parameters are to be optimized. Table 2 shows the list of selected factors and levels used in
the observation. The significance of each input parameter over the output parameter and its interaction
are studied using Analysis of Variance.

Parameters of AWJM Process

There are many parameters involved in an AWJ machining process. The most significant factors of
AWIM are considered in the study. The considered independent parameters are:

Table 1. Properties of LaPO -Y,0, composite

Young’s Flexural Micro Vickers Theoretical Experimental Porosit
S.No Modulus Strength Hardness Density Density %) y
(N/m?) (GPa) (GPa) (g/ecm?) (g/em?) .
1 4.96 96+4 52 4.95 4.87 1.1616
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Table 2. Selected Factor and Levels

Levels
S.No Factors Units Symbols
1 2 3
1 Jet Pressure 220 240 260 bar
2 Stand-off-distance 1 2 3 mm B
3 Traverse Speed 20 30 40 mm/sec

Jet Pressure (JP)
e  Stand Off-Distance (SOD)
° Traverse Speed (TS)

The output responses are

Material Removal rate (MRR)
Kerf Angle (KA)
Surface Roughness (Ra)

Material Removal Rate

The high precision weighing balance (AUX 220 make of shimadzu) is used to check the loss of mate-
rial during machining and it has a least count of 10 mg. The quantity of material removed per minute is
calculated using the following equation (1).

(wf —wi) * 1000

MRR =
Dw*t

)

where, W, - Initial Weight of work piece in grams before cutting, W, - Final Weight of work piece in
grams after cutting, D_ - Density of the Work piece (gm/cm?®) and t - Period of trial (min).

Kerf Angle

The generated cut surface in AWJIM will always exhibit some poor surface characteristics. Among them
kerf angle or kerf taper is a predominant problem exists on the finished end product. This alternatively
moves to take the secondary operations to remove this kerf taper. The taper is formed by the impinge-
ment of the abrasives on the samples as the depth of cut on the sample increase will enhance to get larger
taper. Burr formation on the cut section is due to the directional impingement of the water beam which
leads to plastic deformation surface. This kerf taper defect will cause problems in assembling of com-
ponents, formation of sharp edge which are dangerous for handling and this may affect the component’s
performance. The KA is measured using the profile projector. KA is measured by using equation (2).
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[ X1 x2]

2
5 2

Kerf angle = tan-1

where x, = Top kerf width, x, = Bottom kerf width and t = Thickness of the material.
Surface Roughness

The cut surface can be divided into three regions. The initial deformation region (IDR) is where the
jet initially enters the cut part the work piece. Continuous impingement of abrasives on the cut surface
causes stray particles to create a rounding of the upper edges. The second region is the smooth cutting
region (SCR), also called as cutting wear dominates. During cutting operation, the shear force of the
sharp edges abrasive particles will chip away material from the work piece. A small amount of materi-
als are removed by each abrasives at the low angles of incidence hence the surface finish in this regions
are considerably higher than rough cut region. This may lead to enhance the good surface finish in this
region. The third region is the rough cut region (RCR). On further down the cut region, the jet curves
create a higher angle face area. The collision of particles at higher angles will primarily change the
mode of material removal. The wear is by deformation mechanism which will leads to striation and
rough cutting marks which are generated along the diverged water beam. The increase in kerf taper is
observed with increase in thickness of the cut samples. The surface roughness is measured by using
surface roughness tester SJ-411which has a range of 350 um with a probe speed of 0.25 mm/s over a
span of 5mm. Three observations are made at top, middle and bottom of cut section and the averages
of these are tabulated in Ra.

RESULTS AND DISCUSSION
Material Characterization

X-Ray diffraction of LaPO, with Yttria composite is shown in Figure 1. The pattern identified through
XRD-X’Pert high score software indicates the crystal structure of the elements. The dominating elements
were found to be in the combination of YPO,. This has been drawn from the LaPO, and Y,0, based on
heat sintering process done at the elevated temperature of 1400°C + 10°C. The mechanism behind this
shows the agglomeration of yttria and phosphate reveals at elevated temperature and lanthanum can
sustain temperatures above 2000°C. Thus these two materials possess high strength with good corrosion
and oxidation resistance.

The objective is to identify the significance of each input parameters over various levels of individual
output parameter. To get good surface finish with acceptable MRR and KA, a suitable orthogonal array
is to be selected. The number of Degrees Of Freedom (DOF) for the selected three factors is determined
by the total number of levels (n) in each parameter minus one (n-1). The L27 Orthogonal Array may
well be computed to get the significant output. The experimental observations are presented in Table 3.
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Figure 1. XRD of the LaPO  with 20% Y,0,

Intensity (a.u.)

20 30 40 50 60 70 80 El)
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Table 3. Experimental observation of MRR, KA and Ra
Ex.No JP (bar) SOD (mm) TS (mm/min) MRR(g/s) KA(Deg) Ra (um)
1 220 1 20 0.03189 0.215 1.191
2 220 1 30 0.02589 0315 1328
3 220 1 40 0.02152 0.364 1486
4 220 2 20 0.03258 0.249 1.139
5 220 2 30 0.02998 0332 1289
6 220 2 40 0.02681 0414 1.542
7 220 3 20 0.03471 0.298 1344
8 220 3 30 0.03186 0.342 1.508
9 220 3 40 0.02895 0.398 1675
10 240 1 20 0.04112 0.292 1231
1 240 1 30 0.03412 0.364 1.494
12 240 1 40 0.03097 0411 1.651
13 240 2 20 0.04526 0.293 1331
14 240 2 30 0.04291 0.362 1531
15 240 2 40 0.04017 0.454 1.682
16 240 3 20 0.05621 0.425 1515
17 240 3 30 0.05014 0.468 1.656
18 240 3 40 0.04519 0517 1.797
19 260 1 20 0.05495 0.348 1423
20 260 1 30 0.04951 0.396 1572
21 260 1 40 0.04652 0.492 1.692
2 260 2 20 0.06488 0.393 1.598
23 260 2 30 0.05715 0.462 1731
2 260 2 40 0.05359 0.554 1.881
25 260 3 20 0.06887 0.516 1.645
26 260 3 30 0.06574 0.598 1.847
27 260 3 40 0.06252 0.681 1.966
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Effect of Parameters on MRR

MRR is found to be a dominating factor in the determination of manufacturing cost and machining time.
Figure 2 is plotted on the working condition of JP of 220 bar pressure for the three levels of TS and
SOD, respectively. From Figure 2(a), MRR trends to increase with the increase in JP. An increase of JP
accelerates the abrasive particle results and increases the width of jet beam before it hits the top surface
of the specimen. It is noted that increase in TS gradually decreases MRR irrespective of JP. Due to the
lack of machining time, the erosion of the abrasive particles at the rough cut section of the samples is
reduced significantly. From Figure 2(b) it is clear that the increase in SOD increases MRR with respect
to change in TS. The abrasive particles in a scattered beam losses its energy before it touches the rough
cut region. The random movement of abrasive material is caused all over the bottom section of the cut
surface due to high TS, which creates a large shift in MRR. At TS of 20 mm/min in varying levels of
SOD, a least significance in MRR is obtained.

ANOVA for MRR is shown in Table 4 and it reveals that JP plays a most significant role of 77.6%
in the determination of MRR, whereas a minor contribution of 13.36% for SOD and 6.39% for TS is
observed. However, among the interfaces, JP x SOD contributes significantly higher than the other in-
teractions (JP x TS and SOD x TS) of 2.02%. From Fisher test at 95% confidential level (F =4.46),

0.05,2,87
investigations done on these parameters reveals that JP, SOD and TS play a significant role in MRR.

Effect of Parameters on Kerf Angle

Figure 3(a) is plotted between JP and KA shows that a significant change in JP and TS which affects
and lead to increase KA. The rapid movement of nozzle over the cut surface irrespective of JP produces
the larger top kerf width and a narrow bottom kerf width. With increase in JP and increase in TS, a
significant rise of KA is observed and this is due to increase in machining time which leads the water
beam to propel through the entire thickness of the composite. The increase in JP improves the kinetic
energy of the abrasive particle, which results in the bounce of particles within the jet and the back scat-

Figure 2. Effect of input parameters in MRR
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Table 4. ANOVA for MRR

Parameter DOF Sum of Squares Mean Square F-Value Contribution (%)
JP 2 0.0037 0.0018 710.97 77.60
SOD 2 0.00065 0.0003 122.40 13.36
TS 2 0.00031 0.00015 58.60 6.39
JP x SOD 4 9.8E-05 2.44E-05 9.27 2.023
JPx TS 4 2.8E-06 7.24E-07 0.27 0.061
SOD x TS 4 5.9E-06 1.47E-06 0.56 0.122
Error 8 2.1E-05 2.63E-06 0.436
Total 26 0.0048 0.0023 100

tered abrasives affect the prior cut region of the composite which leads to jet divergence. A simultaneous
increase of SOD wider the water beam and affects the newly cut region. This may create a wider kerf
entry. In Figure 3(b), an unexpected increase in KA is observed, with the increase in SOD with respect
to TS. The divergence of water beam, the collision of abrasive particle inside the jet, partial losses in
sharp edges of the abrasive before impact and a significant reduction of machining time lead to the
reduction of erosion effect.

From ANOVA of KA shown in Table 5, it is noted that JP influences greatly in affecting KA with
the active contribution of nearly 45.15%. The other parameters namely; SOD and TS contribute nearly
22.10% and 25.98%, respectively. Among the interactions shown in Table 5, JP x SOD interaction
alone significantly affects KA at a rate of 5.49%. F-test at 95% confidential level shows that the input
parameters of AWJM (JP, SOD and TS) are greater than F ., - = 4.46 and have greater significance in
affecting the output KA. Excluding JP x SOD, the other two interactions have no significance in KA.

Figure 3. Effect of input parameters in KA
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Table 5. ANOVA for KA

Parameter DOF Sum of Squares Mean Square F-value Contribution %
JP 2 0.135 0.0677 347.05 45.15
SOD 2 0.066 0.033 169.79 22.10
TS 2 0.078 0.039 199.69 25.98
JP x SOD 4 0.0165 0.004 21.09 5.49
JPx TS 4 0.0018 0.0005 2.42 0.63
SOD x TS 4 0.0004 0.0001 0.55 0.14
Error 8 0.002 0.0002 0.52
Total 26 0.299 0.144 100

Effect of Parameters on Surface Roughness
Surface finish is found to be a compromising factor in determining the quality and the end use of the

product. Figure 4(a) is plotted with JP of 240 bar and SOD of 2mm for different levels of TS. The surface
finish is found to be decreasing with the increase of JP and TS. The mechanism behind this is at high JP

Figure 4. Effect of input parameters in Ra
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and TS, a superior removal of material is gained by accelerated abrasive particle. Owing to less machin-
ing time irrespective of high water pressure, the abrasives particles produce poor erosion over the cut
surface of the composite. The dispersed water jet produces lower etching effect on the cut surface of the
composite. In Figure 4(b) at the same machining condition, the rate of change in the Ra value is found
to be negligible. It is believed that the influence of SOD and TS on surface finish of this composite has
least significance. A linear trend line is drawn and it is shown in Figure 4 (c). From the obtained plots,
a slight increase in Ra is noted but however, the range of increase is in an acceptable level. From the
obtained linear equation at a varying SOD and TS machining condition, the residual square observation
is found to be in acceptable range from 90% to 97%.

ANOVA of Ra is shown in Table 6. It is evident that there is an equal contribution of nearly 40% in
JP and TS, where as in SOD, a contribution of 17.17% is obtained. The contribution level of JP x SOD is
found to have a least value of 2.26% but its adverse effect on surface finish of the composites is verified
by the F-test. Whereas the other two interactions (JP x TS and SOD x TS) give a partial influence less
than 0.5% contribution and do have no effect in Ra. At 95% confident level in F-Test (F =4.46),
all the individual input parameters interpret to have a significant effect in Ra.

0.05,2,8

Analysis on Optimum Level

The manipulated level for each input parameters to enhance the optimistic output responses are shown
in Table 7. JP alone shows a superior influence in MRR. High accelerated abrasives with less loss in
kinetic energy of the particle, will erode a considerable amount of composite material at low SOD. The
loss in kinetic energy of the particle at high SOD and increased width of water beam, results in larger
top kerf width that cause an increase in MRR.

Each independent parameter in AWJM plays a significant role in the determination of the output
responses. To reveal information about the machining effects on LaPO-Y,0, composite in AWJM, the
independent parameters are to be optimized to get the acceptable level of output responses. The data
will provides the researcher in exploring the further addition properties of this composite material to a
greater extent. From the observation, a minimum level of input parameters yields an affordable value
to the composite.

Table 6. ANOVA for Ra

Parameter DOF Ss:l:l;lfs Mean Square F-Value Contribution %
JpP 2 0.452 0.226 195.23 38.18
SOD 2 0.203 0.102 87.83 17.17
TS 2 0.485 0.243 209.51 40.97
JP x SOD 4 0.0267 0.007 571 2.26
JPx TS 4 0.0056 0.001 1.22 0.48
SOD x TS 4 0.0019 0.0005 0.42 0.17
Error 8 0.0092 0.001 0.78
Total 26 1.184 0.579 100
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Table 7. Parametric Optimistic Levels of each Input Parameters

Output Responses Significant Factors Proposed Levels to Optimistic Output
MRR JP JP=260bar, SOD=3mm and TS=20mm/min.
KA JP JP=220bar, SOD=1mm and TS=20mm/min.
Ra JP, TS JP=220bar, SOD=1mm and TS=20mm/min.

CUT SURFACE MICROSTRUCTURE CHARACTERIZATION STUDY

The microscopic images shown in Figure 5 under different operating conditions expose the presence of
wear track, overlapping effect, weak grain boundary and erosion of composites by random movement
of abrasives on cut surface. Figure 5 shows the microscopy image of the cut region of composite. The
hard SiC particles with high acceleration energy impinge the top surface to perform the machining op-
erations. With increase in machining time the rate of impingement of backscatter particles over the cut
surface gets increased and it leads to get the plastic deformation surface. Figure 5(a) shows the surface
roughness (Ra) on the top kerf surface. Fine cracks, direction of the motion of the abrasives and the crater
formed during the machining are clearly visible. In Figure 5(b), it is noticed that the distribution of the
spectrum on the Peak Roughness (Rp) and Valley Roughness (Rv) is uniform. The less energy backscatter
abrasives erode the newly formed cut surface by increasing the kerf angle with superior surface finish.

Figure 5(c) shows the middle region of the kerf surface. A piece of composite about to tear apart on
the kerf surface is noticed. The lack of machining time on these region reduces the abrasion flow rate
may failed to remove this portion. Impinging abrasives after machining the composite with its remaining
energy punches the nearby kerf surface. The continuous bombardment in the same portion results in the
formation of large crater wear. Figure 5(d) shows the spectrum of the middle kerf surface. The irregular
distribution of the peaks shows the random movement of the abrasives over the cut surface. The value
of Rp is found to be less than Rv.

Figure 5(e) shows the rough kerf surface of the composite. The large wear and scar tracks are visible
over the entire surface and the linear movement of the abrasives creates the curvy motion of the abra-
sives. The full acceleration gained abrasives require an additional time to reach the rough kerf surface
than the top kerf surface at constant TS. This condition leads to get striations over these cut region. The
deviation between the Rp and Rv in Figure 5(f), shows the irregular movement of hard abrasives while
removing the composite. The amount of backscatter abrasives that hits the kerf surface is found to be
negligible and this leads to have less wear track over the kerf surfaces.

Microscopy examinations of the kerf surface of the composite reveal that on SiC machined surface,
the failure occurs by grain boundary deformation. The developed internal stress and repetitive cyclic
impact load of hard SiC abrasives over the composite lead to get plastic deformation.
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Figure 5. The three cut region in the composite with its profile spectrum on using SiC. a: SEM image
of upper kerf surface, b: Kinematic profile of upper kerf surface, c: SEM image of middle kerf surface,
d: kinematic profile of middle kerf surface, e: SEM image of low kerf surface, f: kinematic profile of

lower kerf surface
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CONCLUSION

The LaPO,/Y O, ceramic matrix composite with 80-20 ratio (Vol %) has been prepared by Aqueous Sol-
Gel Process. The prepared powder is compacted to get the required shape. The composite is subjected to
AWIJM for interference study of each input process parameters over the individual output responses and
the microstructural characterization studies on the cut region of composite are summarized as follows:

e  Substantial increase in MRR is obtained on different input parameters. Increasing the SOD and
TS, irrespective of JP produces an acceptable linear range in MRR with increase in KA.

e ANOVA of MRR shows that JP with a major contribution of 77.6% interprets MRR in the machin-
able composite.

e Increasing in JP and TS, irrespective of SOD produces an acceptable range of Ra with increase
in KA.

e  ANOVA of KA shows that JP of 45.14% followed by TS of 25.09% and SOD of 22.08% affects
KA. In-spite of least contribution in interaction by F-test, a significant influence of JP x SOD with
5.5% on KA is noted.

e  ANOVA of Ra shows that the JP and TS significantly affect with a contribution of nearly 40%
each. From the F-test, it is identified that there is a significant effect in the interaction of JP x SOD
in determining the surface finish of the composite.

e  Among the input parameters, JP plays a vital role in the determination of each individual output
responses.

e  Microscopic examinations on the cut surface show that the tear of particles in the composite is by
both transgranular and intergranular failure.

e  The initiation and propagated cracks which are visualized along the grain boundary reveal that the
impingement of hard abrasives on composite produces a break in bond and simultaneous hammer-
ing effect leads to the machining of the composite material.
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ABSTRACT

Key performance indicators (KPlIs) are a critical tool to support activities and results’ monitoring in
any industrial organization. The published literature and the available approaches on KPls focus on
the business and administrative level, being computed with information retrieved at the shop-floor level.
Despite that, there is a scarcity of structured and comprehensive approaches to support the generation of
KPIs to be used at the shop-floor level (the few existent approaches are empiric-based). In this chapter,
a methodology to support the selection and organization of KPIs at the shop-floor level is proposed.
Departing from the Hoshin Kanri strategy deployment, it identifies the levels of decision and control
in the company regarding the production activities and derives the most adequate KPlIs for each level
based on universal questions about 