Handbook of Research on

Advancements in the
Processing, Characterization,
and Application of
Lightweight Materials

2 EBSCO P eBook Col | ect ( SCChos )
S AN 3058737 ; Kaushi k Kumar, B. Sr har Babu, Paulo Davi m; Handbook of Resear n Advancenents in the Processing, Characterization, and Application of
= i erials



Handbook of Research

on Advancements

in the Processing,
Characterization, and
Application of Lightweight
Materials

Kaushik Kumar
Birla Institute of Technology, India

B. Sridhar Babu
CMR Institute of Technology, India

J. Paulo Davim
University of Aveiro, Portugal

IGI Global
PUBLISHER of TIMELY KNOWLEDGE

A volume in the Advances in Chemical and
Materials Engineering (ACME) Book Series



Published in the United States of America by
IGI Global
Engineering Science Reference (an imprint of IGI Global)
701 E. Chocolate Avenue
Hershey PA, USA 17033
Tel: 717-533-8845
Fax: 717-533-8661
E-mail: cust@igi-global.com
Web site: http://www.igi-global.com

Copyright © 2022 by IGI Global. All rights reserved. No part of this publication may be reproduced, stored or distributed in
any form or by any means, electronic or mechanical, including photocopying, without written permission from the publisher.
Product or company names used in this set are for identification purposes only. Inclusion of the names of the products or
companies does not indicate a claim of ownership by IGI Global of the trademark or registered trademark.

Library of Congress Cataloging-in-Publication Data

Names: Kumar, K. (Kaushik), 1968- editor. | Babu, B. Sridhar, editor. |
Davim, J. Paulo, editor.

Title: Handbook of research on the advancements in the processing, characterization, and application of
lightweight materials / Kaushik Kumar, B. Babu, and J. Paulo Davim,
editors.

Description: Hershey, PA : Engineering Science Reference (an imprint of IGI
Global), [2022] | Includes bibliographical references and index. |
Summary: “This book of contributed chapters will provide the resources
necessary for processing, characterization and manufacturing using
lightweight materials across the globe, offering recent advances in the
field of light weight material usage and its recent developments”--
Provided by publisher.

Identifiers: LCCN 2021008447 (print) | LCCN 2021008448 (ebook) | ISBN
9781799878643 (hardcover) | ISBN 9781799878667 (ebook)

Subjects: LCSH: Lightweight materials.

Classification: LCC TA418.9.L.53 A38 2021 (print) | LCC TA418.9.L53
(ebook) | DDC 620.1/1--dc23

LC record available at https://lccn.loc.gov/2021008447

LC ebook record available at https://lccn.loc.gov/2021008448

This book is published in the IGI Global book series Advances in Chemical and Materials Engineering (ACME) (ISSN:
2327-5448; eISSN: 2327-5456)

British Cataloguing in Publication Data
A Cataloguing in Publication record for this book is available from the British Library.

All work contributed to this book is new, previously-unpublished material. The views expressed in this book are those of the

authors, but not necessarily of the publisher.

For electronic access to this publication, please contact: eresources @igi-global.com.

EBSCChost - printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Advances in Chemical and

o0 : : :
°® ". °® % Materials Engineering (ACME)
°® O .
c0® .0. Book Series
0o0® .0' J. Paulo Davim
P .. Py °o° University of Aveiro, Portugal
O
® ISSN:2327-5448
EISSN:2327-5456
MISSION

The cross disciplinary approach of chemical and materials engineering is rapidly growing as it applies
to the study of educational, scientific and industrial research activities by solving complex chemical
problems using computational techniques and statistical methods.

The Advances in Chemical and Materials Engineering (ACME) Book Series provides research
on the recent advances throughout computational and statistical methods of analysis and modeling. This
series brings together collaboration between chemists, engineers, statisticians, and computer scientists
and offers a wealth of knowledge and useful tools to academics, practitioners, and professionals through
high quality publications.

COVERAGE

e Biomaterials

e Ductility and Crack-Resistance

e Materials to Renewable Energies

e Statistical methods

e Fracture Mechanics

e Heat Treatments

e Wear of Materials

e Industrial Chemistry

e Electrochemical and Corrosion

e Multifuncional and Smart Materials

IGI Global is currently accepting manuscripts
for publication within this series. To submit a pro-
posal for a volume in this series, please contact our
Acquisition Editors at Acquisitions @igi-global.com
or visit: http://www.igi-global.com/publish/.

The Advances in Chemical and Materials Engineering (ACME) Book Series (ISSN 2327-5448) is published by IGI Global, 701 E. Choco-
late Avenue, Hershey, PA 17033-1240, USA, www.igi-global.com. This series is composed of titles available for purchase individually; each
title is edited to be contextually exclusive from any other title within the series. For pricing and ordering information please visit http://www.
igi-global.com/book-series/advances-chemical-materials-engineering/73687. Postmaster: Send all address changes to above address. Copyright
© 2022 1GI Global. All rights, including translation in other languages reserved by the publisher. No part of this series may be reproduced or
used in any form or by any means — graphics, electronic, or mechanical, including photocopying, recording, taping, or information and retrieval
systems — without written permission from the publisher, except for non commercial, educational use, including classroom teaching purposes.
The views expressed in this series are those of the authors, but not necessarily of IGI Global.

printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Titles in this Series

For a list of additional titles in this series, please visit: www.igi-global.com/book-series

Emerging Applications and Implementations of Metal-Organic Frameworks

Shimaa Mohamed Elsaeed (Egyptian Petroleum Research Institute, Egypt) Elsayed Zaki (Egyptian Petroleum
Research Institute, Egypt) and Abdel-Azim Abdel-Azim (Egyptian Petroleum Research Institute, Egypt)
Engineering Science Reference ¢ © 2021 o 254pp e H/C (ISBN: 9781799847601) e US $225.00

Normal Partitions and Hierarchical Fillings of N-Dimensional Spaces
Gennadiy Vladimirovich Zhizhin (Russian Academy of Natural Sciences, Russia)
Engineering Science Reference ¢ © 2021 o 280pp ® H/C (ISBN: 9781799867685) e US $195.00

Applications of Nanomaterials in Agriculture, Food Science, and Medicine

Mohd Amin Bhat (Higher Education Department, Government of Jammu and Kashmir, India) Irshad Ahmad
Wani (Government Degree College for Boys, Anantnag, India) and Shah Ashraf (National Institute of Technology
Srinagar (NIT Srinagar), India)

Engineering Science Reference ¢ © 2021 o 442pp e H/C (ISBN: 9781799855637) ¢ US $215.00

Technology Development for Adsorptive Heat Energy Converters Emerging Research and Opportunities
Kostyantyn M. Sukhyy (Ukrainian State University of Chemical Engineering, Ukraine) Elena A. Belyanovskaya
(Ukrainian State University of Chemical Engineering, Ukraine) and Mikhailo P. Sukhyy (Ukrainian State University
of Chemical Engineering, Ukraine)

Engineering Science Reference ¢ © 2021 ¢ 305pp e H/C (ISBN: 9781799844327) e US $195.00

Nanotechnologies and Clusters in the Spaces of Higher Dimension Emerging Research and Opportunities
Gennadiy Vladimirovich Zhizhin (Independent Researcher, Russia)
Engineering Science Reference ¢ © 2021 o 286pp ® H/C (ISBN: 9781799837848) e US $195.00

Advanced Surface Coating Techniques for Modern Industrial Applications
Supriyo Roy (Haldia Institute of Technology, India) and Goutam Kumar Bose (Haldia Institute of Technology, India)
Engineering Science Reference ¢ © 2021 o 342pp e H/C (ISBN: 9781799848707) e US $215.00

Handbook of Research on Advancements in Supercritical Fluids Applications for Sustainable Energy Systems
Lin Chen (Institute of Engineering Thermophysics, Chinese Academy of Sciences, China & University of Chinese
Academy of Sciences, China)

Engineering Science Reference ¢ © 2021 o 821pp e H/C (ISBN: 9781799857969) e US $415.00

IGI Global
PUBLISHER of TIMELY KNOWLEDGE

701 East Chocolate Avenue, Hershey, PA 17033, USA
Tel: 717-533-8845 x100 o Fax: 717-533-8661
E-Mail: cust@igi-global.com e www.igi-global.com

printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

List of Contributors

A., Saravanan / Saranathan College of Engineering, INAIQ ..............ccoocvevvevieerieesieenieneeneenieenieens 311
Abdulrahman, Kamardeen Olajide / University of Ilorin, NieriQ............cccoeveeeveverceeesceeeninennennn 27
Agrawal, Arvind K. / Madanapalle Institute of Technology and Science, India .............................. 216
Akinlabi, Esther T. / Pan African University for Life and Earth Sciences Institute, Nigeria ............. 27
Akyuz, Sevim / Istanbul Kultur University, TUTKEY .........cccccveieueeriiieiieeiieesieesieesieesieesveeseee s 339
Bekoz Ullen, Nuray / Istanbul University-Cerrahpasa, TUTKEY ............cccccceevvueevcieiceeeeieecieeenieeenens 339
Bekoz Ullen, Nuray / Istanbul University-Cerrahpasa, TUTKEY ...........cccccocveevuieviiienciincieniieneieeanens 153
Bohra, Tushar / VIT University, Chennai, INAIQ .................ccoevcuieecuieeiiieiieeiie e eeie e 206
Brahma Raju, K. / SRKR Engineering College, INAia................ccceeveeeieiiieiiiaiiieiieeeieeeee e 195
Brega, Dmytro / National Aerospace University “Kharkiv Aviation Institute”, Ukraine .................. 49
C., Ahilan / Department of Mechanical Engineering, Sri Venkateswara College of Engineering

ANd TeChNOLOZY, INAIQ ............ooeceeeaeiieiieeii ettt ettt ettt e et e e stte e snteesnseesaseesnneean 176
Celik, Sefa / Istanbul University, TUTKEY ...........ccecereuieviieeieeciiiieieesieestessesseesseesseessaessaesssesseesssesses 339
D., Sreekanth / VIT University, Chennai, INAiQ...................cceeeuieieiencieaeiieeiiieeiieeesieeeeiieeeiee e 206
Dakkili, Maneiah / CMR Technical Campus, INALQ .................cceeeeieecueeeieieiieeiieeeie e 195
Das, Sumitesh / Research and Development, Tata Steel Limited, Jamshedpur, India...................... 216
E. Ozel, Aysen / Istanbul University, TUTKEY .............cccueeeeeeiieriieeiieesieeeieeeieesieesieeseteseveeeeneeesnns 339
Gnanasekaran, Raj Kumar / Kumaraguru College of Technology, India ...............cc.cceeveeuveneeane.. 262
Karabulut, Gizem / Istanbul University-Cerrahpasa, TUTKEY............cc.cccouevvieeiieiesveenniianieanns 153,339
Kulandaiyappan, Naveen Kumar / Kumaraguru College of Technology, India ............................. 262
M., Sreearravind / School of Mechanical Engineering, SASTRA University (Deemed), India ....... 176
Madasamy, Senthil Kumar / Kumaraguru College of Technology, India...................cccuvveueennnnnn... 262
Mahamood, Rasheedat Modupe / University of Ilorin, NieTiQ..........cccoecueveieecveeceeeiieenieeeieennen 27

Mabhres, Hichem / Ecole Militaire Polytechnique, Chahid Abderrahmane Taleb, Algiers, Algeria .... 1
Malashenko, Volodymyr / National Aerospace University “Kharkiv Aviation Institute”, Ukraine..49

Mishra, Debashis / CMR Technical Campus, INAIQ ..............c..cccceeeceeeceiieiieiiieeiieeeeeee e 195
Mwema, Fredrick / University of Johannesburg, SOUth AfriCa ..........cccooevueevvuievceenceeeiieeeeeeeieenens 363
Namboodiri, V. Vishnu / National Institute of Construction Management and Research,

Hyderabad, INAUA..................ccoeeiiieiiiieieeet ettt ettt et e e st e s beesteesbeesntesenbeennseas 216
Narayanan, R. Ganesh / Department of Mechanical Engineering, Indian Institute of Technology,

GUWEARATT, INAUA ......ooooeeeeeeeeeeeeeeeeeeeeeeeeee et e et e e e e e e e e e e e e et eeaeae s e e e e e e e aaaaeeseeeeeereaennns 216
P. V., Rajesh / Saranathan College of Engineering, INAi..............cccccoueeeuieniiiiiieiiieeieeceeseneenens 311
P., Ajay Kumar / Department of Mechanical Engineering, Indian Institute of Technology

TIPUDALL, TIALQ ..ottt ettt ettt et et s e s bt e s be e s be e e aee e steesteesneaeenseesnseesnses 216

Plankovskyy, Sergiy / O. M. Beketov National University of Urban Economy in Kharkiv, Ukraine .49

printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Ponmariappan, Jagadeeshwaran / Rajalakshmi Institute of Technology, India............................. 262

R., Radha / VIT University, Chennai, INAIA...............c...ccoueeeeeecieeiieesieeeieeeiieeieeeieesseesneseessseesnns 206
Raja, Vijayanandh / Kumaraguru College of Technology, India..................cooeeeeeevueeceneecenennnannne 262
Raji, Arul Prakash / Kumaraguru College of Technology, INdia ................ccoueveeeecuenceeecieenreennnn 262
Ramdani, Noureddine / Research and Development Center, AIQeria ..........c.ccovvvveveecveeecennnnnnn 1, 101
Ramulu, Perumalla Janaki / School of Mechanical, Chemical and Materials Engineering,

Adama Science and Technology University, Adama, EthiOpiQ..............ccoeevuveeceienceeenceeniienieeanns 216
Rao, K. Prahlada / Jawaharlal Nehru Technological University, Anantapuramu, India ................. 195
Razali, Mohammed Seddik / Ecole Militaire Polytechnique, Chahid Abderrahmane Taleb,

W o 1 P V< 3 s PSS 101
S., Balaji / Kumaraguru College of Technology, INAia ................ccoveveeeeeeiieciieiiieciieeieeeiee e 262

S., Ramesh Kumar / School of Mechanical Engineering, SASTRA University (Deemed), India ..... 176
Sharma, Khushbu / Shri Ramdeo Baba College of Engineering and Management, Nagpur, India . 89

Shypul, Olga / National Aerospace University “Kharkiv Aviation Institute”, Ukraine ..................... 49
Singh, Surya Bhan Pratap / VIT University, Chennai, INdia ................ccoeeevueevcueecinaeiiasiienreennnen 206
Tryfonov, Oleg / National Aerospace University “Kharkiv Aviation Institute”, Ukraine................... 49
Tsegelnyk, Yevgen / O. M. Beketov National University of Urban Economy in Kharkiv, Ukraine .... 49
Ulutas, Aytekin / Edremit School of Civil Aviation, Balikesir University, TUrkey ..........cccoceeeuuenne.. 121
V., Satheeshkumar / Department of Production Engineering, National Institute of Technology
TiruChirAPPALLL, TAAUA ..ottt ettt e et e et e e te e ssteesssaeenseesnseeennns 216
Vargas-Bernal, Rafael / Instituto Tecnolégico Superior de Irapuato, Mexico .............ccccuveeeuenne.. 287
Wambua, Job Maveke / Dedan Kimathi University of Technology, Kenya..............cccoeeveecvveeennnnnse. 363

printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Table of Contents

Preface.......o.coooooiiiii et s s e Xix
Section 1
State of the Art
Chapter 1
Recent Advances on Smart Lightweight Carbon Fiber/Aluminum Hybrid Composite Structures......... 1

Noureddine Ramdani, Research and Development Center, Algeria
Hichem Mahres, Ecole Militaire Polytechnique, Chahid Abderrahmane Taleb, Algiers,
Algeria

Chapter 2

Additive Manufacturing (AM): Processing Technique for Lightweight Alloys and Composite

IMLALETIAL ...ttt sttt st sttt s a e s a e st s e et saa e st sate st saees 27
Kamardeen Olajide Abdulrahman, University of llorin, Nigeria
Rasheedat Modupe Mahamood, University of llorin, Nigeria
Esther T. Akinlabi, Pan African University for Life and Earth Sciences Institute, Nigeria

Chapter 3
Basic Principles for Thermoplastic Parts Finishing With Impulse Thermal Energy Method .............. 49
Sergiy Plankovskyy, O. M. Beketov National University of Urban Economy in Kharkiv,
Ukraine
Olga Shypul, National Aerospace University “Kharkiv Aviation Institute”, Ukraine
Yevgen Tsegelnyk, O. M. Beketov National University of Urban Economy in Kharkiv, Ukraine
Dmytro Brega, National Aerospace University “Kharkiv Aviation Institute”, Ukraine
Oleg Tryfonov, National Aerospace University “Kharkiv Aviation Institute”, Ukraine
Volodymyr Malashenko, National Aerospace University “Kharkiv Aviation Institute”,
Ukraine

EBSCChost - printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Section 2
Processing and Characterization

Chapter 4
Synthesis and Characterization of Lightweight Beryllium Chloro Silicate Phosphor.............c..c........ 89
Khushbu Sharma, Shri Ramdeo Baba College of Engineering and Management, Nagpur,
India

Chapter 5
Processing, Properties, and Uses of Lightweight Glass Fiber/Aluminum Hybrid Structures ............ 101
Noureddine Ramdani, Ecole Militaire Polytechnique, Chahid Abderrahmane Taleb, Algiers,
Algeria
Mohammed Seddik Razali, Ecole Militaire Polytechnique, Chahid Abderrahmane Taleb,
Algiers, Algeria

Chapter 6
Joining Techniques Like Welding in Lightweight Material Structures ...........cccoeevvvevveerieencveencreennne 121
Aytekin Ulutas, Edremit School of Civil Aviation, Balikesir University, Turkey

Chapter 7

Production Techniques of Metallic Foams in Lightweight Materials...........cccccceceviiniiniiniienieene 153
Nuray Bekéz Ullen, Istanbul University-Cerrahpasa, Turkey
Gizem Karabulut, Istanbul University-Cerrahpasa, Turkey

Chapter 8
Fatigue Characterization and Fractographic Analysis of Aluminium 6063 AllOy ........c.cccoceervennenne. 176
Sreearravind M., School of Mechanical Engineering, SASTRA University (Deemed), India
Ramesh Kumar S., School of Mechanical Engineering, SASTRA University (Deemed), India
Ahilan C., Department of Mechanical Engineering, Sri Venkateswara College of
Engineering and Technology, India

Chapter 9
Maximization of Tensile Strength of Aluminum 6061 Alloy T6 Grade Friction Welded Joints by
Using the Desirability FUNCHOMN .........c.eiveiiiciieeie ettt ettt st eetaeeeaeesnseesnsaeennes 195
Maneiah Dakkili, CMR Technical Campus, India
Debashis Mishra, CMR Technical Campus, India
K. Prahlada Rao, Jawaharlal Nehru Technological University, Anantapuramu, India
K. Brahma Raju, SRKR Engineering College, India

Chapter 10
Mechanical and Corrosion Behavior of Friction Stir Welded AA 6063 AIIOY........ccoeceveeeriereeennnnne. 206
Radha R., VIT University, Chennai, India
Sreekanth D., VIT University, Chennai, India
Tushar Bohra, VIT University, Chennai, India
Surya Bhan Pratap Singh, VIT University, Chennai, India

printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Section 3

Applications
Chapter 11
Fabrication of Tailor-Made Metallic Structures for Lightweight Applications and Mechanical
BEIAVIOUT ...ttt sttt st et b et b ettt bbbt ebe et beeanen 216

R. Ganesh Narayanan, Department of Mechanical Engineering, Indian Institute of
Technology, Guwahati, India

Perumalla Janaki Ramulu, School of Mechanical, Chemical and Materials Engineering,
Adama Science and Technology University, Adama, Ethiopia

Satheeshkumar V., Department of Production Engineering, National Institute of Technology
Tiruchirappalli, India

Arvind K. Agrawal, Madanapalle Institute of Technology and Science, India

Sumitesh Das, Research and Development, Tata Steel Limited, Jamshedpur, India

Ajay Kumar P., Department of Mechanical Engineering, Indian Institute of Technology
Tirupati, India

V. Vishnu Namboodiri, National Institute of Construction Management and Research,
Hyderabad, India

Chapter 12
Structural Optimizations of Different Load-Carrying Members Based on Low Structural
Performance Through Computational Structural Analysis: Structural Optimizations of Sandwich
Composite Through FEA APPrOach .........coocuiiiiiiiiiiiiiieeceeeeee ettt 262
Vijayanandh Raja, Kumaraguru College of Technology, India
Balaji S., Kumaraguru College of Technology, India
Raj Kumar Gnanasekaran, Kumaraguru College of Technology, India
Naveen Kumar Kulandaiyappan, Kumaraguru College of Technology, India
Jagadeeshwaran Ponmariappan, Rajalakshmi Institute of Technology, India
Arul Prakash Raji, Kumaraguru College of Technology, India
Senthil Kumar Madasamy, Kumaraguru College of Technology, India

Chapter 13
The Role of Self-Assembly in Additive Manufacturing of Aerospace Applications............c.cccuvee.... 287
Rafael Vargas-Bernal, Instituto Tecnologico Superior de Irapuato, Mexico

Chapter 14
Process Evaluation and Numerical Optimization in Friction Stir Welding of Dissimilar AMCs ...... 311

Rajesh P. V., Saranathan College of Engineering, India
Saravanan A., Saranathan College of Engineering, India

EBSCChost - printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Chapter 15
Characterization and Spectroscopic Applications of Metal Foams From New Lightweight
IMLALETIALS ..ottt et st a e st s bt s bt s bt s he e sat e s bt e st sbe e sba e sheesatesaeenae 339
Sefa Celik, Istanbul University, Turkey
Nuray Bekoz Ullen, Istanbul University-Cerrahpasa, Turkey
Sevim Akyuz, Istanbul Kultur University, Turkey
Gizem Karabulut, Istanbul University-Cerrahpasa, Turkey
Aysen E. Ozel, Istanbul University, Turkey

Chapter 16

Machining of Poly Methyl Methacrylate (PMMA) and Other Olymeric Materials: A Review ......... 363
Fredrick Mwema, University of Johannesburg, South Africa
Job Maveke Wambua, Dedan Kimathi University of Technology, Kenya

Compilation of References ................coooooiiiiiiiiiiiii et 380
ADbout the ContriDULOTS ...........oociiiiiiiiiice et et e e e re e e teeebbeesebeesesaeeans 446
IIA@X ...ttt e ettt e et e et e e e be e e be e e taeebae e tbeeaabaeeabeeabeeebaeentaeesraeerraeanres 455

printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Detailed Table of Contents

Preface.......o.coooooiiiii et s s e Xix
Section 1
State of the Art
Chapter 1
Recent Advances on Smart Lightweight Carbon Fiber/Aluminum Hybrid Composite Structures......... 1

Noureddine Ramdani, Research and Development Center, Algeria
Hichem Mahres, Ecole Militaire Polytechnique, Chahid Abderrahmane Taleb, Algiers,
Algeria

Due to the growing demand for lightweight materials in different industries, the selection and hybridization
of engineering fibers and metals is becoming a promising solution as it combines the outstanding
mechanical, thermal, and weathering-resistance properties from both materials. Due to their lightweight
and strong mechanical properties, carbon fiber/aluminum hybrid composite-based structures have become
the most dominant materials used by engineers and researchers in the recent two decades. In the present
chapter, the recent development on the processing techniques and mechanical performances of these
hybrid structures are reviewed in detail. In addition, the applications of these kinds of structural materials
in the various industrial sectors including, automobile, aerospace, design of industrial robots, and fire
protection are summarized.
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The need for less weight and high-performance materials in manufacturing industries has continuously
led to the development of lightweight materials through the use of advanced additive manufacturing
(AM). The race of lightweight and high-performance metals continue to evolve as this continuously
provides better understanding about connection existing between material processing, microstructural
development, and material properties. AM technique is an interesting manufacturing process that is
employed in production of engineering components with improved properties. The choice of titanium
and its alloys in structural applications are attributed to their superior strength-to-weight ratio and high
corrosion resistance. This chapter looked at different additive manufacturing (AM) techniques developed
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for the processing of lightweight metals, their strengths, and limitations. The chapter also looked at the
role and contribution of AM to the 4th industrial revolution, processing, and application of titanium
aluminide for high temperature applications.
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Impulse thermal energy method (ITEM) as modification of the thermal energy method thatis successfully
used for finishing is considered for application to thermoplastics. The chapter focuses to highlight the
basic principles of the thermoplastics treatment by acting heat fluxes inherent to ITEM providing the
time-controlled production of combustion species. The properties of thermoplastics and the requirements
for their treatment have the greatest impact on processing settings. Thus, the questions of the choice
of the preferred fuel mixture, the type of its ignition, and combustion have been studied. By means of
numerical situating, the processes of melting and healing of pores during processing are investigated. A
method of defining processing settings has been developed, taking into account the limitations on critical
temperatures. The promising possibilities of ITEM in relation to the processing of thermoplastics parts
obtained by additive technologies are outlined.

Section 2
Processing and Characterization

Chapter 4
Synthesis and Characterization of Lightweight Beryllium Chloro Silicate Phosphor...........c............. 89

Khushbu Sharma, Shri Ramdeo Baba College of Engineering and Management, Nagpur,
India

In this chapter, low weight barium-based cholorsilicate Ba5C16Si206:Eu2+ is prepared through a
solid-state reaction. To confirm the structure of the synthesized phosphors, powder photographs were
obtained using an x-ray diffractometer. Photoluminescence spectra and FTIR spectra were recorded.
Photoluminescence spectra are studied. The emission peak is observed at 407 nm at excitation 275 nm.
The intense violet-blue emission is obtained. The broad excitation band and strong emission indicate that
Ba5Cl16Si206:Eu2+could be a good phosphor candidate for blue LED and white LEDs. Decay curve
indicates the phosphor has a long afterglow feature.
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The replacement of heavy metallic structures by high-performance lightweight composite materials is a
prominent solution to fulfill the continuous demand in different industrial sectors. Lightweight structures
based on aluminum-glass fiber reinforced plastics (GFRP) sandwich panels have been increasingly utilized
in the shipbuilding, automotive, and aerospace industries for their striking mechanical and physical
properties. These advantageous properties have resulted from the combination of the high tensile and
flexural strengths, increased hardness, and the improved wear-resistance of aluminum laminate with the
unique properties of lightweight stiffness and high strength weight ratio of glass fiber-reinforced. In this
chapter, the various processing approaches, properties, and applications of these sandwich structures
are summarized from a wide range of literature.
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In order to take more stringent measures in fuel economy and achieve the determined performance
targets, the automotive industry needs to reduce the weight of the vehicles it produces. For this reason,
all automobile manufacturers have determined their own strategies. Some manufacturers use lighter
aluminum, magnesium, and composite components in their cars. In this study, the joining techniques
of lightweight materials such as welding and the processes of their industrial use have been examined.
There is currently no single technology that can combine all metallic panels in a car body structure.
However, it is known that various joining technologies are used together. With the potential to combine
certain combinations of steel and aluminum, manufacturers and scientists continue to work to identify
technologies with the highest potential for lightweight joining and put them into use in high-volume
automobile production. Therefore, it is important to examine the weldability of light materials such as
magnesium, titanium, and aluminum.

Chapter 7

Production Techniques of Metallic Foams in Lightweight Materials..........cccocceevvieniieniiinnieenieenee. 153
Nuray Bekéz Ullen, Istanbul University-Cerrahpasa, Turkey
Gizem Karabulut, Istanbul University-Cerrahpasa, Turkey

Lightweight materials were needed in many different areas, especially in order to reduce the required
energy in areas such as automotive and aerospace industries. Metallic foams attract attention in lightweight
material applications due to their unique properties. The pores in its structure provide advantages in
many applications, both structural and functional by promising both ultra-lightweight construction,
energy absorption, and damping insulation. Production techniques of metallic foams can generally be
classified as liquid, solid, gas, and ionic state production according to the physical state of the metal at
the beginning of the process. The production technique should be chosen according to the usage area
and desired properties of the metallic foam and the suitability in terms of cost and sustainability of
production. For this reason, the details of the production techniques should be known and the products
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that can be obtained and their properties should be understood. In this respect, this chapter emphasizes
the production methods from past to present.

Chapter 8
Fatigue Characterization and Fractographic Analysis of Aluminium 6063 AllOY ........cccccccceevueennenne. 176
Sreearravind M., School of Mechanical Engineering, SASTRA University (Deemed), India
Ramesh Kumar S., School of Mechanical Engineering, SASTRA University (Deemed), India
Ahilan C., Department of Mechanical Engineering, Sri Venkateswara College of
Engineering and Technology, India

Aluminium and its alloy are widely employed in various automobile and aircraft areas because of their
unique specific strength and formability. Al alloys that have been employed in aerospace structural
components will undergo dynamic loading, which leads to fatigue due to mechanical stress and thermal
conditions. Considering studies toward the low cycle fatigue behaviour of Al alloys are significantly
narrowed, this chapter sighted to the analysis of fatigue behaviour of Al 6063 alloy at the various total
strain amplitude (TSA) of 0.4% and 0.8 %, which performed through the low cycle fatigue testing machine
at the frequency rate of 0.2 Hz. The test results show that for 0.4% TSA, the number of cycles to failure
(N) is 1786, whereas as the TSA increases, N got reduced. For 0.8% TSA, the cycle to failure is 291 and
samples undergone cyclic softening during the test. The rate of cyclic plastic strain raised up with the
increase in the TSA. Crack propagation was observed along with the quasi-cleavage fracture for 0.4%
TSA and cleavage fracture for 0.8% TSA.

Chapter 9
Maximization of Tensile Strength of Aluminum 6061 Alloy T6 Grade Friction Welded Joints by
Using the Desirability FUNCHON .........cciiiiiiiiiiiiiiieee ettt 195
Maneiah Dakkili, CMR Technical Campus, India
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K. Prahlada Rao, Jawaharlal Nehru Technological University, Anantapuramu, India
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Various joining techniques are consistently used in fabrications and maintenance applications of numerous
parts in manufacturing industries. Typically, the friction welding technique acquired attention in joining
of aluminum and its different alloys for very general structural usages in small to medium to large-scale
manufacturing sectors. This is an experimental attempt to weld aluminum 6061 alloy T6 grade of 3mm
thickness metal sheets. The hexagonal-shaped steel pin of grade H13 is used. The experiment is performed
by using the Taguchi L9 approach, and nine welded specimens are prepared. The chosen factors are
rotating speed of the tool, tilting angle, and feed. After the welding, the tensile testing is followed for the
measurement of strength of the welded samples. The analysis suggested that the chosen working limits
of feed and rotational speed is significant and having impacts on weld strength. The maximum strength
is obtained as 212MPa when the ranges of above said factors are 560RPM, Odegree, and 20mm/min.

Chapter 10
Mechanical and Corrosion Behavior of Friction Stir Welded AA 6063 AllOY........ccccveeiveecveennnennee. 206
Radha R., VIT University, Chennai, India
Sreekanth D., VIT University, Chennai, India
Tushar Bohra, VIT University, Chennai, India
Surya Bhan Pratap Singh, VIT University, Chennai, India
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Friction stir welding (FSW) is considered to be the most significant development in solid state metal
joining processes. This joining technique is energy efficient, environmentally friendly, and versatile. In
particular, it can be used to join high-strength aerospace aluminum alloys and other metallic alloys that
are hard to weld by conventional fusion welding. The project aims to join Aluminum 6063 alloy plates
by FSW and emphasize the (1) mechanisms responsible for the formation of welds without any defects,
microstructural refinement, and (2) effects of FSW parameters on resultant microstructure, mechanical,
and corrosion properties.

Section 3
Applications
Chapter 11
Fabrication of Tailor-Made Metallic Structures for Lightweight Applications and Mechanical
BERAVIOUT ...ttt ettt ettt ettt ettt et ettt et ettt 216

R. Ganesh Narayanan, Department of Mechanical Engineering, Indian Institute of
Technology, Guwahati, India

Perumalla Janaki Ramulu, School of Mechanical, Chemical and Materials Engineering,
Adama Science and Technology University, Adama, Ethiopia

Satheeshkumar V., Department of Production Engineering, National Institute of Technology
Tiruchirappalli, India

Arvind K. Agrawal, Madanapalle Institute of Technology and Science, India

Sumitesh Das, Research and Development, Tata Steel Limited, Jamshedpur, India

Ajay Kumar P., Department of Mechanical Engineering, Indian Institute of Technology
Tirupati, India

V. Vishnu Namboodiri, National Institute of Construction Management and Research,
Hyderabad, India

Tailor-made metallic structures are fabricated by welding, adhesive bonding, and mechanical joining
methods. Here the aim is not only to fabricate lightweight structures, but also to develop novel methods of
joining. Lightweight structures are advantageous in several ways including reduction of fuel consumption
and vehicle emissions. Developing novel methods of joining is advantageous due to the possibility of
joining of dissimilar materials, improved mechanical performance, and microstructures. In the chapter,
initially, tailor-welded blanks (TWB) are introduced, and after that, fabrication of TWBs by laser welding,
friction stir welding, and friction stir additive manufacturing are elaborately discussed. Some critical
issues in modeling the deformation during fabrication of TWBs is also discussed. A brief account of
mechanical behavior of adhesive bonded sheets and mechanical joining are presented in the later part.
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Chapter 12
Structural Optimizations of Different Load-Carrying Members Based on Low Structural
Performance Through Computational Structural Analysis: Structural Optimizations of Sandwich
Composite Through FEA APPrOACh .........covcuiviiiiieiiiiieecee ettt st snra e 262
Vijayanandh Raja, Kumaraguru College of Technology, India
Balaji S., Kumaraguru College of Technology, India
Raj Kumar Gnanasekaran, Kumaraguru College of Technology, India
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Load withstanding characteristics are one of the major considerations involved in structural engineering
because the lifetime factor is directly proportional to load withstanding behavior. Thus, this work
computationally analyzes the load withstanding behavior of various sandwich lightweight composite
materials under the given flexural load. In this work, four major materials are imposed under flexural
loads for two different cum prime core structures such as hexagonal cross-section and twisted cum
integrated pentagonal cross-section. The major materials implemented for this comparative investigation
are Aluminium Alloy, CFRP, GFRP, and KFRP. All the computational composite models are constructed
through the advanced computational tool (i.e., ANSYS Workbench). Finally, the best structures with respect
to their lightweight materials are shortlisted to withstand a high amount of flexural loads. According to
this comprehensive study, the CFRP-based honeycomb sandwich composite performed better than all
other lightweight materials.

Chapter 13
The Role of Self-Assembly in Additive Manufacturing of Aerospace Applications...............ccuc...... 287
Rafael Vargas-Bernal, Instituto Tecnologico Superior de Irapuato, Mexico

Additive manufacturing is a strategy to produce parts with complex geometries whose process is prohibitive
in cost or impossible through subtractive or formative techniques. Research groups are optimizing
additive manufacturing processes to improve their performance and reduce the cost of aerospace parts.
One of the emerging design techniques is self-assembly which seeks to reduce the number of parts to
produce best design practices and rules. Self-assembly represents a comprehensive strategy that improves
process time, product quality, cost of materials, and printability. The purpose of this chapter is to review
the technological contributions that self-assembly has had in the additive manufacturing of aerospace
parts. Future perspectives of the role of self-assembly in additive manufacturing are proposed. According
to what was found in this research, self-assembly will facilitate the additive manufacturing of parts in
various technological sectors where the manufacture of lightweight parts with high added value and
restrictive regulations are required.

Chapter 14

Process Evaluation and Numerical Optimization in Friction Stir Welding of Dissimilar AMCs ...... 311
Rajesh P. V., Saranathan College of Engineering, India
Saravanan A., Saranathan College of Engineering, India

Inrecenttimes, any engineering material is deemed worthwhile only if it satisfies functional characteristics
such as weldability, formability, machinability, etc. Aluminum-based metal matrix composites have
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extensive usage in modern automobile parts, aircraft components, and ship structures, mainly due to
their attractive properties such as low cost, high strength-to-weight ratio, excellent corrosion and wear
resistance. Friction stir welding is one of the most versatile solid-state joining processes to ensure
weldability between two AMC plates. In this research work, an analysis of FSW process through parameters
(e.g., composition of alumina, spindle speed, feed, etc.) in joining Alumina reinforced aluminum alloy
composites Al 6061 and Al 2024 together at various proportions by analyzing properties like impact
strength, hardness, flatness, and ultimate tensile strength has been done. Finally, optimization is carried
out to select the best possible combination using a multi-attribute decision-making technique called the
complex proportional assessment of alternatives.

Chapter 15
Characterization and Spectroscopic Applications of Metal Foams From New Lightweight
IMLALETIALS ...ttt ettt ettt ettt et e a bt et e ea bt e at e ea e e e ateeateeabe et e et e eateeateeateeaneeaee 339
Sefa Celik, Istanbul University, Turkey
Nuray Bekoz Ullen, Istanbul University-Cerrahpasa, Turkey
Sevim Akyuz, Istanbul Kultur University, Turkey
Gizem Karabulut, Istanbul University-Cerrahpasa, Turkey
Aysen E. Ozel, Istanbul University, Turkey

Lightweight materials such as metallic foams possess good mechanical, chemical, and physical properties,
which make them suitable for a wide range of functional and structural applications. Metal foams have
recently gained substantial interest in both industry and academia due to their low cost, thermal conductivity,
high working temperature, vibration damping, specific mechanical properties, energy absorption, and
heat resistance. The use of metal foams on a large scale and successful applications depend on a detailed
understanding of their characteristic properties. Metallic foams are characterized by the morphology
of the porous cells (size and shape, open or closed, macro and micro), pore topology, relative density,
properties of the pore wall, and the degree of anisotropy. This contribution focuses on x-ray diffraction,
Fourier transform infrared (FT-IR), and Raman spectroscopic applications used for the characterization
of metal foam, and also a brief of the most important applications, including a significant number of
examples given.

Chapter 16

Machining of Poly Methyl Methacrylate (PMMA) and Other Olymeric Materials: A Review ......... 363
Fredrick Mwema, University of Johannesburg, South Africa
Job Maveke Wambua, Dedan Kimathi University of Technology, Kenya

Polymers have been adopted industrially in the manufacture of lenses for optical applications due to
their attractive properties such as high hardness, high strength, high ductility, high fracture toughness,
and also their low thermal and electrical conductivities. However, they have limited machinability
and are therefore classified as hard-to-machine materials. This study conducts a critical review on
the machining of various polymers and polymeric materials, with particular focus on poly (methyl
methacrylate) (PMMA). From the review it was concluded that various machining parameters affect the
output qualities of polymers and which include the spindle speed, the feed rate, vibrations, the depth of
cut, and the machining environment. These parameters tend to affect the surface roughness, the cutting
forces, delamination, cutting temperatures, tool wear, precision, vibrations, material removal rate, and
the mechanical properties such as hardness, among others. A multi-objective optimization of these
machining parameters is therefore required, especially in the machining of PMMA.
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Xix

Preface

We, editors, would like to present the book Handbook of Research on Advancements in the Processing,
Characterization, and Application of Lightweight Materials. The “lightweight” term can be added to
different types of materials with one common specification, and that is “lower density””, much lower than
normal conventional materials. Replacing cast iron and traditional steel components with lightweight
materials such as aluminium and its alloys, magnesium and its alloys, carbon fiber reinforced polymer
composites can directly reduce the weight of the product say i.e. automobile and aircraft body by up to
50 percent and therefore reducing fuel consumption drastically and hence increasing the efficiency. In
the automotive industry, the need to reduce vehicle weight has given rise to extensive research efforts to
develop aluminium and magnesium alloys for structural car body parts. In aerospace, the move toward
composite airframe structures urged an increased use of formable titanium alloys. In steel research, there
are also major ongoing efforts to design novel damage-controlled forming processes for a new genera-
tion of efficient and reliable lightweight steel components. All of these materials, and more, constitute
today’s research mission for lightweight structures. They provide a fertile materials science research field
aiming to achieve a better understanding of the interplay between industrial processing, microstructure
development, and the resulting material properties.

The book provides a greater knowledge and understanding of the lightweight materials in the context
of processing and characterization. It covered high quality peer reviewed chapters that investigates the
properties of lightweight materials, performances, trouble shooting of feedstock, processes and products.
Lightweight materials science research field aiming to achieve a better understanding of the interplay
between industrial processing, microstructure development, and the resulting material properties and the
book chapters provides solutions for the industrial operations and also plays a significant role in inspir-
ing break through innovations in lightweight materials from fundamentals to technological challenges
and applications that are shaping era of Industry. This book also identifies the need for modern tools
and techniques from multi-disciplinary approach covering all spheres of applications to address the is-
sue above referred. Undoubtedly this book would be the panacea in all lightweight materials areas. The
edited book would provide a great platform for leading Engineers, academic chairpersons of engineering
and technology transfer specialists, chief research officers and vice presidents of research in govern-
ment, industry, and academia around the world to exchange the latest research and ideas in their field,
and be confronted and challenged by those in others. To establish individuals who can show originality
in application of knowledge, together with a practical understanding of how established techniques of
research and enquiry are used to create and interpret knowledge in the area of lightweight materials. The
book would provide solutions for the industrial operations and also would be instrumental in inspiring
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break through innovations in lightweight materials from fundamentals to technological challenges and
applications that are shaping era of Industry 4.0.

The chapters in the book have been provided by Researchers and Academicians working in the field
and have gained considerable success in the field. The chapters of the book are segregated in three sec-
tions, namely Section 1, “The State-of-the Art”; Section 2, “Processing and Characterizations”; and
Section 3, “Applications.”

Section 1 contains Chapter 1 to Chapter 3, whereas Section 2 contains Chapter 4 to Chapter 10, and
Section 3 carries Chapter 11 to Chapter 16.

Section 1 of the book starts with Chapter 1. Here the recent development on the processing techniques
and mechanical performances of carbon fiber/aluminium hybrid composite based structures are reviewed
in detail. In addition, the applications of these kinds of structural materials in the various industrial sec-
tors including, automobile, aerospace, design of industrial robots, and fire protection are summarized.
It would provide the readers an outlook on the subject.

Chapter 2 deals with a prominent technology i.e., Additive Manufacturing. Here the processing
techniques for lightweight alloys and composite material especially titanium and its alloys in structural
applications have been considered with different additive manufacturing techniques developed for the
processing, their strengths and limitations. The chapter also highlights processing and application of
titanium aluminide for high temperature applications.

Chapter 3, the concluding chapter of Section 1, deals with basic principles for thermoplastic parts
finishing with impulse thermal energy method (ITEM), a modified version of Thermal Energy Method
that is successfully used for finishing. The chapter focuses to highlight the basic principles of the ther-
moplastics treatment by acting heat fluxes inherent to ITEM providing the time-controlled production
of combustion species. By means of numerical analysis, the processes of melting and healing of pores
during processing are provided. A method of defining processing settings has been developed, taking
into account the limitations on critical temperatures. The promising possibilities of ITEM in relation to
the processing of thermoplastics parts obtained by additive technologies are also outlined.

Section 2 categorizing Processing and Characterizations of lightweight materials starts with Chapter
4, which provides Synthesis and Characterization of light weight Beryllium Chloro-silicate Phosphor. The
material is developed through a solid-state reaction. X-ray Diffractometer, Photoluminescence spectra
and FTIR spectra provides the authenticity of the product.

The next chapter, Chapter 5, provides information regarding the processing, properties, and uses of
lightweight glass fiber/aluminium hybrid structures. Here lightweight structures based on aluminium-glass
fiber reinforced plastics (GFRP) sandwich panels have been taken into consideration. In this chapter, the
various processing approaches, properties, and applications of these sandwich structures are summarized
from a wide range of literature.

Chapter 6 deals with joining techniques like welding in lightweight material structures. Presently there
is no single technology that can combine all metallic panels in a vehicle body structure. In this chapter
joining techniques of lightweight materials such as welding and the processes of their industrial use have
been examined and various joining technologies are used together for the same. With the potential to
combine certain combinations of steel and aluminium, manufacturers and Scientists continue to work
to identify technologies with the highest potential for lightweight joining and put them into use in high-
volume automobile production. Therefore, it is important to examine the weldability of light materials
such as magnesium, titanium and aluminium and the chapter provides the same.

XX
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Chapter 7 provides insight on production techniques of metallic foams in lightweight materials. Today
metallic foams attract attention in lightweight material applications due to their unique properties. The
pores inits structure provide advantages in many applications, both structural and functional by promising
both ultra-lightweight construction, energy absorption and damping insulation. Production techniques
of metallic foams can generally be classified as liquid, solid, gas and ionic state production according
to the physical state of the metal at the beginning of the process. This book chapter emphasizes on the
production methods from past to present.

The next chapter, Chapter 8, does fatigue characterization and fractographic analysis of aluminium
6063 alloy which is widely employed in various automobile and aircraft areas because of their unique
specific strength and formability. Aerospace structural components undergoes dynamic loading lead-
ing to fatigue due to mechanical stress and thermal conditions. With the above consideration, this book
chapter sighted to the analysis of fatigue behaviour of Al 6063 alloy at the various total strain amplitude.
The test results were quite encouraging and could identify cyclic softening during the test.

Chapter 9 maximizes of tensile strength of aluminium 6061 alloyT6 grade friction welded joints by
using the desirability function. In this chapter orthogonal array L9 was used to perform the experiment
utilizing rotating speed of the tool, tilting angle, and feed as the processing parameters and subsequently
Taguchi approach was used to maximize the weld strength using single objective function.

The last chapter of the Section 2, Chapter 10, provides information regarding mechanical and corro-
sion behaviour of friction stir welded AA 6063 (Aluminium alloy). The chapter aimed to join aluminium
6063 alloy plates by FSW with an objective to provide mechanisms responsible for the formation of welds
without any defects, microstructural refinement. The chapter also highlights effects of FSW parameters
on resultant microstructure, mechanical and corrosion properties.

Section 3 starts with Chapter 11 dealing with fabrication of tailor-made metallic structures for light-
weight applications. Tailor-made metallic structures are fabricated by welding, adhesive bonding, and
mechanical joining methods. The chapter aims for not only to fabricate light-weight structures, but also
to develop novel methods of joining. Developing novel methods of joining is advantageous due to the
possibility of joining of dissimilar materials, improved mechanical performance and microstructures.
Here, initially, tailor-welded blanks (TWB) are introduced, and after that, fabrication of TWBs by laser
welding, friction stir welding, and friction stir additive manufacturing are elaborately discussed. Some
critical issues in modeling the deformation during fabrication of TWBs is also discussed. A brief account
of mechanical behaviour of adhesive bonded sheets and mechanical joining are presented in the later part.

Chapter 12 provides structural optimizations of different load carrying members through computa-
tional structural analysis. Load withstanding characteristics is one of the major considerations involved
in Structural Engineering because the lifetime factor is directly proportional to load withstanding behav-
iour. Thus, this chapter computationally analyses the load withstanding behaviour of various sandwich
lightweight composite materials under the given flexural load. Here four major materials are imposed
under flexural loads for two different core structures namely, hexagonal cross-section and twisted cum
integrated pentagonal cross-section. The major materials implemented for this comparative investigation
are Aluminium Alloy, CFRP, GFRP, and KFRP. The chapter concludes with the choice of best structures
with respect to their lightweight materials to withstand a high value of flexural loads.

In Chapter 13, the role of self-assembly in additive manufacturing of aerospace applications has
been discussed. Additive manufacturing is a strategy to produce parts with complex geometries whose
process is prohibitive in cost or impossible through subtractive or formative techniques. In order to
improve the performance and reduce the cost of aerospace parts, one of the emerging design techniques

XXi
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is self-assembly which seeks to reduce the number of parts to produce best design practices and rules.
Self-assembly represents a comprehensive strategy that improves process time, product quality, cost of
materials, and printability. The purpose of this chapter is to review the technological contributions that
self-assembly has had in the additive manufacturing of aerospace parts. The chapter also proposes future
perspectives of the role of self-assembly in additive manufacturing.

The next chapter, Chapter 14, elaborates process evaluation and numerical optimization in friction
stir welding of dissimilar AMC:s. In this chapter, an analysis of FSW process through parameters viz.,
Composition of Alumina, Spindle speed, Feed, etc., in joining Alumina reinforced aluminium alloy
composites Al 6061 and Al 2024 together at various proportions by analysing properties like Impact
Strength, Hardness, Flatness and Ultimate Tensile Strength. Finally, optimization was carried out to select
the best possible combination using a Multi-Attribute Decision-Making technique called the Complex
Proportional Assessment of alternatives.

Chapter 15 provides insight on characterization and spectroscopic applications of metal foams from
new lightweight materials. Metallic foams possess good mechanical, chemical, and physical properties,
which make them suitable for a wide range of functional and structural applications. Metal foams have
recently gained substantial interest in both industry and academia due to their low cost, thermal conduc-
tivity, high working temperature, vibration damping, specific mechanical properties, energy absorption
and heat resistance. The use of metal foams on a large scale and successful applications depends on a
detailed understanding of their characteristic properties including the morphology of the porous cells
(size and shape, open or closed, macro and micro), pore topology, relative density, properties of the pore
wall and the degree of anisotropy. Here, in this chapter X-ray diffraction, Fourier Transform Infrared
(FT-IR), and Raman spectroscopic applications have been utilized for the characterization of metal
foam. The chapter also highlights briefly on the most important applications with significant number
of industrial examples.

The last chapter of the Section 3 and the book, Chapter 16, proposes machining techniques for PMMA
which are adopted industrially in the manufacture of lenses for optical applications. But due to its non-
conducting nature they have limited machinability and therefore classified as hard-to-machine materials.
This chapter critical reviews machining of various polymers and polymeric materials, and with particular
focus on poly (methyl methacrylate) (PMMA). The chapter concludes that various machining parameters
affect the output qualities of polymers, and which include the spindle speed, the feed rate, vibrations,
the depth of cut and the machining environment. These parameters tend to affect the surface roughness,
the cutting forces, delamination, cutting temperatures, tool wear, precision, vibrations, material removal
rate and the mechanical properties such as hardness, among others. Hence for an effective machining
multi-objective optimization of these machining parameters is required.
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Chapter 1

Recent Advances on
Smart Lightweight Carbon
Fiber/Aluminum Hybrid
Composite Structures

Noureddine Ramdani

Research and Development Center, Algeria

Hichem Mahres
Ecole Militaire Polytechnique, Chahid Abderrahmane Taleb, Algiers, Algeria

ABSTRACT

Due to the growing demand for lightweight materials in different industries, the selection and hybridiza-
tion of engineering fibers and metals is becoming a promising solution as it combines the outstanding
mechanical, thermal, and weathering-resistance properties from both materials. Due to their lightweight
and strong mechanical properties, carbon fiber/aluminum hybrid composite-based structures have be-
come the most dominant materials used by engineers and researchers in the recent two decades. In the
present chapter, the recent development on the processing techniques and mechanical performances of
these hybrid structures are reviewed in detail. In addition, the applications of these kinds of structural
materials in the various industrial sectors including, automobile, aerospace, design of industrial robots,
and fire protection are summarized.

INTRODUCTION

Fiber-Metal-Laminates (FML) exhibit superior dynamic mechanical performance combined with small
densities. Due to their higher mechanical properties glass fibers, Kevlar, carbon fibers laminates rein-
forced polymers have been extensively utilized to strengthen metals. However, these fibers reinforced
metals laminate provokes a discrepancy in their thermal expansion coefficients and the ability of gal-
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vanic corrosion. To tackle these challenges, the fiber/metal laminate is changed by the incorporation of
elastomeric interlayer, which is recommended to deal with these problems.

Aluminum Matrix Composites (AMC) represent a novel generation of light-weight, high-perfor-
mance aluminum centric materials. The reinforcement of AMC could be achieved by using continuous
or discontinuous fibers, in the whisker or particle forms at various volume fractions. The properties
aluminum matrix can be tuned to accomplish the requirement of different industries from a suitable
combination of matrix, type of reinforcing fibers and joining method. For several decades of intensive
research have afforded a large scientific knowledge on the role of fiber reinforcement on the various
structural, mechanical, and wear features of this metallic matrix. Recently, this matrix has been used in
high-technical, structural and functional applications including aircraft building, defense, automotive,
and heat management areas, sports, and recreation. It is worthy to note that research on fiber-reinforced
aluminum matrix reached industrial maturity in the developed countries and is currently under the pro-
cess of further ameliorating their properties (Surappa, 2003).

Owing to the increasing demand for stronger and low density structures in the industry, researchers
have made strong efforts on the design of advanced prototypes for fiber-aluminum laminates. Fiber/
aluminum hybrid composites produced by interlocking thin aluminum layers with fiber reinforced
polymer laminates. By hybridization of the two constituents, aluminum and fiber-reinforced laminate,
a combined several advantageous properties of their resulted composites can be offered like, good cor-
rosion resistance, better thermal stability, and improved damage tolerance to fatigue crack growth and
impact damage, which represents a critical requirement for aviation applications (Sinmazcelik et al.,
2011). Aluminum layers and fiber-reinforced composites could be joined by several mechanically and
adhesively techniques. Generally, the adhesively joined fiber/aluminum composites were demonstrated
improved fatigue properties relative to those similar mechanically joined ones. The most well-known
commercially in service fiber/aluminum laminates are reinforced with aramid fibers such as ARALL,
those produced from high strength glass fibers, GLARE, and those strengthened with carbon fibers like
CARALL.

Carbon fibers (CF) are materials comprising more than 92 wt.% of carbon and forming a fiber shape.
They are very important carbonaceous material demonstrating several superior mechanical performances
(tensile strength of 2—7 GPa), better physical, and chemical stability, prominent compressive strength,
high Young’s modulus of 200-900 GPa, small density in the range of 1750-2200 Kg/m?, low thermal
expansion, higher thermal conductivity that exceeds 800 Wm™ K!. These fibers are much lighter than
steel, aluminum, and many alloying components of manganese, zinc, and zirconium, which make them
very suitable for reinforcing the different metallic plates such as magnesium or aluminum. For example,
double-decker panels fabricated from fibers/epoxy resin face-sheet and aluminum foam core were
manufactured as a prospective application significance in the industrial processing field. The carbon
fiber was the most extensively used for reinforcing aluminum metal due to its intriguing properties, this
includes lightweight and higher mechanical strength, and improved anticorrosion characteristics (Table 1).
Therefore, it was widely utilized for manufacturing carbon fiber reinforced polymers (CFRP) laminates.

The production methods to join only CFRP/aluminum composite structures involve adhesive-bonding,
self-piercing rivet, bolt, clinching and welding (Pramanik et al., 2017). Excluding adhesive bonding and
welding techniques, the other joining processes required the infiltration of aluminum pins over joining
parts and thus, surface pre-treatment is not recommended. The selection of suitable joining process
primarily depends on the targeted applications. The joining technique can also predominantly influ-
ence the inherent mechanical performances of these composite structure, including the friction, impact,
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flexural, tensile, and fatigue characteristics. This chapter provides a comprehensive knowledge about
the processing methods, bonding behavior, mechanical properties, and applications of aluminum/carbon
fiber joined hybrid composites from the extensive literature.

Table 1. Some mechanical properties of carbon fiber, aluminum, and aluminum/CF composite.

Measurement Carbon Fiber Aluminum Cargz;/g;:irsnoi:um
Modulus of elasticity (E) GPa 70 68.9 100%
Tensile strength (6) MPa 1035 450 230%
Density (p) g/em? 1.6 2.7 59%
Specific stiffness (E/p) 43.8 25.6 171%
Specific tensile strength (¢ /p) 647 166 389%

PROCESSING TECHNIQUES

Since the 1960s, carbon fiber reinforced aluminum alloy composites were prepared by a liquid-phase
process where the diameter of the carbon filaments does not surpass some microns, and they could be
quantified in the many thousands in one yarn, which make the utilization the solid-state techniques un-
usually for fabrication such hybrids. The assembly of aluminum matrix with fiber reinforced polymer
composites (AI/FRPC), offers prominent hybrid structures for advanced light-weight usage. The selected
process keens on the resulting physical, mechanical, and chemical interactions and thus can controlled
by joining partner surface-modifications. Several problems are included in the bonding of engineer-
ing fiber-reinforced thermoplastic composites with an aluminum matrix that is recommended for the
fabrication of numerous parts. This part is delighted in describing the benefits and the shortcomings of
different joining techniques of aluminum alloys and carbon fiber-reinforced, including polymer adhesive
bonding, mechanical fastening, welding, and some new joining approaches.

Ultrasonic Welding Technique

The ultrasonic metal welding is widely selected process for assembling lightweight hybrid composites
likes aluminum or titanium alloys reinforced with fiber-reinforced thermoplastics. In this process, the
polymer layer is melted over the surface to form an adhesive joint between the hybrid components. The
various welding parameters of ultrasonic metal welding are collected in Figure 1 (Balle, Wagner, &
Eifler, 2009). However, only when the sonotrode waves in the plane of the assembly surface the load-
supported fibers are directly fused against the face of the ductile metal. The ultrasonic metal welding
method was also utilized to produce aluminum sheet/CFRP joints (Balle, Wagner, & Eifler, 2007). As
revealed from Figure 2, some cracks were observed between the thermoplastic and aluminum surface.

The welding during this process was undertaken in two stages: First the ultrasonic shear waves provoke
a softening and dislocation of the polymeric matrix beyond the welding region, while in the second one
a straight weld between the charge bearing CF of the laminated composite and the aluminum sheet was
created. Balle et al. investigated the utilization of ultrasonic welding technique for bonding aluminum
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Figure 1. Experimental setup for ultrasonic metal welding (1) sonotrode tip, (2) anvil, (3) clamping for
Al-CFTP epoxy joint, (4) CFTP epoxy sheet, (5) AA5754 sheet. (© [2014], [Ultrasonic Plastic Welding of
Carbon Fiber Reinforced Polyamide 6 to Aluminium and Steel an Experimental]. Used with permission.)

Figure 2. Thermoplastic surface after welding with uncoated aluminium adherend. Particles were eroded
from the aluminium surface and impressed into the thermoplastic surface. (© [2014], [ Ultrasonic Plastic
Welding of Carbon Fiber Reinforced Polyamide 6 to Aluminium and Steel An Experimental]. Used with
permission.)

4

EBSCChost - printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Recent Advances on Smart Lightweight Carbon Fiber/Aluminum Hybrid Composite Structures

sheet metals with CFRP at welding times bellow than four seconds. They deduced that a concentrated
joint between the aluminum sheet and the carbon fibers of the CFRP laminates was generated during the
ultrasonic welding technique (Balle, Wagner, & Eifler, 2009). An example of ultrasonic plastic welding
of carbon fiber reinforced polyamide 6 to aluminum samples are displayed in Figure 3.

Figure 3. photos of some Carbon Fiber Reinforced Polyamide 6/Aluminum specimens produced by Ul-
trasonic Plastic Welding. (© [2014], [ Ultrasonic Plastic Welding of Carbon Fiber Reinforced Polyamide
6 to Aluminium and Steel An Experimental]. Used with permission.)

The pressure welding process was also explored for the assembly of carbon fiber reinforced thermo-
plastic polymers (CFRTP) with PA66 and aluminum alloy metallic sheet. To study this processing factor,
a statistical model called central composite design circumscribed (CCC) was chosen for demonstrating
these hybrid joints weldability (Balle & Eifler, 2012). Balle et al. detected the appearance of mechanically
deformed areas generated by ultrasonic welding, which was led to a new reorganization of the crystal
structure near the mechanically pre-modified metal and they observed that that molten polyamide 66
thermoplastic can infiltrate into a hollow, nano-alumina layer, which was resulted from acidic etching
of aluminum before starting the ultrasonic welding procedure (Balle et al., 2013). Wagner et al. used
the same technology for elaborating high-strength, a new aluminum/CFRPs joints. They confirmed that
the studied technique could be a stimulating alternate for producing dissimilar joints compared to the
well-recognized joining methods, especially in engineering applications (Wagner, Balle, & Eifler, 2013).
The influence of the welding energy, load parameters, and the thickness of the thermoplastic film on the
adhesion bonding of their manufactured products were evaluated. A similar technique was used utilized
to fabricate AAS5754 aluminum/CF-reinforced epoxy including a polyamide 6 based composites where
the functional surface generated in the thermosetting matrix based composite allowed a fast welding
with a metallic layer (Lionetto, Balle, & Maffezzoli, 2017). Several ultrasonic spot welded composite
joints were fabricated from AA5754 aluminum sheets and carbon fiber strengthened epoxy thermoset
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containing a co-cured thermoplastic surface sheet (Lionetto et al., 2018). Recent project aimed to devel-
oped aluminum CFRP Hybrid Composites with a PEEK based decoupling layer as shown in Figure 4.

Figure 4. A schematic sectional view of a hybrid aluminum/CFPR composite and a decoupling layer
made of PEEK. (© [2020], [www.ifam.fraunhofer.de]. Used with permission.)

Infiltration Process

Several gas pressure infiltration methods were applied for manufacturing CF/aluminum composites,
where this process allowed the fabrication of complex carbon/aluminum composites with fiber or textile
reinforcement in graphite molds. However, an optimization of various parameters was required for the
infiltration process in the future. (Hufenbach et al., 2009). To combine aluminum metallic sheets with
carbon fabrics this process was successfully used. During this process, some aluminum pieces contain-
ing carbon fabric layers separating were firstly conductively heated up into the semi-solid form using
two head-to-head electrodes of a welding gun. At a liquid portion ranged between 30% and 60%, the
aluminum matrix penetrates the carbon fabric resulting in a fixed joint after solidifying this metal (Marx
& Liewald, 2020).

Friction Riveting Technique

Friction Riveting (FricRiveting) is a promising joining process for producing the FRPC/metal hybrid
joints. The simple pattern of this approach consists in revolving and introducing a cylindrical metal rivet
into a fiber reinforced polymer composite plate. During the accelerated rotational velocities, the axial
pressure generates frictional heat. Thus, a softened/melted polymeric layer is constructed underneath and
around the tip of the rotating rivet for thermoplastics, during the early plunge steps, due to the presence
of local enhancement in temperature. After the heating phase, the heat contribution rate surpasses the
degree of heat release is attributed to the low thermal conductivity of polymers. At the tip of the rivet,
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this phenomenon is intensified, which plasticizes to a softer state at temperatures inferior to the alloy
melting point. As the rotation is braked, the axial pressure is enhanced and the plasticized tip of the
rivet is distorted forming a parabolic shape. After joining under pressure, the resulted joint is detained
by the fastening forces caused by the deformed rivet tip and equally by adhesive forces at the polymer/
metal interface.

The basic technique parameters are rotational speed, assembly time and assembly pressure. This
processing technique offered the benefits of mechanical fastening and friction welding simultaneously,
but some shortcomings should be mitigated, including directly applicable to thermoplastic polymers
only, friction-riveted joints are incapacitated to disassemble and only spot-like joints can be realized. To
assembly, aluminum alloys blanks and carbon fiber composites panels, a self-piercing riveting technique
was employed by changing the process parameters. The various analyses and testing methods proved that
this technique could be very promising for developing aluminum/carbon fiber composites (Franco et al.,
2010). It is well-known that specific joining processes determined the final mechanical performance of
metal/fiber composites. Franco et al. studied the influence of the space between the rivets in self-piercing
riveting joints produced from aluminum/carbon fiber panels. They also investigated a mutual usage of
this technique coupled with structural adhesives (Franco, Fratini, & Pasta, 2012). A new joint approach
coupled fiber reinforced polymer, textile and welding processes were realized by employing titanium
wire loops at the composite interface. Since the wire loops were joined with the FRP lateral by textile
processes, whereas laser beam welding was used on aluminum face (Schimanski et al., 2011).

In another study, the self-piercing riveting method was modeled to highlight the residual stress state
afterward piercing (Di Franco et al., 2013). A self-piercing rivets-bonded hybrid joints were developed
from CFRP laminates and a 5754 aluminum alloy. The effects of the sheet thickness and the ply orientation
angle of CF on the joint’s performance were also evaluated, where an increase in the CF thickness was
markedly enhanced the energy absorption of these composite joints (Liu & Zhuang, 2019). To further
increase the processing quality of CFRP/aluminum joints, Wang et al. applied a post-curing self-piercing
riveting (PC-SPR) method to assembly CFRP with aluminum pieces. (Wang et al., 2020). Friction Spot
Joining (FSpJ) is a useful technique for producing metal/polymer or composite hybrid structures. It is
a very talented, innovative approach to fabricate aluminum/fiber multi-material composite joints. The
process parameters involved tool rotational velocity, drop depth, and the joining and force. As shown
in Figure 5, this technique is included a three-part non-disposable tool, comprising a pin, a sleeve and a
clamping ring (Amancio-Filho et al., 2011). The pin and sleeve can freely travel and swap of each other,
whereas the clamping ring represents the fixed part. The parts are fastened together in a covering shape
between the clamping ring backing and a dish to guarantee close interaction between them throughout
the processing steps and for evading the parting of the joining parts under the cooling step at the end
of the procedure.

The applicability of FSpJ of 2024 aluminum sheet with CF-reinforced poly(phenylene sulfide) com-
posite laminate (CF-PPS) was effectively proven (Goushegir, dos Santos JF, & Amancio-Filho, 2014).
The feasibility this technique for bonding aluminum AA2024-T3(bare and clad)/carbon fiber reinforced
poly(phenylene sulfide) was also recently explored (Goushegir, dos Santos, & Amancio-Filho, 2014). A
relationship between the manufacturing process parameters, bonding surface and mechanical characteristics
of a newly fabricated joint using the FSpJ technique was established by Goushegir et al., where tougher
joints were generated when a higher heat input was used due to a greater bonding area (Goushegir, dos
Santos, & Amancio-Filho, 2015). Esteves et al. studied the parameters of the FSpJ technique for A16181-
T4/CF-PPS hybrid composites (Esteves et al., 2015). Goushegir et al. found that the key parameters of
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Figure 5. Schematic explanation of the FSpJ technique without the incorporation of film interlayer. (1)
Sleeve plunging and plasticizing of the metal; (2) spot refilling and (3) joint consolidation. (© [2016],
[Springer]. Used with permission.)
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this process such as joining pressure, tool rotational speed and joining time can remarkably influence the
bonding areas (Goushegir, dos Santos, & Amancio-Filho, 2015). The trend between the rotational speed
and joining time was markedly determined the mechanical performance. Sand blasting was conducted
on aluminum surfaces to guarantee the mechanically surface pre-treatment for improving the surface
roughness. The role of several FSpJ processing factors on the performance of an aluminum AA6181-T4/
carbon fiber-reinforced poly (phenylene sulfide) (CF-PPS) double lap hybrids was scrutinized by means
of both Taguchi model and analysis of variance (ANOVA) methods (Esteves et al., 2015).

A similar process was successfully employed to elaborate aluminum 2024-T3/ CF-PPS hybrid joints
containing PPS film interlayer. Both micro-mechanical interlocking and adhesion forces were recognized
to control bonding mechanisms in these hybrids (Andre et al., 2016). A 5052 Al alloy and plain carbon
steel were previously treated using a laser-processing technique to generate rather rough, porous metallic
surfaces before they welded to polyamide 6 based CFR by friction lap joining process. The remarkable
improvements in the strength of the joint were related to the higher mechanical anchors and the improved
chemical bonding area at the Metal/CFRP interface (Wu et al., 2020). Tool rotational speed was found
to be the key parameter which majorly affected the joint shear resistance, followed by the joining time,
plunge depth and joining force, while an extra joining forces provoked pressing flow of the molten layer
decreasing joint strength. Interestingly, it was supposed that the numerical simulation combined with the
welding experiment can effectively utilize to explore the joining process of friction stir welding between
CFRTP laminated composites and aluminum metals (Jiang, Chen, & Yang, 2020).

Laser Beam Welding

The realization of the transition structures by the application of titanium wires, as transition elements, at
the CFRP/aluminum interface was reported by die-casting and laser beam welding as given in Figure 6.
For replacing the liquid state processes, the solid-state ones, a diffusion bonding has been a great solu-
tion. The produced hybrid showed improved load transfer for whole transition structures (Schimanski,
Hehl, & Zoch, 2013). Laser direct bonding of CFRP to aluminum sheet was realized using a qualified
continuous wave diode laser equipped with a line-shaped beam. The produced joints were cracked along
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the hybrid interface or in the melted area of carbon laminates where a fused polyamide thermoplastic
was strongly joined on atomic or molecular sized level through nanometer thick aluminum oxide film
(r-ALO,) located on aluminum alloy surface, reflecting a strong chemical or physical bonding between
the joint components (Jung et al., 2013).

Figure 6. Scheme of laser beam welding process.

Mechanical Clinching

In order to describe the joining process of CFRP and aluminum alloy using semi-tubular self-piercing rivet
process, a numerical model was established (Welf-Guntram et al., 2013). The key procedure parameters,
tool geometries and material characteristics are studied by the finite element model (FEM). A comparative
study between the measured and calculated data of the numerous processing and the geometrical connec-
tion parameters revealed good modeling quality for this process. The clinching technique for producing
an aluminum AA6082-T6/CFRP thin piece was studied, since it was split dies with sliding segments to
produce the hybrid joints (Lambiase & Ko, 2016). This investigation proved the practicability of this
manufacturing method for fabricating these kinds of composite structures. In addition, the influence of
the punch form, the punch diameter, and taper angle were optimized, to avoid the damage of the CFRP
in the clinched joints, during this process. The two-steps clinching with split dies process was effectively
utilized for assembling aluminum and CFRP joints (Lambiase & Ko, 2016). To determine the influence
of the processing conditions on the mechanical strength of the joints, single lap shear experiments of
simple clinched and redesigned samples were conducted. From the interesting results, the undercut was
the most critical factor responsible for pullout failing the simple clinched connection.

In another study, hole clinching was a promising technique for joining CFRP and ductile aluminum
metals (Lee et al., 2017). In a study conducted by Lee et al., a new clinching tool termed a spring die tool
was described for improving the joinability of a CFRP/AA5083-aluminum alloy in an entire clinching
process. In this technique, two pads sustained by a coil spring were utilized for increasing the form-
ability of ductile materials and to decrease destructions to CFRP laminates through the enhancing of
the compressive hydrostatic stress.

Laminate Squeeze Casting Technique

In a prominent study reported by Alhashmy, new kinds of aluminum hybrid plates were fabricated using
squeeze casting process from plain weave CF preform as reinforcing phase and a 1235-H19 aluminum
matrix (Alhashmy, 2012). It was concluded that the aluminum composites exhibited and improved
chemical bond at the CF/aluminum interface ascribed to the construction of aluminum carbides. This
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technique was explored as alternate where carbon fiber layers and aluminum metals were thermally-
consolidated (Alhashmy & Nganbe, 2015). Liquid infiltrates the carbon cloths from their two one-to-one
adjacent aluminum layers, thus decreasing the penetration depth of the whole constituent height to a
half thickness of distinct fiber layers.

Other Techniques

A heat induction joining method was selected as joining technology for the bonding of these AIMg3-
CF/PA66-joint composites (Mitschang et al., 2009). Mitschang et al. studied the induction welding of
AlMg3/carbon-fiber-reinforced polyamide 66 (CF-PA66) composite hybrid joints, including an extra
polymeric film interlayer in place of utilizing an adhesive (Mitschang, Velthuis, & Didi, 2013). The
addition of the film improved the shear strength by approximately 15% for AIMg3/CF-PAG66 joints. The
characterization of the joining behavior and the impact on the surface-modifications were offered by
single-lap joints and microscopic analyses. In another study, a new manufacturing process was employed
to produce aluminum foam by including NaCl as the space holder and argon gas was introduced into
the aluminum molten metal. The salt particles were then eliminated by a dissolution technique (Hashim
et al., 2014). Nestler et al. described the consolidation of semi-finished products from fiber-reinforced
polyamide layers and EN AW-6082 T4 aluminum foils based hybrid composites (Nestler et al., 2016).
A new innovative joining technique was recently developed for combining carbon fabrics with alu-
minum layers. The woven carbon fabric was infiltrated with aluminum by using two electrodes up to
the semi-solid state conductively heated two aluminum layers, where the fabric was located in-between
(Marx & Liewald, 2017). An electromagnetic force-fit bonding of CFRP and aluminum tubular parts was
explored, where discharging energy was kept in the pulse power, the metallic tube was compacted into a
CFRP cylinder before the generation of a force-fit joint (Salamati et al., 2017). The role of each process-
ing parameter including the discharge energy, gap between inner and outer parts, work-piece thickness
and utilization of a supportive mandrel was studied. A CF/AA5052-aluminum composites were in-situ
fabricated via friction stir processing technique. The inclusion of CF laminates in the aluminum layers
decreased the micro-cracks nucleation and propagation (Cao et al., 2018). To surpass the disadvantages
with the liquid-phase processing of CF/aluminum hybrid composites such as low wetting of the fiber
with liquid aluminum and appearance of Al,C, on the fibers’ surface, this process was theoretically and
experimentally optimized by evaluating the impact of porosity on the excreted pressure (Galyshev et al.,
2019). The electro-hydraulic clinching technique was also applied to produce AA1050-O aluminum and
CFRP sheets, wherein few milliseconds, the generated shock wave smashed the lower sheet and con-
structed the sheet to the die cavity through the pre-drilled hole in the upper one (Menghari et al., 2020).

MECHANICAL PROPERTIES

Over the last few decades, the majority of research work on CFRP/aluminum composite revealed that
the assembly and configuration of CF and its bonding to aluminum matrix exhibited a significant influ-
ence on the final properties of their resulted hybrids (Shirvanimoghaddam et al., 2017). In addition, the
determination of the key factors for the production of these materials was very necessary for tailoring
their performances. In this section, several mechanical properties of CFRP joined with aluminum matrix
are summarized.
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Flexural Properties

In aluminum/CFRP sandwich structures, the bending charges are usually supported by the force couple
constructed from the face sheets while the lightweight core components bear the shear loads. The criti-
cal function of the central material is to afford a greater moment of inertia. Thus, these panels exhibit
improved specific mechanical performance respected to the monocoque structures under flexural test.
In addition, the core fights transverse forces and maintains the laminates against total buckling and lo-
cal buckling, which is responsible for enhancing its buckling resistance and its stiffness. The bending
failure behavior and energy absorption capacity short square hollow section beam made of aluminum/
CFRP were studied under transverse quasi-static charging. Individual three-point bending failure be-
haviors were depended on the lay-up arrangements (Kim, Shin, & Lee, 2013). The improvement in the
specific energy absorbed was not attributed to the damage area of the developed composite beam. In a
study conducted by Dhaliwal and Newaz, three-point flexural behaviors of two types of CF-strengthened
aluminum composites (CARRAL) having a 3/2 configuration, which were previously produced by a
vacuum press deprived of any adhesive coating, were investigated (Dhaliwal & Newaz, 2016). Crack in
lower aluminum sheet, CFRP lamina fracture and delamination between upper aluminum and CFRP sheet
were the main failure approaches. The bending characteristics of the hybrid structures were predicted
using by modeling the progressive damage performance, where stress based composite failure and shear
stress based delamination failure between neighboring layers were key features. The predicted flexural
damage behavior fitted well the experimental data.

In the light of the above, the bending mechanical performance of CCF reinforced aluminum foam
sandwich hybrids was evaluated by a three-point bending machine (Yan et al., 2017). The trend between
a load and dislocation of the metallic matrix was recorded and deformations and failure comportments
of the hybrids were discussed. The flexural load-carrying aptitude and energy absorption capability
were markedly increased for the composites reinforced by CF fabric as face-sheet. Bending experiments
were done on sandwich composite structures composed of CCFRP composite face sheets and the cores
made from aluminum based honeycomb with various thicknesses, and the influence of core thickness on
the bending properties of the sandwich panels was evaluated (Okur, 2018). The failure behavior charts
under bending load of sandwich panels comprised CF reinforced facade layers in different arrange-
ments, and four core assemblies of aluminum foam or honeycomb plates, which were manufactured by
a polyurethane spraying process, were established (Rupp, Elsner, & Weidenmann, 2017). The critical
forces controlling the failure mechanisms were partly changed to adequate the application of foam core
composites and face layers using a porous metal. The effect of galvanic corrosion on the interface of the
fiber-metal based laminates was studied, where flexural examinations were done to assess the residual
flexural performance after the corrosive damage (Stoll et al., 2017). Results showed that the elastomeric
interlayer constrained galvanic corrosion in the salt spray chamber, since the flexural properties of CF/
aluminum containing elastomer interlayer still unchanged subsequently the corrosion tests.

The effect of surface-treatments by pure nickel for three types of are short carbon micro fibers, car-
bon woven fabrics, and unidirectional yarn CF-reinforced aluminum plate was evaluated. The flexural
properties of the produced composites were studied room temperature using 4-point flexural tests where
strong matrix/fillers interactions were observed (Valente et al., 2019). The bending failure behavior and
energy captivation of the AI/CFRP hybrid tubes were explored. The results displayed that the obtained
transverse energy absorption of the AI/CFRP composite tubes exceeded the sum of those pure Al tubes
and pure CFRP tube. In addition, the flexural properties and energy absorption of aluminum hybrid foam
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core sandwich structures reinforced-CF-cold setting thermoset as facade layers were evaluated (Pandey
et al., 2020). It was reported that by using a double-layer carbon fiber sheet, the flexural force bearing
efficiency of the hybrids enhanced eight times respected to that of simple foam matrix. On the other
part, the increase in thickness of foam core, the flexural load carrying capacity, bending stiffness and
energy absorption the resulted hybrid composite can significantly increase. The role of interface bond-
ing between aluminum and CFRP laminates on flexural comportment of the produced hybrid structures
were scrutinized (Dhaliwal & Newaz, 2020). As the aluminum metal contents increased in these hybrid
systems, the failure mechanism varied from rupture in the load-carrying area to gradual deformation as
given in Figure 7 (Xiao et al., 2018). The stiffness and progressive damage, failure resulted from three-
point bending examinations were simulated by Explicit finite element results where the predicted data
well-fitted the experimental ones.

Figure 7. Damaged specimens after quasistatic bending. (© [2018], [Hindawi]. Used with permission.)
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The Adhesion Strength

In one study, a nano-spike structure was deposited over the aluminum plate surface and then joined to
CF reinforced thermoplastic laminates to study its drift on the adhesive bonding using single-lap joint
examinations (Abe et al., 2019). It was reported that this structure hugely improved the adhesion strength.
However, when this structure was coupled with silane-treatment this provoked a failure in the aluminum
sheet of the single-lap specimens rather than in the interfacial region. The typical adhesion strength in
these composites having an overlap length of 5 mm reached 24.9 MPa. The surface roughness influ-
ences, which was generated by different kinds of sanding rag and changing sanding times, for enhancing
interfacial adhesion in aluminum/CF-reinforced epoxy hybrid materials was investigated (Kwon et al.,
2019). The results showed that a proportional relationship was recorded in the surface energy of epoxy
resin and epoxy-CF/Al composites. In addition, a suitable Al surface-treatment in these hybrids dem-
onstrated real potential for promoting their properties. To produce durable adhesive joints, the effect
of pre-treatments, using the ultrasonic etching process in alkaline solutions, on the aluminum substrate
adhesion to CFRP was studied (Hu et al., 2019). Experimental data revealed that an improvement of 91%
was observed in bond strength next an alkaline etching treatment, which ascribed to the removal of pas-
sive oxide coatings and the appearance of thin hydroxide layers through an aluminum-water feedbacks.
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Impact and Crushing Properties

The crushing tests were generally conducted on the produced hybrid composite specimens at different
velocities under static loading modes. The machine recorded the dislocation of the compressor head
and the crushing force concurrently using a Data Acquisition System. The impact experiments were
also conducted on monolith aluminum alloy, CFRP laminates, CF/aluminum laminates and composite
sandwich panel made of CFRP adhered to aluminum honeycomb core panels (Zhu & Chai, 2013).
Results showed that only CFRP with Nomex aluminum honeycomb core and fiber/aluminum laminate
panels exhibited higher impact resistance and improved ductility. The Crashworthiness features and
axial failure with damage transmission comportment were scrutinized for new aluminum/CFRP hybrids
square hollow section (SHS) beam, where the specific absorbed energy and the efficiency of crush force
were simultaneously enhanced in the AI/CFRP hybrid SHS beam having a [0/90], lay-up configuration,
whereas a slight improvement in the thickness of the CFRP laminate was resulted (Kim et al., 2014).

By using a vacuum press, laminates composites base on a 3/2 structure carbon fiber reinforced
aluminum 5052-H32 as the outer layer were developed without applying adhesive film (Dhaliwal &
Newaz, 2016). Numerical simulation was done for describing the different impact stages at various en-
ergy levels. The onset impact energy at perforation failure was made in all aluminum and CF-reinforced
layers was attained 31 J, and the predicted impact behavior data fitted well the experimental ones. Zhu
et al. studied the axial crushing performance of an aluminium/CFRP hybrid, which was linked to plain
aluminium tube and CFRP tube for exploring similar designs and crushing behaviors of the tube under
static loading (Hua et al., 2017). Aiming to describe the crash behaviors and to detect crashworthiness
parameters, an innovative bio-inspired CFRP panels reinforced aluminum honeycomb hybrid structures
were produced (Wu et al., 2017). The various parameters including failure mode, crash behaviors, the
influences of core side length, height, energy absorption, and impact velocity on the maximum load
were quantified. Results showed that the crashworthiness characteristics were very dependent to the
core length than to the core height; and the particular energy absorption was slightly changed when the
core height was increased. It was revealed that the failure of the CFRP face-sheet comprised the matrix
cracking and fiber breakage, provoking several damage approaches, likes indentation, round penetration
and irregularly-shaped penetration. Additionally, the failure behavior of aluminum honeycomb matrix
involved the crushing, shear and buckling in the core.

Inanother study, the experimental crashworthiness and the computing modeling of circular lightweight
hybrid aluminum/CFRP tubes were studied (Reuter & Troster, 2017). Relative to a pure aluminum struc-
ture, an increase of 37% in the specific energy absorption was reached. The energy absorption failures
included the partial primary energy absorption modes of the CFRP and metal constituents. The simula-
tion of axially-loaded on the hybrid structure was successfully achieved by multi shell model. Zhu et al.
investigated experimentally and theoretically the crashworthiness features of aluminum/CFRP hybrid
tubes subjected to various loading angles where distortion designs and several additional key factors
linked to the crashworthiness were determined (Zhu et al., 2017). The energy absorption capability of
all specimens was decreased in different levels with rising loading angle. This means that the hybrid
tube was able to alleviate the consequences of oblique load on energy absorption capacity relative the
pure CFRP tube. The energy-absorbing mechanisms of an aluminum honeycomb core covered with
unidirectional and woven CFRP composite pipes were investigated (Alantali et al., 2017). Crushing
tests on the multi-tube arrays have divulged that woven CFRP tubes absorbed markedly higher degrees
of energy relative to their unidirectional equivalents.
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To analyze the axial crushing phenomenon at low velocity axial loads, both experimental and nu-
merical assessments were done on an aluminum column reinforced with combined carbon fiber and an
aluminum honeycomb at a fixed velocity (Balaji & Annamalai, 2018). Compared to the bare aluminum
hollow column, the collected data confirmed that the developed hybrids exhibited the most crashworthy
with a significant enhancement of energy absorption, specific energy absorption and crush force effi-
ciency, respectively. The low impact velocity behavior was investigated for a CF-reinforced aluminum
laminates (CARAL), manufactured by hand lay-up process (Chozha Rajan et al., 2018). The recorded
data demonstrated that the impact performance of the developed CARAL was improved by increasing of
the CARAL laminate layers. The processing parameters by hand lay-up technique of CF-reinforced alu-
minum laminates were optimized (Muthu Chozha Rajan et al., 2018). The fabrication conditions such as
layer thickness and matrix were critical controlled the flexural and impact responses of these composites.

To better understand crashing behavior of adhesive joints for multiple impacts from various directions,
Liu et al. scrutinized the influence of impact surface and impact energy on the residual properties of the
CFRP/aluminum adhesive bonded joints, which were fabricated in the hot pressing machine at precise
curing temperature and pressure of the adhesive (Liu et al., 2019). The results revealed that CFRP pro-
duced improved structural integrity and reduced loss of joint strength respected to the aluminum matrix
impact surface. The crushing and intrusion property of two aluminum automotive grade alloys/CFRP
were studied for assessing the role of different factors such as aluminum thickness and aluminum com-
position, the thickness of carbon composite cover, and the capacity of composite coverage (Lebaupina
et al., 2019). Results proved that intrusion properties of tubes without sacrificing the total part weight
were enhanced for localized composite patches. By linking experimental and theoretical approaches, the
low-velocity impact behavior and damage mechanisms of aluminum/CFRP honeycomb hybrid structures
were achieved (He et al., 2019). It was reported that the face layer thickness exhibited a marked effect
on the impact resistance properties, whereas a slight effect of the cell walls thickness and side length of
honeycomb core on the impact load and structural stiffness of hybrids was noticed.

To evaluate the energy absorption behavior and the crushing parameters, a new type of an aluminum/
CFRP/aluminum sandwich tube was produced by spinning forming (Han et al., 2020). The results revealed
that due to improved contact between CFRP/Aluminum interfaces, the produced tube outperformed all
hybrid structures in crashworthiness while the growth of delamination failure enhanced the energy ab-
sorption during crushing tests. Glass fiber reinforced plastics/carbon fiber reinforced plastic/aluminum
(GFRP/CFRP/AI) hybrid tubes and CFRP/Al, were produced using the filament winding technique to
evaluate their crushing characteristics and failure mechanisms (Cui et al., 2020). It was revealed that the
failure modes of hybrid composites were prevailed by advanced brittle crack, delamination approach
in CFRP layers and diamond failure mode in the metallic tube. In addition, the increase of hybrid plies
augmented the explicit energy absorption, energy absorption, and the peak crushing strength.

Tensile Properties

The failure mechanisms of titanium-wire connected CFRP/aluminum composite structures under tensile
loading was evaluated (Schumacher, Bomas, & Zoch, 2013). The tensile behavior of self-piercing rivets
(SPRs) CFRP/aluminum 6111 T82 alloys were evaluated where a lap-shear tensile force of 3858 N was
attained (Kang et al., 2016). Results showed that fall-out of the rivet head from the CFRP upper sheet
was the major failure mechanism for these composites. Arranged in the order of 3/2 stacking of 0.8
mm thickness 2024 T3 aluminum sheets, unidirectional carbon fiber fabric and graphene nano-powder,
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modified epoxy resin, a hybrid composite was manufactured (Askin & Turen, 2019). It was concluded
that incorporation of graphene nano-filler to the epoxy matrix imparted an enhancement of 9% in tensile
strength and a rise of 24% in the interlaminar shear strength. The amount of permanent compressive
stress in the composite increased by about 50%. The tensile properties of electromagnetic self-piercing
riveting joints based on CFRP and a 5052 aluminum alloy (E-SPR) were studied in details (Liang et
al., 2019). Results showed that the prepared these joints demonstrating higher tensile-shear strength
properties compared to pressure self-piercing riveted (P-SPR) ones. Under stronger undercut, the shear
fracture appearances reflected that the rivet of E-SPR joints remained in the metal layer while rivet of
P-SPR joints stacked to the CFRP sheet.

Fatigue Properties

The fatigue properties of electromagnetically-riveted CFRP/aluminum hybrid joints were recently evalu-
ated (Jiang et al., 2017). The failure mode of fatigue structures under every stress level was all failed
at the Al layer and the fracture analysis revealed that cracks initially started near the hole in Al sheet,
which was attributed by the fretting wear between Al and rivet under the dynamic cyclic loading. The
fatigue properties of joints based on AA6111 aluminum reinforced CFRP were investigated (Rao et al.,
2018). The fatigue life of the lap-shear joints was significantly influenced by the flushness of the rivet
head against the top CFRP sheet, while in cross-tension joints, the flushness of the rivet exhibited no
important role on the fatigue life of the joints. During the cyclic charging, the lap-shear joints failed
because of kinked crack development in the lower aluminum layers, whereas the cross-tension joints
failed when the rivet pulled was out of the upper CFRP part. In order to explore the fatigue perfor-
mance of composites produced from aluminum foam core containing CF face-sheet, a high frequency
fatigue machine was utilized, and the damage mechanisms of the hybrid structure were scrutinized by
morphological analysis (Yan, Wang, & Song, 2020). The recorded data revealed that the fatigue life
of composites reduced by enhancing the degree of loading, and the predominant life of the developed
composite was its crack beginning phase.

APPLICATIONS

In the recent few years, the production of sandwich hybrid structures such as lightweight aluminum
alloys/carbon fiber reinforced composites showing many outstanding physicochemical and mechanical
properties which promote them as efficiently utilized by several industrial sectors as shown in Figure 8,
including the automotive and aerospace. In this part, the recent applications in aerospace, automotive,
robotics and ballistic protection of these materials were presented.

Automotive Industry

The need to decrease the energy consumption and to meet the severe legislation of safety for both
pedestrians and passengers in automotive, has accelerated the development and usage of lightweight
composites in the design of vehicles. Figure 9 reveals the different car parts produced from sandwich
structures of aluminium honeycomb core and CFRP skins. For example, the bumper beams of a car which
contributes to the total weight must be replaced by lightweight composites able to efficiently absorb the
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Figure 8. Industrial application of sandwich composites structures.
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kinetic energy generated during a collision. The selection of materials for automotive components is
related to a precise quantity and request process. Other critical factors are including low-cost production,
security, recycling process and lightweight high-performance relationship. Aluminum metals are widely
employed for fabricating panels and parts of the body structure. The various automotive components
produced from advanced CFRP and aluminum composites were described and discussed with according
to their advantages and risks for automotive manufacturing (Adam, 1997). Furthermore, the principal
disadvantages of using advanced composites, including load applications, damage tolerance and high
volume production technologies, were clarified. Technical solutions as key enablers for industrial real-
ization were also described. The automotive aluminum compounds and their applications as castings,
sheet and plate, and extrusions were described. A review was published on progress by US, European,
and Japanese automobile companies in producing light-weighting vehicles based on technologies for
processing aluminum alloys in various shapes (Benedyk, 2010).

In addition, carbon reinforced plastics are used for attaching on exterior of the car body. The hybrid
aluminum carbon fiber reinforced polymers composites structures are mainly preferred to substitute the
heavy steel and iron for reducing the overall weight. For example, multimaterial unibodies and alumi-

Figure 9. Schematic of sandwich structures with aluminium honeycomb core and CFRP skins in vehicle
body.
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num space frames are successfully used to replace steel unibodies. Due to their durability and specific
strength/stiffness, numerous conventional materials are being replaced by high-performance carbon fiber/
aluminum hybrid composites in the recent few years. Instead of a beam based on steel, in modern auto-
motive, extruded thin walled aluminum pieces were utilized in the front and rear bumpers, crash boxes,
longitudinal space frames and other safety components such as side-door impact beams, engine cradles,
and suspension components (Saidpour, 2004; Sun et al., 2017). Xiao et al. studied the quasistatic bending
properties of aluminum honeycomb core and CFRP sandwich panels exhibiting better crashworthiness
performance to use them as skins in electric vehicle body (Xiao et al., 2018).

Hybrid bonded-riveted joint was fabricated for joining CFRP and aluminum lightweight composites
suitable for automotive structure applications (Chen et al., 2019). The mechanical performance of hybrid
joints under temperatures from -30 to 100 °C was explored, where a maximum strength decrease of 26%
and 43% was achieved under this temperature range, respectively, respected to that measured at ambi-
ent conditions. The high-velocity impact tests of a double hat bumper beam produce from aluminum
(3105-H18) and carbon fiber-epoxy composites demonstrated that during collision, carbon fiber-epoxy
composite absorbed equivalent energy as aluminum, which make it suitable for being utilized as a bum-
per beam for cars (Salifu et al., 2020). The conceptual structure shown in Figure 10 of the lightweight
wheel shows the arrangement of various elements in the overall assembly; the wheel disc is taken as an
integral part of a single-stage production process.

Figure 10. Concept design of the lightweight wheel (© TU Chemnitz). (© [2017], [Springer]. Used with
permission.)

Aerospace Application

Weight decrease and enhanced damage tolerance features were the main drivers to design new kinds
of materials for the aerospace industry. Thus, a new lightweight fiber/metal laminate (FML) exhibit-
ing improved mechanical properties and low moisture absorption has been fabricated by combing the
synergistic effect of each component (Botelhoet al., 2006). These hybrids are applied as fuselage skin
structures of the next generation commercial aircrafts. Recently, several famous companies including
EMBRAER, Aerospatiale, Boing, and Airbus were initiated many research projects relative to these
materials to substitute conventional fiber reinforced polymer laminates for enhancing benefits and im-
proving the security of their airplanes. The aluminum/CFRP hybrid structure can be manufactured as
effective, lightweight structures for protection frames against collision in the aerospace area and replacing
the conventional single CFRP laminates (Xu et al., 2018). The ballistic performance of unidirectional
CFRP laminates and two CFRP and 2024-T3 aluminum were evaluated using a flat, hemispherical or
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conical nosed projectiles. Ballistic data revealed that fracture modes, ballistic limits and specific energy
absorptions of the produced composites were dependent on nose forms.

Industrial Robots Design

Due to the need for increasing energy efficiency, reducing automation cost and improving automation
safety solution in robotic industries, the development of lightweight composite design for industrial
robot manipulators was becoming very critical. The recently designed advanced CFRP/aluminum tube
materials are widely utilized for manufacturing the lightweight components of industrial robots. A so-
phisticated benchmark examination between CFRP and aluminum robot arms based on structural stiffen,
tube thickness and material weight was described (Honarpardaz et al., 2015). The design problems of
lightweight robotic arms by utilizing two types of hybrid structure composites, produced form CFRP and
aluminum alloy, for minimizing the total weight of robotic arms (Yin, Liu, & Yang, 2019). Therefore,
structural measurements and various layer parameters in hybrid composites were optimized, this included
strength, stiffness, and dynamic constraints, where a design model and an experimental prototype were
afforded with a total weight reduction of 24.32% compared to the pure metallic model. An alternative
design of lightweight construction for robot arm links was proposed, which was significantly reduced
the power requirements of the robot arm without compromising its stability (Karthikeyan, Sabarianand,
& Suganthan, 2019).

Fire Protection

Lightweight structural materials are useful materials for fire protection application due to their high
thermal insulating properties. A multi-layer polymer metal laminate constituted of aluminum and CFRP
composite comprising several thin adhesively-joined aluminum foils. When exposed to fire the composite
adhesive was thermally decomposed by releasing volatiles, provoking the foils to inflate and delaminate,
which was responsible for reducing their thermal conductivities. The stretched composites decelerated
the heat transfer from the fire into the structural support, providing lower temperatures and improved
structural survivability. Christke et al. studied the fire protection behavior of two distinct thicknesses
of aluminum and CFRP PML composites against a substrate. The fire exposure tests demonstrate that
the substrate temperatures were decreased and the time to failure under load was markedly ameliorated
(Christke et al., 2016). The protection ensured by these hybrid structures was similar or even exceeding
that provided by conventional fire resistant materials, likes ceramic fiber mat or intumescent coatings.

CONCLUSION

In this chapter, the manufacturing processes, mechanical properties, and applications of aluminum alloys
reinforced carbon fiber hybrid composite materials were presented by scrutinizing recent research studies.
Friction lap joining, ultrasonic welding, and induction welding are main fabrication techniques used for
producing aluminum/CFRP hybrids. In addition, itis found that the surface-treatment of aluminum surface
can improve the adhesion strength between metallic sheets and carbon fiber reinforced laminate. Other
parameters such as material deposition, cure processing, curing technique, post stretching for reserving
residual stress of the hybrid composites generated during curing can equally affect the final performance
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of these kinds of composite structures. Respected to CFRP composites and pure aluminium metals, the
aluminum/CFRP composites afforded several outstanding mechanical characteristics, including, great
strength, increased elasticity modulus with enhanced toughness, better impact and crashworthiness per-
formance, and higher fatigue-resistance features. Moreover, these hybrid composite structures exhibited
better damage tolerance and lightweight characteristics which make them very suitable for engineering
applications such as automotive industry, aircraft production, and lightweight robotic industries relative
to their monolithic aluminum materials or CFRP laminated composites.
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KEY TERMS AND DEFINITIONS

Automotive Industry: All companies and activities involved in the manufacturing of motor vehicles
like automobiles, buses, trucks, etc.

Composite Material: A type of material that is made by macroscopically combining two or more
different materials together. The two materials work together—they do not dissolve or blend into each
other—to give the composite unique properties.

Energy Efficiency: A fact that shows how efficiently energy is consumed, and it covers wide-ranging
topics related to energy efficiency, energy savings, energy consumption, energy sufficiency, and energy
transition in all sectors across the globe (including the automotive industry).
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ABSTRACT

The need for less weight and high-performance materials in manufacturing industries has continuously
ledto the development of lightweight materials through the use of advanced additive manufacturing (AM).
The race of lightweight and high-performance metals continue to evolve as this continuously provides
better understanding about connection existing between material processing, microstructural develop-
ment, and material properties. AM technique is an interesting manufacturing process that is employed
in production of engineering components with improved properties. The choice of titanium and its alloys
in structural applications are attributed to their superior strength-to-weight ratio and high corrosion
resistance. This chapter looked at different additive manufacturing (AM) techniques developed for the
processing of lightweight metals, their strengths, and limitations. The chapter also looked at the role and
contribution of AM to the 4th industrial revolution, processing, and application of titanium aluminide
for high temperature applications.

INTRODUCTION

Inthis present economic time, costreduction, time management and geometric complexity are major market
demands in the development of new products. These are posing serious issues to the tooling processes
that are already expensive and time consuming. Additive manufacturing (AM) and modern operational
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structures are effective tools that can assist to reduce time and cost (Ludovico et al., 2010). The quest
for lightweight high performance structural metals by major industrial sectors such as the automobile,
aerospace, energy and chemical have made researchers, engineers and other major stakeholders in the
manufacturing sector to continuously develop different manufacturing techniques.

Three-dimensional (3D) printing has progressed into AM process with the ability of fabricating parts
directly vialayer-by-layer build-up process (Abdulrahmanetal.,2018). Several companies have embraced
Additive manufacturing technology because of its unique capabilities such as customization, multifunc-
tionality, improvement in product reliability, high performance rate and overall production cost reduction.
These companies include Siemens and other hearing aid manufacturers that use Stereolithography and
sintering machines to produce hearing aid shells, Align Technology apply stereolithography to produce
molds for production of dental braces, Boeing and its suppliers employed the selective laser sintering
in the production of ducts and other similar components for fighter jet F-18 (Gibson et al., 2010a). AM
technique is a progress made from rapid prototyping which is now employed in the production of end-use
products that now find applications in different areas such as the automobile and aerospace industries
(Wholer’s Report, 2016). AM processing technique produces components using 3D model data.

The main objective of the use of AM technique is to enhance the quality and performance of pro-
duced parts through cost of production, material usage and lead time (Kobryn et al., 2006). Some AM
processes are undertaken with the use of lasers as the main source of energy to provide fast heating in
melting the metal material thereby creating a melt pool with the capacity of enhancing diffusion rate of
introduced metal powder to properly mix (Tlotleng et al., 2016).

History

Additive technology sometimes referred to as 3D printing has recently spread into new areas including
medicine, energy, electronics, automobile and aerospace. The application of printing technology is be-
coming a highly promising manufacturing practice as it is greatly studied and its usage is fast growing
(Gibson et al., 2010b). The first commercially successful 3D printing technology, the ModelMaker by
Solidscape (formerly Sanders Prototype) was introduced in 1994. The ModelMaker was able to print
using basic wax material as raw material. By 1996, 3D Systems joined the race of 3D printing technol-
ogy with the birth of the Actua 2100 which is also based on the printing of wax material. Thermojet,
an improvement on Actua 2100 was marketed in 1999 (Gornet & Wohlers, 2014). The build materials
of the first set of rapid prototype machines are based on melted waxy thermoplastics which made them
very useful for concept modeling and investment casting patterns (Gibson et al., 2010b).

Additive Manufacturing Techniques

Additive manufacturing (AM) is an advanced layer-upon-layer manufacturing technology that applies
the use of 3D model data in the fabrication of near-net-shape components (Abdulrahman et al., 2018).
AM technology helps in the fabrication of functionally graded components with specific material proper-
ties that cannot be easily manufactured using casting and other conventional manufacturing techniques
(Gasper et al., 2017). The technology is fast growing because of its capability of producing complex
components that seems difficult to be manufactured using the traditional production techniques such as
casting and machining (Herderick, 2011). The robust capability of AM has made it popular in different
areas of applications especially in aerospace, automobile, defense, energy generation, medicine and
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surgery. The quest for robust designs required in modern day machines and components, reduction in
material wastage and lead time, environmental impact as a result of production technique and production
cost have been the major advantages of why AM technique is emerging as the most preferred option
among other manufacturing techniques.

There are numerous techniques employed in additive manufacturing of components. Most often,
these techniques carries the name of either the method used or the company name that developed the
manufacturing process (Abdulrahman et al., 2018). Basically, AM technology are used on plastic and
metals. Stereolithography apparatus (SLA), Fused deposition modelling (FDM) and Selective laser sin-
tering (SLS) are some of the AM techniques that make use of plastics while Direct metal laser sintering
(DMLS), Electron beam melting (EBM), Powder bed fusion, Selective laser melting (SLM) and Laser
engineered net shaping (LENS) are some of the AM techniques that uses metals for deposition process.
The different classification of AM techniques employed in the production of metal components are
shown in figure 1.

Figure 1. Classification of layer manufacturing techniques for metal components (Karunakaran et al.,
2010)

AM for Metals
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Some of the metal manufacturing processes are highlighted below:
Electron Beam Melting (EBM)

The EBM process takes place in a vacuum under high temperature condition. In this process, the energy
needed for high productivity is created by high power electron beam. The powder bed for which each
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layer of powder is to be deposited upon at required temperature is heated by the electron beam. The
microstructures of parts produced through this process do not usually contain martensitic structures
and Residual stresses in the parts produced through the process are reduced due to the heating process.

Selective Laser Melting (SLM)

Selective laser melting (SLM) sometimes referred to as laser beam melting (LBM) is another type of AM
process where parts of different complexities are directly fabricated from metal powder via computer
aided design (CAD) files. The process as shown in figure 2, involves the division of 3D CAD model
into tiny layers and the data is forwarded to the SLM machine for part production. Fine metallic powder
material of about 10-45 um sizes are then deposited layer-by-layer on the substrate. The layer-by-layer
deposition process continue until the complete part is produced. The part fabricated through the pro-
cess has about 100% density as standard metallic powder have been used in the process. This makes
the mechanical properties of parts produced through the process to be similar or even better than parts
obtained by conventional manufacturing process (Bremen et al., 2012).

Figure 2. Selective laser melting process (Bremen et al., 2012)

b 0

Deposition of powder layer 3 0-CAD volume model

| -m-

Scanning

Lowering the
platform

Removal of component

-

.

.

Laser Metal Deposition (LMD)

The process is sometime referred to as Direct energy deposition (DED) process. The process as shown
in figure 3, is an AM metal deposition process that uses a nozzle to directly deposit melted metal mate-
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rial on a required surface on which it finally solidifies. Table 1 shows that the LMD process is highly
productive than the SLM process. Some of the advantages of the LMD process include: the repair of
complex parts that seems irreparable, ability to control material deposition, addition of new functional
feature on existing part, improved metallographic quality, reduced material wastage and part dimension
only limited to machine size and design.

Figure 3. Laser metal deposition process (Graf et al., 2018).
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Weld bead /— Powder

Fusion zone Molten pool
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Table 1. Laser metal deposition versus Selective laser melting (Weisheit & Rolink, 2016)

Characteristics Laser metal deposition Selective laser melting
. v Monolithic o
Materials 7 Gradient, hybrid v Monolithic
Part complexity Limited Nearly unlimited
. . . . Limited by the process chamber (height: 500mm,
Part dimensions Limited by handling system @-400mm)
. v Existing part v Flat preforms
Build-up on v 3D surface v Flat surface
Build-up rate 3-140mm’/s 1-20mm?/s

Strengths and Limitations of AM Techniques

The production of 3D printers has been a deliberate and gradual process due to the careful processing
rate of patency for commercialized AM printers, lack of open-source metal choices and high capital cost
(Anzalone et al., 2013). This has limited the use of commercialized 3D printers and only made it avail-
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able mainly in the production of costly finished products and rapid prototyping, and made it difficult to
be employed by small research centres, small and medium scale companies especially in the developing
countries that are also faced with economic challenges.

Laser Metal Deposition (LMD) Technique

Light Amplification by Stimulated Emission of Radiation simply referred to as “LLASER” has become
popular in recent time and make use of in different areas of applications. The far-reaching light mov-
ing characteristics of lasers made them very applicable to different areas. The application of lasers is
witnessed in every day-to-day activity ranging from office equipment (as seen in laser printers, light/
laser pointer, laser scanners and bar-code scanners) to medicine and surgery, construction, production,
printing, and military especially in the area of locating and targeting (Abdulrahman et al., 2018).

The ability of laser to produce high intensity beam makes it highly useful to melt hard material
within a short time. This is reason why it is being applied in laser AM processes as it made it visible to
produce melt-pool on substrate on which deposited metal powder are built on. Laser metal deposition
technique, an aspect of AM technology possesses the capability of producing near-net shape components
with superior mechanical properties (Dinda et al., 2009; Kobryn et al., 2006). In laser metal deposition
process, feeding metal powder moved by shielding inert gas is deposited unto a melt pool of a substrate
that have been created by a well-positioned laser beam. Lightweight alloys and composites materials
with improved properties have been produced using this technique (Baudana et al., 2016; Froes & Dutta,
2014; Gussone et al., 2015; Kobryn et al., 2006).

Effects of Deposition Parameters in LMD Process

Laser metal deposition process is a tough process that involves quite a number of process parameters
that affect the final characteristics and quality of deposited part in terms of the physical, microstructural
and mechanical properties (Shah et al., 2010). The control of deposit characteristics required adequate
knowledge of the relationship between the process parameters such as the laser power, powder flow rate,
scanning speed and gas flow rate. It is therefore recommended to understand the implications of deposi-
tion parameters on the physical, microstructural and the mechanical properties before careful selection of
deposition parameters needed for part production. Effect of deposition parameters on the characteristics
of deposited parts have remain an interesting aspect to most lightweight metal researchers and reports
are being published on deposition process parameters as evident in several works (Abdulrahman et al.,
2019; Akinlabi et al., 2014; Akinlabi et al., 2012a, 2012b; Gussone et al., 2015). Short descriptions of
some deposition parameters are therefore provided below.

Powder Flow Rate

This is the amount of powder being released to the deposition area per unit time (Abdulrahman et al.,
2018). Its unit is in revolution per minute (rpm) or gram per minute (g/min). Powder flow rate or the
flowability of any metal powder is mainly dependent on the powder particle size and its morphology. The
ability of spherical shaped metal powder to conveniently react to laser beam made it seem as the most
preferable for laser metal deposition process (Schade et al., 2014). Powder flow rate play a serious role
in material efficiency and dimensional accuracy (Kumar et al., 2014; Schade et al., 2014) of fabricated
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parts. Powder flow rate have also been investigated to affect the surface roughness of deposits (Shah et
al., 2010) and also affect hardness, wear resistance and microstructure of deposited samples (Akinlabi
& Akinlabi, 2016; Mahamood & Akinlabi, 2015; Saboori et al., 2017; Shukla et al., 2012).

Gas Flow Rate

Pityana et al., (2013) worked on the effect of gas flow rate and powder flow rate on laser metal depos-
ited Ti6Al4V. Maintaining constant laser power of 1.8 KW and scanning speed of 0.005 m/s, gas flow
rate and powder flow rate were adjusted between 2 to 4 1/min and 2.88 to 5.76 g/min respectively. The
outcome of the physical, metallurgical and mechanical test carried out revealed that increase in powder
flow rate led to a concurrent increase in height, width and weight of the deposited track while increase
in gas flow rate led to reduction in the height, width and weight of the deposited track as a result of the
high disturbance produced by the gas flow rate. It was also discovered that increase in gas flow rate
led to decrease in the average microhardness of deposits, while increase in powder flow rate causes an
increase in average microhardness of deposited samples.

Scanning Speed

Laser scanning speed is a deposition parameter that is used to qualify the quantity of speed at which
laser moves along a specified path. Laser scanning speed has been identified to have serious impact in
a deposition process that determines the quality of fabricated parts. Laser scanning speed has serious
influence in laser material interaction and cooling rate in a solidification process. Laser scanning speed
has been identified to affect heat affected zone in a deposition process and affect height and microhard-
ness of fabricated parts (Sobiyi et al., 2017).

Laser Power

Laser power is a very important deposition parameter in laser deposition processes. The important of
laser power is highly emphasized because of the critical role it plays in the production of melt pool and it
eventual effect in the properties and qualities of produced components as well documented in literatures
(Abdulrahman et al., 2019; Sharman et al., 2018; Yan et al., 2017). Some of the works that have been
carried out on the effect of laser power in laser metal deposition process revealed that not only could
laser power effect the mechanical and microstructural characteristics of deposited components but it also
has the ability to reduce or eliminate internal cracks of deposited components if properly controlled. The
effect of laser power in a deposition process are also related to laser-material interaction and the rate of
cooling in the solidification process of laser deposited parts.

Laser Spot Size
The spot size of a laser is another parameter that also contribute to the quality and property of laser
deposited parts. The spot size of a laser is obtained through the laser beam diameter. The laser beam

diameter is used to control the concentration of laser beam on a targeted area. The smaller the spot size
of laser beam, the bigger the beam intensity (Bayode et al., 2018). Hence, laser spot size is inversely
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proportional to the beam intensity. It is good to also note that laser spot size also determines the width
of deposited tracks.

It is important to note the relationship between scanning speed, laser power and laser spot size. The
relationship is necessitated because the three parameters are connected to energy input requirement in
a laser deposition process. Energy density (E) needed in a laser deposition process is the sum of the
incident energy input per unit area as shown in the equation below.

Energy density (E ) = ViD

Where energy density (E) is in J/mm?, P is laser power usually in watt (W), V is scanning speed in mm/s
and D is laser spot size in mm.

The influence of energy density has well been captured in literatures (Hu et al., 2016; Zyl et al., 2016).
Increase in laser beam incident energy will usually lead to decrease in crack frequency in deposited
parts. The cooling rate of any material in a deposition process is hugely factored on the laser heat input.

Applications of AM Techniques

AM techniques as earlier stated is an advanced manufacturing technique geared at mitigating the short-
coming of the traditional manufacturing techniques, to meet the market demand for complex parts, reduce
production cost, provide a more sustainable and environmentally friendly manufacturing process and
reduced material wastage. AM technique is currently being applied to different areas of manufacturing
and services such as aerospace, automotive, defence, energy, petrochemicals, mining, medicine and
electronics. Some of the major areas of AM technique are highlighted below.

Aerospace

Parts manufactured by additive manufacturing technique are now employed in both commercial and
military aircrafts. Some notable parts produced by AM technique for aerospace application include
turbine blades, integrated piping systems, compressors and fuel nozzles. AM capabilities, advantages,
benefits and results as related to the aerospace industry are highlighted in figure 4.

Automobile

Area of applications of AM technique in the production of parts used in the automobile industry are in
the production of engine pistons and valves. The use of AM technique has immensely contributed to the
production of lightweight functional materials now used in these industries.

Medicine

Functionally graded lightweight materials are currently being manufactured using AM technique and
use in the medical and biomedical fields. Biocompatible implants that are non-toxic and meet other ba-
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Figure 4. Major attribute in the integration of AM technology into the aerospace industry (Singamneni
etal., 2019).
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sic requirements have been produces through AM process. Dentistry and orthopedic medicine are also
witnessing their share of impact of additive manufacturing.

4™ INDUSTRIAL REVOLUTION (4IR)

The 4™ industrial revolution (4IR) or industry 4.0 is a new technological revolution that is fast changing
the way we live, work and interact with one another. It is a revolution that comes with the possibilities
of connecting billions of people through the internet and mobile phones and providing high level of
processing power and data storage abilities. The influence of this industrial revolution is now being felt
with new technological breakthroughs as seen in the field of robotics, the internet of things (I0T) and
artificial intelligence (AI), 3D printing, biotechnology, nanotechnology, autonomous vehicles, quantum
computing, energy storage, material science etc. This technological revolution is also revolutionizing
industries as new business models are introduced leading to changes in the way of production, transpor-
tation, consumption and delivery systems.

The speed and scope at which these emerging technologies are transforming the industries in terms of
development, adoption, complexities and interconnection across sectors have not been fully understood
and that is why all global stakeholders (business, civil society, academia and governments) must come
together to fully understand the incoming trend (Schwab, 2016).
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History of 4t Industrial Revolution

Fourth industrial revolution is a progression from the first three industrial revolutions. The invention of
steam engine and development of power loom in the 18" century were witnessed in the first industrial
revolution which brought about mechanization in production. The second industrial revolution witnessed
during the 19" century led to transformation in assembly line, electricity and scientific knowledge and
made mass production of goods attainable. The third industrial revolution that started about 1950, comes
with the introduction of computers and other digital technology. The third industrial revolution brought
about huge improvement in the banking, communication, energy sectors and introduction of automation
in manufacturing processes (Mcginnis, 2020). The fourth industrial revolution label is by the author of
the book “The Fourth Industrial Revolution” and founder of the World Economic Forum, Klaus Schwab.
Schwab noted in an article that 4IR has the ability to increase global income and better the quality of
life of people around the world. The technological trend has a long-term benefit in form of efficiency
and productivity. It was stressed that industry 4.0 could led to the disruption in the labour market and
eventually led to serious inequality and increase social tension.

Role, Relationship and Contribution of AM Technique to 4IR

The introduction and integration of advanced information technology and state of the art intelligent
production systems to better the quality of life of people around the world is highly motivating. AM is
regarded as a strong tool needed to accelerate the 4™ industrial revolution. The contribution of AM to 4"
industrial revolution is highly critical as it has the ability to effortlessly deliver high quality goods and
services at reduced price within a very short time (Dilberoglu et al., 2017). The evolvement of industry
4.0 is changing the system of manufacturing, governance and general way of life. Consumers flare for
customized products as against general mass production goods is an area that the new technology is
exploiting. Manufacturing companies that choose to remain highly competitive must be able to meet
customers’ demands. Therefore, the drive for industry 4.0 is being accelerated through breakthroughs
being witnessed in areas of artificial intelligence, robotics, advanced communication system and addi-
tive manufacturing. Big data management, cloud computing, digitization of products and services are all
making it possible to precisely meet customers request at very competitive prices. Additive manufacturing
is a leading manufacturing technology currently changing the narrative of the way products are being
manufactured as against the traditional manufacturing route. The technology gives flexibility that assist
manufacturers to create better design so meet customers demand. The use of AM technology affords
companies the opportunity of producing prototypes or products with the use of a single 3D printing
equipment as against traditional manufacturing technique where it is not achievable as the traditional
manufacturing technique require serious investment to set up. Improve flexibility and effectiveness in
Productivity and customization to improve customer satisfaction are the main objective of 4™ industrial
revolution. AM remain an important weapon being exploited to see that the objectives of the 4™ industrial
revolution are well achieved.

Sustainability of AM Technique

Traditional production technique is an expensive and time-consuming process that requires special
tooling materials, skilled and unskilled labour. Some of the tooling industries are saddled with serious
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economic problems as more awareness are being canvassed on the environmental impact of the tooling
industries. The traditional manufacturing technique like machining, forging and casting are now seen
as undesirable and unsustainable due to their impacts on the environment. Traditional or convectional
manufacturing technique employs the like of milling machine, melting machine, heavy presses, etc.
which are responsible for high energy consumption as against AM process that mainly require only a
single machine for same production.

The outcome and successes recorded by additive manufacturing processes in the production of end-
use products is unarguable. However, the extent of the environmental impacts of AM manufacturing
processes are areas that need to be examined and understood clearly. The environmental impact by
different additive manufacturing processes (selective laser sintering, electron beam melting, selective
laser melting, strereolithography and fused deposition modeling), energy consumption of AM processes,
material (powder) production impact and treatment of produced components are some of the aspects that
have been studied (Kellens et al., 2017). The environmental impact reduction in the production of tool
and die are achievable using direct laser deposition. Reduced environmental impact and cost reduction
are advantages that have been recorded with Laser-based production of molds, dies and tools (Morrow
et al., 2007).

The AM technology has been able to show that it is an advanced manufacturing processing technique
that comes with numerous advantages such as the ability to coat, repair and produce components with
improved structural and mechanical characteristics. AM has also revealed that it is possible to manu-
facture components from powder and wire materials. Additive manufacturing offer business leaders in
production industry the opportunity to improve on existing designs and processes. AM has also been
able to show that is has a comparative advantage over conventional manufacturing technique when it
comes to material management and waste generation.

The raw material in AM is judiciously utilized and unused material are reusable. Whereas, the con-
vectional subtractive manufacturing result in the production of material waste in the form of chips that
are either discarded as environmental waste or reusable through the process of recycling that involves
additional cost and energy consumption.

LMD PROCESSING AND CHARACTERIZATION OF TIAL ALLOY

Titanium and its alloys are increasingly becoming popular as they are now widely used in energy, auto-
mobile, aerospace, defence and other manufacturing industries because of their high strength-to-weight
ratio which made them better alternative to steel. This is because titanium alloys are as strong as steels
and of lesser weight when compared to steels. Titanium also possesses high melting point of about
3000°F which made titanium and its alloys highly suitable in the production of missiles, spacecraft,
armor plating and naval ships. Parts complexity, production lead-time and waste are some of the factors
considered when using titanium and its alloys for part production. The high cost of titanium and its alloys
begs for appropriate production method in addressing the factors geared at performance and production
cost. The introduction of AM technology has helped in reducing material wastage there by saving cost
of production and preserving the strength and weight advantage of the material.

Titaniumn aluminides (TiAl) are intermetallic materials that have attracted much attention because of
their light weight and improved high temperature properties. Titanium and its alloys are gaining serious
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recognition mostly in aerospace and automotive because of their oxidation resistance, high temperature
performance and lightweight which improves fuel economy.

There have been different techniques developed and used in the processing of parts especially as re-
gards to additive manufacturing of lightweight materials such as titanium and its alloys. Norsk titanium
developed an AM process called Rapid plasma deposition (RPD) process (shown in figure 5) used in
the fabrication of aerospace structures. The process rapidly produces near-net-shape structures with little
machining operation needed on produced parts. The process under inert argon gas atmosphere, produces
structures by melting titanium wire.

Figure 5. Rapid plasma deposition technique (Norsk Titanium, 2016)
RPD™ Torch
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The EBM technique as earlier discussed under section 1.2 is another AM technique that is being
employed in the processing of gamma titanium aluminide components. Metallic powder mesh size of
-140/4325 (45-105 pm) and 3 KW electron beam power are commonly used in this particular process.
Some of the advantages of this process have been investigated to include: the ability of obtaining a
homogenous microstructure, fabrication of components with minimal internal defects, fine grain size
and absence of residual stresses due to the high temperature at which the process takes place. Gamma
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titanium aluminide material have sufficient and required properties that made it suitable as structural
materials for aerospace applications (Norsk Titanium, 2016).

Another interesting non-powder-based AM technique is the ion fusion formation (IFF) technique.
The technique is developed at Honeywell Aerospace. This technique involves a direct metal deposition
in the production of components. It uses an electronic interface to control the table position. The IFF
technique in the presence of inert gas, uses a wire feedstock on arc-based welding torch to deposit metal.
The process has been used in the deposition of lightweight metals and alloys such as aluminium, Ti6Al4V
and 374 stainless steel. Fabrication of fully-dense deposits that do not need post treatment in the form
of hot isostatic press and fast build-up speed are major advantages of IFF technique.

The experimental case study discussed in section 3.1 take alook at the characteristics of laser deposited
components and went further in section 3.2 to model and simulate an exhaust valve using the properties
of laser fabricated TiAl (Ti-Al-Nb-Cr) material. The simulation was performed with Solidworks 2017
software to evaluate the performance of TiAl under high temperature application.

Experimental Case Study

The experimental case study highlighted below, take a look at a study where laser metal deposition process
was used in the deposition of lightweight alloy. Physical, metallographic and mechanical characterization
were performed on the deposits. More details on the experimental results have been published (Abdul-
rahman et al., 2018; Abdulrahman et al., 2019; Abdulrahman et al., 2018; Abdulrahman et al., 2021).

Materials and Method

In this study, spherical shaped titanium aluminide alloy powder (45-150 pum particle size) manufactured
by Praxair surface technologies, USA, was deposited on a commercial pure titanium (CP-Ti) substrate
(size 10 x 10 x 6 mm) using 850R LENS machine available at CSIR, Pretoria, South Africa.

Table 2 highlight the elemental composition of the TiAl alloy powder that have been used in the
experiment. Titanium balanced the elemental composition of the alloy with percentage composition of
about 58.5%. Other materials that make up the composition are shown below.

Table 2. Other elemental composition of TiAl metal powder

Aluminum Niobium Chromium Other elements

34 4.8 2.6 <0.10

Before the deposition process, the substrates were sand blasted and cleaned with acetone to remove
oil stains and impurities that may be on the surface of the substrates. Detailed procedures regarding the
deposition processes employed as regard to the deposition parameters, preheating and non-preheating
process and results obtained (physical, microstructural and mechanical characteristics) are now available
in literatures (Abdulrahman et al., 2018; Abdulrahman et al., 2019; Abdulrahman et al., 2021).
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Figure 6. SEM image of TiAl deposited (Abdulrahman et al., 2019)

The microscopic image of TiAl sample deposited (at 400 W laser power, 4.09 g/min powder flow
rate and 7.406 mm/s laser scanning speed) taken under a scanning electron microscope revealed the
presence of homogenous lamellar y-TiAl and y-TiAl + Ti, Al region as shown in figure 6. The deposit
has fine grains and pores sparingly distributed.

Table 3. Deposition parameter effects on height and microhardness of deposits (Abdulrahmanet al., 2018).

Sample Laser power (Kw) Scanning speed (mm/s) | Deposit height (mm) Deposit microhardness (Hv)
A 0.4 3.17 1.6 565
B 0.45 3.17 2.1 536
C 0.4 2.65 2.3 550
D 0.45 2.65 2.7 560
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Figure 7. A typical valve design (Rao & Chandu, 2014)
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Result outcome further revealed that cracks in the laser deposited samples decreases as laser power
increases and scanning speed decreases. It was also noted that change in deposition parameters has
tremendous effect on heights and microhardness of deposited samples as clearly indicated in figure 3
extracted from the literature Abdulrahman et al., (2018). Other characterizations noted in the literatures
are the relationship between the deposition parameters and wear rates and corrosion resistances of the
deposits.

From the table above, it becomes clear that changes in the deposition parameters have a correspond-
ing change in the quality of deposits produced via laser deposition process. This relationship was due to
the laser material interaction and the cooling rate experienced in the deposited samples.

Solidworks Modeling and Simulation of Part/Component

Modeling and simulation of machine components help provide information on how well such components
react when subjected to aloading conditions under certain environments. Simulations are often performed
to also evaluate and optimize components and structures. Steels are one of the most common materials
(martensitic and austenitic) used in the production of valves. Increase in temperature can often reduce
the strength and hardness of martensitic steel and makes it applicable mainly as intake valve because
exhaust valves operate at higher temperatures between 650-790 °C and sometime higher. The inlet and
exhaust valves can be subjected to temperatures reaching 1930 to 2200 °C during power stroke and this
is why it is very important that valves materials should be able to withstand these higher temperatures
(Rao & Chandu, 2014). Exhaust valve production are basically done with austenitic alloy steels as it is
stronger at higher temperatures. Materials employed in the production of valves include stainless steels,
carbon-steel alloys, high strength nickel-chromium-iron alloys and titanium alloys. The close durability
of titanium to stainless steel and its good strength-to-weight ratio makes its highly preferable as valve
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Figure 8. Resultant temperature gradient of Ti-Al-Nb-Cr exhaust valve
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alloy material. Nonetheless, valves produced from titanium material are comparably costly (Carley,
2015). A typical valve design is shown in figure 7.

An exhaust valve was modeled and simulated (using Solidworks 2017) with Ti-Al-Nb-Cr material
and the results obtained was compared with another titanium alloy (Ti-6Al-2Sn-2Zr-2Mo-2Cr-0.25S1).
The basis of the comparison with a known TiAl alloy is to examine how well the laser deposited alloy
with specific properties will perform under similar high temperature application. The simulations of
the exhaust valve were performed to evaluate how well the titanium alloys response to specific loading
conditions (thermal and buckling).

The modeled Ti-Al-Nb-Cr valve was treated as solid body having a weight of 0.914 N, yield strength
of 1.4179 x 10° N/m?, elastic modulus of 1.1398 x 10'"' N/m? and density of 4150 kg/m?* while that of
the Ti-6A1-2Sn-2Zr-2Mo-2Cr-0.25Si valve weighs 1.024 N, yield strength of 1.07 x 10° N/m?, elastic
modulus of 1.23 x 10! N/m? and density of 4650 kg/m’. The valves of both materials were subjected
to a thermal load temperature of 750 °C. Also, the two titanium alloy valves were subjected to assumed
pressure of 20 N/m? and the results were compared.

Results and Discussion

The results (resistance temperature gradient and buckling analysis) of the simulated materials as shown
in the figure 8 and 9 and figure 10 and 11 respectively.

The results revealed that both materials performed well under the loading conditions as no significant
thermal trend was observed on the temperature gradients. However, there is a slight difference in their
resultant heat flux results obtained. The maximum resultant heat flux that was recorded by Ti-Al-Nb-Cr
alloy valve gradient was 1.112 X 10 while the maximum heat flux that was recorded on the Ti-6Al-2Sn-
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Figure 9. Resultant temperature gradient of Ti-6Al-2Sn-2Zr-2Mo-2Cr-0.25S8i exhaust valve

Figure 10. Resultant amplitude on Ti-Al-Nb-Cr exhaust valve
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Figure 11. Resultant amplitude on Ti-6Al-25n-2Zr-2Mo-2Cr-0.25Si exhaust valve
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27r-2Mo-2Cr-0.25Si alloy valve gradient was 1.239 x 10°°. Hence, the slight difference might indicate
Ti-Al-Nb-Cr alloy material can also perform better under high temperature condition and can be well
considered for high temperature applications. The buckling analysis results presented in figure 10 and
11 revealed maximum resultant amplitude plot of 2.035 x 107 for Ti-Al-Nb-Cr alloy and 1.926 x 107 for
Ti-6Al-2Sn-2Zr-2Mo-2Cr-0.25S1 alloy respectively. Even though the resultant amplitude values obtained
are negligible, they are most felt at the valve heads. The produced Ti-Al-Nb-Cr alloy valve also gave a
load factor of 24.15 while Ti-6Al-2Sn-2Zr-2Mo-2Cr-0.25Si alloy valve gave a load factor of 23.81. The
slight difference in load factor also points out that laser deposited Ti-Al-Nb-Cr alloy valve can perform
better under high-temperature application especially when subjected to buckling stresses.

CONCLUSION

This book chapter present the history, types, advantages, limitations and applications of AM manufactur-
ing. The role, relationship and contribution of AM manufacturing to Industry 4.0 (4" Industrial revolu-
tion) was also noted. The chapter also highlighted the effects of process parameters on the quality and
properties of produced components. Additive manufacturing technique has proven to be a viable option
in the production and repair of lightweight alloy and composites materials and also proven that its can be
highly sustainable overtime when compared to the traditional method of production such as machining
and casting where such manufacturing industry are posing serious environmental treat particularly to
developing countries. Finally, the chapter has also pointed out that laser deposited lightweight titanium
aluminide alloy can do well under high temperature applications.
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INTRODUCTION

Due to the wide range of engineering and high-performance plastics (EP and HPP) application, the high
demands on the accuracy are placed for thermoplastic parts quality (Drégelyi-Kiss and Horvath, 2018).
Such quality indicators as reliability, lifetime, functional characteristics are mainly determined by the
quality of surface cleaning and edges finishing. The formation of different contaminants at thermoplastic
part production is inevitable and related with inaccurate fitting of the molds contact surfaces, deforma-
tions caused by high pressure and temperature, etc. (Muccio, 1991; Kumar and Davim, 2018; Hurina
et al., 2020). At machining process, burrs and micro-particles are also inevitably formed (Jain and Jain,
2003; Altan and Altan, 2014; Aksonov et al., 2019; Kovalevsky et al., 2019; Xu et al., 2020; Adeniji
et al., 2020). Finishing technologies of the thermoplastic parts, including blasting, ultrasonic vibration
processing, mechanical cleaning, cryogenic deflashing, dry ice blasting and many other are widely used
(Swavely, 1991; Muccio, 1999; Uhlmann et al., 2010; WoZniak, 2013; Izamshah et al., 2013; Mali et
al., 2018). One of the most promising is the Thermal Energy Method (TEM) (Klocke and Konig, 2007;
Lamikizetal., 2011; Struckmann and Kieser, 2020) and it’s variations — Impulse Thermal Energy Method
(ITEM) and Impulse Thermal Energy Method with Shock Waves ITEMSW), which provide the time-
controlled production of combustion species and intensification of the heat transfer due to the action of
a shock waves in the working chamber correspondingly (Plankovskyy et al., 2021a). They have unique
benefits in terms of efficiency and technological capabilities. The technology for parts processing under
TEM occurs in a closed chamber by burning the contaminants under the action of heat flows from the
gas mixtures combustion

Advantageous features of ITEM and ITEMSW for metal processing are known and discussed in the
work Plankovskyy et al. (2021a). By ITEM and ITEMSW it is possible to provide processing under the
conditions of shock waves dramatically increases the heat exchange rate between the combustion prod-
ucts and parts, as well as treatment at deflagration combustion mode without shock waves formation.
Processing of thermoplastic parts by mentioned methods has essential features. That is why the choice
of the most suitable method should be based on an analysis of their capabilities and the part require-
ments. Apart from this, effective implementation of the processing technology involves several steps.
One of the most important of them is defining processing modes, because wrong treatment regime may
lead to high heat flux into the part and cause its melting and deformation. At the same time, it should
be avoided soot formation and its deposition on the melted surfaces.

BACKGROUND

EP and HPP are commonly used in automotive and aerospace industries due to their low weight, high
strength and corrosion resistance (Kumar and Davim, 2018; Nickels, 2019; Kondratiev et al., 2021).
There are some trends in use of EP and HPP in the health care industry, numerous electronic gadgets and
devices, as well as in the power electronics. For these applications, the most vital properties of thermo-
plastics are chemical resistance, dimensions stability and low electrical conductivity. An advantage of
the thermoplastics is their ability to be recycled by melting without significant loss of their properties.

Typically, injection or compression molding are used for thermoplastics parts production process. For
these manufacturing methods, flashes are often formed on casting surfaces, which should be removed
during finishing operations. Flashes are formed due to inaccurate fitting of the molds contact surfaces,
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deformations caused by high pressure and temperature. The conditions for flash formation are well
studied. Modern approaches allow predicting its formation with high reliability (Zhu and Chen, 2006).
Another traditional method of manufacturing thermoplastic parts is machining. With this method, burrs
are inevitably formed. The shape and quantity of burs are associated with both processing modes and
used tools (Adeniji et al., 2020; Kombarov et al., 2021). The deburring process also requires additional
operations.

Usually, for deburring and deflashing the same methods are used. The most common of them are
blasting, ultrasonic vibration processing, mechanical treatment and thermal energy methods. The pecu-
liarities of these methods are associated with the HPP properties and the requirements for the surface
quality of the final parts. For example, high demands on the part surface smoothness or the presence of
decorative texture limits the possibilities of abrasive methods. On the other hand, there are cases when
it is necessary to reduce the surface roughness of the part during finishing operations, which makes
abrasive methods possible to use.

Often cooling or heating are used to improve the quality of the finishing treatment of thermoplastic
parts. The most relevant example of finishing treatment with the use of heating is polishing by hot air jet
(Adel et al., 2018). This method aimed on 3D printed parts manufactured by means of FDM technology.
The main benefit of this method is that it uses not only surface tension in melted layer but also a dynamic
pressure of a fluid, which is injected from the nozzle. However, this approach is time consuming and
can be not efficient for complex geometry — especially for deep holes. Treatment is possible only in case
when the whole 3d path from additive process is available in other case it should be generated taking into
account the layering strategy. For example, to increase efficiency of deflashing by mechanical methods,
it is carried out after preliminary cooling of the parts to a brittle state using cryogenic refrigerants, such
as liquid or gaseous carbon dioxide, nitrogen, freon etc. Cryogenic deflashing is non-abrasive, enough
efficient and allows to remove nearly 90% of flashes (Abhilash et al., 2018; Campean and Hancu, 2019;
Zindani and Kumar, 2020). Sometime to reduce production costs cryogenic deflashing can used to extend
lifetime prolongation of the worned molds. In this case same additional safety measures requested while
working with refrigerants and there is also a risk to damage thin elements of parts. Vibration treatment
or dry ice blasting can be used to prevent damage to thin wall elements. Dry ice blasting is similar to
abrasive blasting methods, but instead of using heavy abrasive material, surface-gentle dry ice is used,
the particles of which are accelerated and, upon impact with the surface, remove foreign formations,
creating a small explosive effect (Spur et al., 1999). This method has proved to be quite successful in
removing flashes and burrs from large plastic parts, as well as cleaning molds. However, for small parts
in mass production, this method is not applicable.

The high-temperature methods for removing flashes from thermoplastic parts, such as removal by
a hot wire or in a high-temperature gas environment, have been used for a long time (Gillespie, 1999).
Removal by a hot wire, based on wire movement in parallel to the edges and melting the root of the
flash. The machining cycle time is proportional to the trim path. The disadvantages of this method are
the difficulty of removing the flash for curved sections, as well as the need to adjust the wire feed speed
to prevent re-soldering on the workpiece material. Another traditional high temperature method for de-
flashing or deburring of thermoplastics is burner flame treatment (Harper and Petrie, 2003). When the
surface of the thermoplastic part briefly melts, surface tension smooths its surface. This method is most
applicable to flat external surfaces and requires a lot of operator experience. Some one more method in
which flashes and burrs removal occurs by combustion products of gas mixtures is the TEM (Struck-
mann and Kieser, 2020). At TEM deburring, the workpieces are placed in a chamber, which is filled
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by a fuel mixture with its further ignition. The treatment should be controlled in order to remove burrs
and flashes, but not to damage the surface of the parts. More detailed description of this method and the
problems associated with its application for processing thermoplastics parts will be presented below.

The idea of using heat to melt the flash is also used for infrared treatment. This technology is being
developed by Heraeus Noblelight Ltd. (Baird, 2017). It was found that infrared heating can melt the
flash and pull it inside the part without dripping or catching fire. The problems were found at removing
large flashes. To eliminate them, it is proposed to carry out a combined treatment with an initial flash
reduction using mechanical methods. It is noted that not all thermoplastics are well processed by this
method. The best results were achieved for polypropylene (PP), acrinitrile butadiene styrene (ABS),
polymethyl methacrylate (PMMA), and synthetic rubber. At the same time, when processing some other
materials, there are known cases, when burrs were not removed, but the surface of the part was damaged.
This method requires special infrared emitters, especially during treatment of the complex shapes parts.

In current state it is considered two types of finishing operations that are typical for the production
of thermoplastic parts: deburring and deflashing. However, in recent years, with the spread of additive
manufacturing (AM), more and more attention has been drawn to a surface polishing (Biron, 2018). This
treatment usually was considered as a method of decorative finishing and only in some cases related to
the production of high-precision parts and considered as one of the main stages in the production process.
One of the most common methods for additive manufacturing of thermoplastic parts is fused deposi-
tion modeling (FDM). According to Wohlers (2019) over 70% of AM-related companies use the FDM
technique This method is not only widely used for the manufacture of parts from monolithic plastic, but
is also considered as the main method for the production of parts from fiber-reinforced thermoplastics
(Valino et al., 2019; Wickramasinghe et al., 2020; Kumar et al., 2020; Gupta, 2020; Bilym et al., 2021).
Some authors point out that one of limiting aspects of this technology is the sufficient surface roughness
(Espach and Gupta, 2020; Hurina et al., 2020; Vambol et al., 2021). To reduce roughness and increase
dimensional accuracy for parts manufactured by FDM it is required to conduct finishing operations
(Taufik and Jain, 2020). Traditional CNC machining (Boschetto et al, 2016), barrel (Boschetto and
Bottini, 2015) or abrasive flow (Mali et al., 2018) treatment can be used. In addition, chemical methods
show good results in terms of reducing the roughness (Jin et al., 2017; Singh et al., 2017). However, as
indicated in the papers Oztan et al. (2019); Zindani and Kumar, 2019; Wickramasinghe et al. (2020), on
the part surfaces obtained by the FDM method, in addition to irregularities, other surface defects may
appear. Figure 1a shows the surface roughness where the nylon filaments are separated in a line-by-line
arrangement and gaps between those lines are visible. Figure 15 exhibits micropores on the surface
of the PLA printed parts (Wickramasinghe et al., 2020). The presence of surface discontinuities has a
significant effect on the mechanical characteristics of parts. However, such defects cannot be treated by
the methods described early. This problem can be solved by thermal polishing methods.

The paper Chai et al. (2018) considers the possibilities of thermal polishing of thermoplastic parts
printed by the FDM method using a laser. It is considered two cases of thermal polishing: surface over-
melt (SOM), and surface shallow-melt (SSM). The SOM mechanism corresponds to the case when the
depth of the molten bath is greater than the surface roughness as shown in Figure 2a. Option of the
SSM is shown in Figure 2b, in which the melt zone depth is much smaller than that of the surface relief.

The results obtained in Chai et al. (2018) confirmed the possibility of roughness reducing with the
controlled heating of the thermoplastic, while the final surface quality for various materials was sig-
nificantly differ. In current research, authors did not investigate the effect of thermal polishing on the
mechanical characteristics of thermoplastics, although it should be expected that it (at least in the SOM
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Figure 1. Surface defect on FDM printed thermoplastic parts: (a) — surface roughness of a nylon sample;
(b) — micropores on the surface of a PLA sample (Wickramasinghe et al., 2020)
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version) may remove defects such as micropores. According to the survey above, the following tasks for
thermoplastic parts treatment can be highlight:

e  Deburring or deflashing while maintaining the surface relief, typical for processing parts with
decorative texture produced by injection or compression molding;

e  Deburring and surface shallow-melt polishing, typical, for acrylic parts produced by casting and
machining;

e  Surface over-melt polishing for additive manufactured parts.

Figure 2. Schematic of laser surface melting regimes on FDM object surface: (a) — melted area of sur-
face over-melt is notably deeper than surface protrusion; (b) — melted layer of surface is thinner than
the surface protrusion (Chai et al., 2018)
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All these tasks can be solved using the thermal energy method. At TEM treatment of metal parts,
the fuel gas in the oxygen excess is used (Geen and Rice, 1969; Lamikiz et al., 2011; Struckmann and
Kieser, 2020). Burrs to be treated are burnt out because they have a high surface area to volume ratio,
burrs are heated quicker than the main body (Figure 3a).

For treatment of thermoplastic parts, using mixtures with an excess of oxygen is not the optimal
strategy. Thermoplastics can be carbonized in the vicinity of the combustion zone and toxic gases can
be formed during the combustion of some thermoplastics (for example, polyvinyl chloride). In this case,
TEM treatment with stoichiometric mixtures or mixtures with an excess of fuel is preferable. The main
condition for high-quality processing in this case is precise control of the contact time of parts with
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Figure 3. Various variations of TEM treatment: (a) — the scheme of the edge finishing by TEM; (b) — the
scheme of the edge finishing by ITEM (Plankovskyy et al., 2021a)
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combustion products. ITEM processing meets these requirements best of all (Plankovskyy et al., 2021a).
In this case, a controlled release of hot combustion products is carried out (Figure 3b), which avoids
damage to the parts (in case of correct choice of the pressure and mixture composition).

The selection of TEM processing regimes is carried out using the design of experiment method
(Fritz et al., 2012). This process is time-consuming, especially for processing a large number of parts
with complex shapes. In this case, in addition to the mixture composition, initial pressure and process-
ing time, it is necessary to determine the parts arrangement in the working chamber, which sharply
increases the number of factors that should be taken into account at planning the experiment. According
to the “Industry 4.0” trends, the automated assignment of ITEM processing modes based on numerical
simulation looks very promising. In Plankovskyy et al. (2021a) were considered the issues related to the
development of an automated method for assigning TEM processing regimes for precision metal parts.

ITEM processing of thermoplastic parts has essential features, which does not allow the direct use
of the method described in Plankovskyy et al. (2021a). Therefore, in this chapter, we consider the issues
of determining the parameters of ITEM processing for thermoplastic parts.
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DETERMINATION OF ENERGY CHARACTERISTICS FOR ITEM EQUIPMENT

The main condition for high-quality ITEM processing is accurate prediction of the required specific
heat fluxes and processing time values. The problem of sittings determination was traditionally solved
by empirical relations based on the result of the factorial experiment. This approach was used for both
basic TEM (Kelley and Schwarz, 1991; Fritz et al., 2012; Struckmann and Kieser, 2020) and ITEM
(Bozhko et al., 1989). However, this method of parameter determining has a fundamental disadvantage,
associated with the necessity to consider more than 10 factors. So, it is necessary to conduct a lot of
experiments. Reduction of their number can lead to obtaining inaccurate dependencies that can’t provide
accurate determination of the processing regimes.

Determination of ITEM processing regimes numerically require solving the complex problem related
to combustion, parts surfaces heating, taking into account variation of the material thermophysical prop-
erties, phase transitions, etc. To simplify this process, a method based on the assumption that the initial
coupled problem of combustion and heat transfer into the chamber with located complex-shaped parts
inside can be divided in two simple problems. The first of it in determination of the energy parameters of
the ITEM treatment process (averaged specific heat fluxes, intensity and duration of shock waves action
in the case their presence). The second problem is determination of the part state under the influence of
the previously defined specific heat fluxes.

Due to the complexity of the processes inside the ITEM working chamber, the solution of the first
problem can be solved using numerical simulation. For this reason, the described mathematical model
can be used (Plankovskyy et al., 2019; 2021a).

Mathematical Model for Determining the Energy Parameters of ITEM
To describe the processes occurring in the working chamber, the model of a single-phase multicompo-

nent flow of reacting gases can be used. The equations for calculating the required characteristics are
written as follow:
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where p(p), p(p) is the density and pressure of the mixture and species i separately; P is the stress ten-
sor; Q' is the heat of chemical reactions for the species i; Q_, is the radiation heat; I'= p'W is the dif-
fusion flux vector; S’ is the mass rate of the species i formation; e is the internal gas energy.

The mass rate of the species i formation in the Eq. (4) is determined by summing over all reactions
K in which it participates:

K

S0 igom '

S _Zm (Vim_ im)(’)m’
m=1

where o is the rate of reaction m, and v
and after reaction m.

The rate of elementary reactions is determined using the finite rate chemistry model. In this case,
the value of @ is calculated as follow:

» , v; are the stoichiometric coefficients of species i before

im> Vim

Ne Tmi _ Ne rh
On = (F'"HI:A,B,C,...[I] B’”HI:A,B,C,...[I] )’ (5)

where [1] is species I molar fraction; F' , B are constants for forward and backward reactions respectively;
r is the proportion of the component { which participates in the reaction m.

mi

The following Arrhenius equals were used do define the constants of forward and backward reactions:

E

F, = A, TP exp| —=2 |, 6
E

B =A TPm2 exp| — =2 |, 7

where A , B are the pre-exponential factor and the temperature exponent; E is the reaction activation
energy.

Heat release/absorption rate Q' for species i is calculated as the sum for all elementary reactions with
its participation:

o =Wy (Vi -vi)o,. ®)

At determining the diffusion flux vector, this model did not take into account the effects of thermal
and barodiffusion. Therefore, the diffusion rate in Eq. (4) was set by Fick’s law:

W =—D'gradlnc’,

where D' is the diffusion coefficient of species i in a mixture of N components.
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To determine the thermophysical properties of the reaction products, i.e. dependences of density,
viscosity, thermal conductivity, specific heat, diffusion coefficients on pressure and temperature, the
equations of state and experimental data are used. For the turbulent flow case, Eqs. (1)—(4) describe the
behavior of the averaged properties, if used values of the viscosity and thermal conductivity coefficients
are equal to the sum of the molecular and turbulent components. To determine these values, taking into
account the features of ITEM processing, it is advisable to use the equations of the SST turbulence model
(Menter, 1994; Huang et al., 2018). In this case, the convective heat flux through the contact surfaces
between the combustion products and part walls is determined as follows (Kader, 1981):

c U
qW: T+ (Tw_Tf)’ (9)

where T, is the wall temperature; 7' is the temperature of combustion products in the flow core;
: 0.25 '

i, =| @) + @) |

the viscoussublayer; 7.8 = U, /(In(5")/k + C) isthevelocity inlogarithmicsublayer; * = max(y*,11.67),

y*=pAyU,/p dimensionless distance from the first grid node to the wall; Ay is the near wall cell size;

U, is the flow speed at the grid node closest to the wall; 11.67 is the limiting value which marks the
intersection between the logarithmic and the linear profile;

is the velocity profile in the boundary layer; @ =U, / " is the velocity in

TH =Pr-y" exp(-I) +[2.12In(1 + 77) + Blexp(—1/T)

is the temperature profile in the near-wall layer according to the Kader solution (Kader, 1981);

B=(3.85Pr*~1.3)> +2.12In(Pr); T = (0.01(Pr- 5*)*)/1+5Pr- 5" .

Due to the short contact time of combustion products and workpieces, heating of surfaces can be
neglected at determining the averaged heat flux. At the numerical calculation, this allows us to consider
constant temperature of the chamber and workpieces walls. In addition, a standard slip condition for the
velocity was set on the walls, as well as the initial conditions for the pressure, velocity, temperature, and
composition of the mixture in the chamber.

For the numerical solution of equations (1)—(9), the commercial code ANSYS CFD was used. Accord-
ing to the recommendations, for accurate simulation of heat transfer between the gas and the solid part,
it is necessary to provide y* value equal to 1 (Szczepanik et al, 2004; Travin et al., 2000). This requires
generation of a fine mesh on the part surface, especially in the case of shock waves action (Palaziuk,
2018; Plankovskyy et al., 2021c) (Figure 4).

The time step at solving unsteady heat transfer problem is assigned according to Courant number

requirement:
c="A 105
Ay
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Figure 4. Section of the computational mesh with the elements refinement near the walls (Palaziuk, 2018)
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The solver settings used the AUSM scheme (Frazier et al., 2011) as well as high-precision approxi-
mations for energy, momentum, and turbulence equations.

The described model was verified on tasks that are typical for ITEM processing. The comparison of
the numerical and experimental results of the combustion to detonation transition process in a detonation
tube are presented in Plankovskyy et al. (2019). The installation scheme is shown in Figure 5. Figure 6
illustrates calculated and experimental pressure profiles in the sensor installation locations. Calculations
and experiments were carried out for a homogeneous stoichiometric hydrogen-air mixture case. The
initial pressure in the tube was 1 bar, the initial temperature was 300 K. To initiate combustion in the
numerical simulation, a point ignition model was used that simulates a spark with an energy of 0.1 J.

Deep vacuum at pressure 10 Pa was provided before filling the tube to ensure homogeneity of the
mixture at experimental investigations. After leak test, the pipe was filled with previously prepared fuel
mixture to a pressure of 1 bar. In this case, the rate of pressure increase did not exceed 0.05 bar/s. To
eliminate the effects of initial turbulence, before activating the experimental data recording system and
igniting the fuel mixture, the mixture was hold for at least 1 min to completely stop the gas inside the
pipe. The PCB Piezotronics 113B21 pressure sensors were used to measure the pressure. The calculated
detonation velocity was compared with average velocity value based on the results of three experiments.
The maximum difference was 4.02%. The difference of the maximum pressure values in the detonation
front was 2.89%. Thus, based on the magnitude of the obtained deviations, it can be concluded that the
described model accurately describes the combustion of gas mixtures and its transition to detonation.

Similar conclusions were made by comparing the simulation and experimental results of shock waves
damping in a closed chamber. The shock waves were caused by detonation of gas mixture. The scheme
of the experimental setup is shown in Figure 7. As in the previous experiment, deep vacuum at pressure
10 Pa was provided before filling the chamber with a previously prepared of stoichiometric acetylene/
oxygen mixture to a pressure of P = 0.4 and 1 bar.

The combustion was initiated in a pre-chamber. The detonation, spreading through a tube hit the end
of the detonation chamber at three points, forming a regular triangle. After the transition of the detona-

58

printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Basic Principles for Thermoplastic Parts Finishing With Impulse Thermal Energy Method

Figure 5. The scheme of the installation (Plankovskyy et al., 2019)
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tion from the tube to the chamber, three spherical waves propagate through the volume, which form a
flat detonation wave at a fairly short distance. The damping time of the shock waves was determined
using a pressure sensor located at the end of the detonation chamber.

It is assumed that, before ignition, there is a stationary homogeneous mixture in the chamber, with a
mass fraction of fuel in accordance to the stoichiometric composition. The initial temperature was 300
K. The presence of a detonation tube was not taken into account in the model. The presence of detona-
tion was described by defining the separate zone with initial temperature 7= 2500 K and a pressure P
= 1.6 MPa.

Comparison of the simulation result with experimental data (Figure 8) shows a good agreement. In both
cases, the period of the shock waves propagation corresponds to the obtained experimental value equal
to 5 ms. The calculated average velocity of the shock wave propagation was 1200 m/s, which is equal to
1.3 M for the simulation conditions. This value also corresponds to the experimentally obtained value.

Thus, the mathematical model (1)—(9) accurately describes the processes of combustion and heat
transfer during ITEM processing and can be used for energy parameters calculations.

Figure 7. The scheme of the experimental installation for the study of shock waves damping (Plankovskyy
etal., 2021a)
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Figure 8. Comparison of the simulation result with experimental data: (a) chamber L = 0.2 m, P = 0.1
MPa; (b) chamber L = 0.4 m, P = 0.04 MPa (Plankovskyy et al., 2014)
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The Equivalent Chamber Method for Calculating the
Energy Characteristics of ITEM Equipment

The calculation of the energy characteristics of ITEM processing requires significant computational
costs, especially at conducting optimization tasks associated with the determination of processing pa-
rameters to ensure the best treatment quality. Such problems arise at determining the best (in terms of
processing quality) arrangement of parts in the working chamber, at designing fixtures, etc. In order to
simplify the solution of the problem and eliminate the need to recalculate the values of the heat fluxes
for every specific case, the equivalent chamber method was proposed in Tryfonov (2013), and modified
in Palaziuk (2018); Plankovskyy et al. (2019). According to this method, to carry out the calculation a
complex shape part is replaced by a simpler one. This approach is usual in CAE simulations and used
to speed up the solution. The shape of the part is simplified by removing some geometric elements that
insignificantly affect the solution: grooves, chamfers, radii, etc. In the case of ITEM processing, such a
shape simplification must be carried out in compliance with some restrictions.

The principle of choosing the shape of an equivalent part is described in Plankovskyy et al. (2020);
Romanova et al. (2021a; 2021b) at formulating the sparest balance layout problem. Such a problem arose
at searching for a method for the optimal parts placement during TEM processing. Under the action of
shock waves, the magnitude of specific heat fluxes significantly depends on the interaction frequency
with the parts surfaces (Plankovskyy et al., 2021b). Based on this, it was proposed a hypothesis the part
in the chamber should be most evenly removed from the walls of the working chamber. It is most optimal
part location. It has been shown that such arrangement is provided at coincidence of the gravity centers
and main central moments directions of the unit density thin shells which are corresponds to the outer
surface of the part and the inner surface of the chamber.

Based on the obtained solution, it was proposed to replace the object 7, with a primitive object O,.
This requires the fulfillment of the following conditions:
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I, I,
JOI — JX SOI . J01 — Jy SO] JO]

Sy s, °° S,

1 1

JI-S
=2z "0 (10)

where J*, J yol L JA TN T yTl , JII are moments of inertia of thin unit density shells, which are coinci-

dent with the outer surfaces of the body 7', and the equivalent body O, relative to their main central axes
0X, 0Y, OZ; Sy, S,, are their outer surface area.

This replacement allows you to reduce the number of near wall mesh elements proportional to the
ratio S, / Sy, - In addition, at calculating the averaged specific heat flux eqrp, for bodies with the same

shape, there is no need to carry out simulation at changing an initial pressure of the mixture.
It is the fact that the heat transfer coefficient o~ \/5 . For the same mixture composition and taking

into account the equation of state, it gives relation o~ m . Then the calculation of the averaged spe-
cific heat flux for a chamber with an equivalent part can be performed only once for arbitrary values of
the initial pressure P and fuel mixture temperature 7. Based on the obtained results, the averaged spe-
cific heat flux g, for a real part at any initial pressure P and temperature T values of the fuel mixture is
determined by the formula proposed in Plankovskyy et al. (2021a):

Scham +8§,

eqv_ part , (11)

cham part

S

eqv_ part®

Figure 9 shows the dependences of the heat flux averaged over the surface of the part at direct numeri-
cal simulation (dashed line) and calculated using Eq. (11) according to the simulation date, obtained for
an equivalent part. In both cases, stoichiometric mixture of methane and oxygen was considered. In this
case, the explosion of fuel mixture portion led to the appearance of shock waves. The maximum error
at heat fluxes determination by Eq. (11) did not exceed 5%.

For the thermoplastics processing, the treatment regimens with the formation of shock waves are un-
desirable, since they lead to excessively high values of specific heat flux and pressure in the wave front.
The consequence of this is the melting and deformation of the workpieces. Therefore, ITEM processing
of thermoplastic parts is carried out under the deflagration combustion of the fuel mixture. In this case,
heat flux definition has some features.

Limitation of the heat fluxes magnitude important at all stages of treatment: at the stages of fuel
mixture combustion; at the stage of holding during the given time; the stage of combustion products
exhausting from the working chamber. The release of combustion products begins at a supercritical pres-
sure difference between the chamber and environment. This leads to the formation of a vacuum wave in
the chamber, which can lead to undesirable increase of the averaged heat flux.

Therefore, the problem of averaged specific heat flux determination was solved within the framework
of single project, which has three configurations with different boundary conditions. For the configu-
rations, which correspond to the stages of mixture combustion and combustion products holding, the
constant temperature condition was set to the chamber walls. For the configuration, which corresponds
to release of combustion products, the outlet condition at the end of the exhaust channel was changed
to pressure outlet with pressure 1 atm.

S

where S, part

cham >

surface area of the chamber, equivalent and real part respectively.
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Figure 9. Surface averaged heat flux under the action of shock waves (Palaziuk, 2018)

0.8

g
o)

e
)

Time-averaged heat flux x10° (W/m’)
S
~

1.4 | | | |
124 B ‘ — —
— egvp, (p, = 0.2 MPa) equivalent chamber simulating
1ol =4 (p, = 0.25 MPa) calculated by (11)
’ (p, = 0.2 MPa) simulating of complex part treatment
0.8Ft—F XN\

<
o)

o
~

Time-averaged heat flux x10° (W/m?)
S
o

The conditions for switching between the configurations were: for the stage of combustion of the fuel
mixture it is reaching of the volume averaged reaction progress to a given value (0.999); for holding the
products of combustion it is achieving a predefined holding time; for the release of combustion products,
it is the reaching of the volume average absolute pressure value over the of the chamber to a value 1 atm.
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Figure 10 shows the dependences of the averaged specific heat flux change, obtained by numerical
calculation at the initial pressures of the methane-air mixture equal to 2 and 2.5 bar. Also, this diagram
shows the relation obtained for the same cases but using Eq. (11). The error of specific heat flux de-
termination is less than 2%. At the release of combustion products, a significant (up to 30%) heat flux
increase was observed.

Some Possibilities to Stabilize the Conditions of ITEM Processing

The method described in the previous section makes it possible to estimate the value of the averaged
specific heat flux. In fact, the distribution of the specific heat flux over the surface of the workpieces
is not uniform. In the case of processing parts of fusible materials such as thermoplastics, this can lead
to different processing quality at different surface zones. Therefore, to achieve a stable quality of ther-
moplastic parts at ITEM processing, one of the tasks is to ensure the highest uniformity of the specific
heat flux. Among the factors that should be taken into account at solving this problem, we will highlight
three of them:

e  Ensuring maximum homogeneity of the fuel mixture; prevent the formation of shock waves;
achieve the most uniform temperature distribution of combustion products. The study of mixture
formation in the ITEM working chamber can be carried out using the previously described model
(1)—(9), excluding the terms and equations associated with the chemical reactions. To ensure the
homogeneity of the fuel mixture, an analysis of two strategies of mixture formation was carried
out;

e  Sequential filling of the chamber by the mixture components, including filling the chamber by a
fuel to a predefined mass; filling the chamber by an oxidizer to a predefined mass; holding during
0.1s;

e  Filling the chamber by a previously prepared fuel mixture with given composition, including fill-
ing the chamber by the mixture to a predefined mass; holding during 0.1 s.

A simulation of mixture formation in a chamber with located inside the spherical part, which consists
various lengths blind holes was carried. The relationship between the fractional composition of the mix-
ture after filling and the value of the specific heat flux after mixture combustion was investigated. For
deep holes the relationship between the samples of the heat flux and the fuel (methane) mass fraction
is almost linear. The diagram in Figure 11 shows the distribution of these samples for a group of holes
with 2 mm diameter and 8 mm depth (Borysova, 2011).

In addition, it was carried out the simulation of the mixing process in the ITEM chamber with installed
a jet engine part. The body has a complex shape with many through, intersecting and blind holes (Figure
12). Simulation was performed for two filling methods: sequential filling and filling by a previously
prepared fuel mixture. At sequential filling the considerable dispersion of methane mass fraction is
observed in the internal zones. This forms zones with a methane mass fraction below the ignition limit
(Figure 13). At filling by previously prepared mixture, the composition in the internal zones is almost
homogeneous. Everywhere the methane mass fraction is inside the range of ignition limits. It is shown
that homogeneity of the mixture can be improved by increasing the mixture holding time after the end
of filling (Plankovskyy et al., 2010).
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Figure 11. The diagram of the heat flow and Methane mass fraction samples distribution for a group of
holes with 2 mm diameter and 8 mm depth (Borysova, 2011)
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Figure 12. The body of the jet engine unit (left) and the computational grid for its internal volume (right)
(Plankovskyy et al., 2010)

Thus, it is established that the fractional composition of the fuel mixture is a high importance fac-
tor of the TEM treatment of deep holes and complex shape cavities. To obtain a homogeneous mixture
during ITEM processing, it is necessary to recommend mixture formation using filling the chamber by
a previously prepared fuel mixture with increased holding time.
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Figure 13. Distribution of the methane mass fraction in the internal cavities: (a) at sequential filling;(b)
at filling by the prepared mixture (Plankovskyy et al., 2010)

At the TEM processing of metal parts, the treatment regimes with shock waves formation are most
effective. At the normal combustion of the fuel mixture, this is possible by two ways: at transition of
deflagration combustion to autoignition mode with subsequent thermal explosion of the mixture, or the
transition of deflagration combustion to detonation. The heat fluxes generated during such processes are
significantly different. As an relevant example the results of experimental studies described in Quintens
et al. (2019) can be cited. The results of the experiments showed that the time-averaged heat fluxes at
autoignition mode are approximately 3 times higher than similar values at deflagration combustion (Fig-
ure 14). At the same time, the average heat flux at the detonation mode of combustion is approximately
2 times higher than at thermal explosion.

Figure 14. Heat flow on the wall for different combustion modes (Quintens et al., 2019)
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As noted earlier, shock wave modes are not suitable for processing of the thermoplastic parts due
to excessive heat fluxes and pressures in the shock wave front. Therefore, for high-quality processing
of thermoplastics it is necessary to use modes with deflagration combustion. To set the limits of the
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permissible modes of thermoplastics ITEM treatment, you can use simplified models which describe
the auto ignition of the mixture during combustion in a closed volume (Senachin and Babkin, 1982;
Kagan et al., 2012).

In Senachin and Babkin (1982), it was obtained the condition, which determines the possibility of
autoignition of adiabatically compressed gas mixture during the flame propagation:

w1 exp (1=, B ) = k(v -1), (12)

where u, = ak, /S,;(p,;/RT,)"" exp(~1/B,) is the parameter representing the ratio of the characteristic
times of frontal combustion and bulk chemical reaction; & =1+Q /(c T); y=cp/cv; B=RT/E is the Frank-
Kamenetsky parameter; Q is the thermal effect of a chemical reaction; k; and v are preexponent rate
constants and reaction order; e=n+m(y—1)/y is the exponent that takes into account the dependence of
the normal speed of the flame on pressure and temperature; n,m are the exponents of normal speed on
pressure and temperature dependence S =S /S =n"®"; n=p/p, O=T/T, are the dimensionless pressure
and temperature; r is the relative fraction of the missing component; a is the size of the chamber in the
direction of flame propagation, and the indices u,b,i,e are referred to fresh and burnt gas, initial and
current state, respectively.

Analysis of the Eq. (12) shows that there is an interval of the initial gas temperature [7, . .T, ] for
which is possible the volumetric autoignition of the gas mixture ahead of the flame front. In addition,
the possibility of autoignition depends on the chamber volume. Therefore, one of the ways to prevent
autoignition is to reduce the gas volume by filling the chamber with technological ballast gas.

Autoignition of the gas causes its expansion, which can lead to the formation of pressure waves if
the expansion rate exceeds the local speed of sound. The estimates, which were carried out in Senachin
and Babkin (1982) showed that it is possible the occurrence of shock waves at a gas autoignition if the
level of the fuel burnout before its occurrence does not exceed 30-50%.

A distinctive feature of combustion in a closed chamber is the uneven temperature distribution of the
reaction products after combustion. This unevenness is caused by the so-called Mache effect. Due to this
effect combustion products temperature is increasing according to adiabatic compression (Krainov and
Moiseeva, 2018). With a spark ignition of the fuel mixture, the temperature difference of the combustion
products at different points in the chamber can reach hundreds of degrees.

This is not critical for most metal processing applications, as the material allows overheating over a
relatively wide range. At thermoplastics processing temperature and, as a result, heat fluxes unevenness
can lead to a case, when processing is carried out with the desired quality in one zone of the chamber,
and defects are formed in the other. Therefore, for the processing of thermoplastics, the uniformity of
the temperature field in the ITEM chamber is a prior problem. A possible solution of this problem is the
use of pre-chamber ignition. The principle of the pre-chamber ignition is to pre-ignite a small amount of
the fuel in the pre-chamber with subsequent ignition of the mixture through the holes in its housing. In
the working chamber, combustion is initiated in a big portion of the mixture that leads to acceleration of
fuel combustion which makes temperature of the combustion products more uniform. Using described
model, the combustion of methane-air mixtures with pre-chamber ignition was considered. At numerical
simulation, the influence of the overflow holes on the combustion products temperature uniformity was
studied. In addition, the transition of fuel mixture combustion to volumetric autoignition was tracked
(Assovskii and Merzhanov, 2013).
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During the simulation, the diameters of the overflow holes, their number and the angle of their location
relative to the axis of the working chamber were varied. For one of the overflow holes configurations,
the mixture autoignition with the formation of detonation shock waves was occurred. In other cases, it
was avoided. For one of the overflow holes configurations, the uniformity of the temperature distribu-
tion was the best (the standard deviation was only 0.88%). Such pre-chamber was recommended for
thermoplastic parts ITEM processing. Numerical simulation of combustion in the same working cham-
ber using spark ignition has shown that the formation of shock waves is stable for mixtures with initial
pressure value more than 0.2 MPa. In this case, a Mach effect was observed. The standard deviation of
temperatures is more than 5%.

METHOD OF ASSIGNING FLASH REMOVAL MODES FOR
ITEM PROCESSING OF THERMOPLASTICS

Features of Thermoplastics as an Object of ITEM Treatment

The most important properties of materials determining the possibility of being treated by the ITEM
method and the corresponding processing modes are thermal conductivity, heat capacity and melting
point. All material properties should be considered as temperature dependent. However, for polymers,
these properties depend not only on the chemical composition and structure, but also on the molecular
weight, the shape of macromolecules, the type of bond between them, branching in macromolecules, etc.
(Skoglund and Fransson, 1998; Godovsky, 2012; Amigo et al., 2019; Mustafa et al., 2020). Despite the
fact that ITEM treatment is accompanied by increased pressure, according to Mark (2007); Godovsky
(2012), pressure weakly affects the thermophysical characteristics of thermoplastic polymers; therefore,
pressure will not be considered as a main factor in the process.

The features of the thermal conductivity of amorphous polymers are due to intermolecular bonds. An
increase in the number of macromolecules located parallel to the heat flow leads to an increase in the
thermal conductivity of polymers. At temperatures above 100°C, many amorphous polymers turn into
a liquid state (Figure 15). Experimental data show that the thermal conductivity of melted polymer is
almostindependent of temperature (polypropylene, polyamide, etc.) or weakly decreases with temperature
rise (polymethyl methacrylate, polystyrene, etc.) (Mark, 2007; Malashenko, 2013).

According to the trend of thermal conductivity as function of temperature up to 100°C, crystalline
polymers are divided into two groups. The first includes polymers, the thermal conductivity of which
decreases with increasing temperature (polyethylene, polycaprolactam, polycaprolactam, etc.). Polymers
of the second group are characterized by an increase in thermal conductivity with increasing temperature
(polyethylene terephthalate, polychlorotrifluoroethylene, etc.). Thermal conductivity of polymers of the
first group is higher than for the second group (Mark, 2007; Malashenko, 2013).

Most polymers have an anomalous temperature dependence of the heat capacity associated with
structural transitions in the glassy, highly elastic, and viscous fluid state (Mark, 2007; Godovsky, 2012).
With the glassy state of polymers in the temperature range above 73°C, the heat capacity is almost linear
with increasing temperature. During the transition of the polymer from the glassy state to the highly
elastic one, an abrupt increase in heat capacity is observed. The jump in the heat capacity in the transi-
tion region between the glassy and highly elastic states of amorphous polymers characterizes the energy
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Figure 15. Thermal conductivity of some thermoplastic materials (Malashenko, 2013)
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difference between these two states and significantly depends on the general inhibition of intramolecular
motions (Mark, 2007; Godovsky, 2012).

A jump in heat capacity in the region of the glass transition temperature is also observed for some
crystalline polymers (Figure 16). However, with an increase in the degree of crystallinity, it appears to
a lesser extent. Polymers with a high degree of crystallinity, such as polypropylene and polyethylene, do
not have an explicit jump in heat capacity in the region of the glass transition temperature. This increase
is insignificant and lasts over a wide temperature range (Mark, 2007; Malashenko, 2013).

Figure 16. Heat capacity of some thermoplastic materials (Malashenko, 2013)
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After the transition to a highly elastic state, the heat capacity of crystalline polymers increases with
increasing temperature. For most amorphous polymers (polymethyl methacrylate, polystyrene, etc.), the
rate of increase in heat capacity during the transition to the highly elastic state is insignificant, which
can be explained by the more free state of the kinetic elements of molecules (Mark, 2007; Godovsky,
2012). Melting of polymers and their transition to a viscous fluid state occurs in a certain temperature
range. The temperature dependence of the heat capacity (Figure 16) shows a slow increase firstly, and
then a sharp one. The phase transition area for the vast majority of polymers observed strongly marked
peak growth. During the transition of polymers to a stable molten state with increasing temperature,
their heat capacity, as a rule, increases linearly (Mark, 2007; Malashenko, 2013).

In the numerical simulation of finishing processes, it is extremely important to take into account the
nonlinearity of thermophysical properties of thermoplastics described above. Another important factor
that needs to be taken into account when modeling flash removal is taking into account the change in its
geometry during reflow. As already noted, ITEM processing of thermoplastics does not aim at flash/burr
separating, but on the contrary, they should be melted and pulled into the part material by surface ten-
sion forces. That is why the numerical model of flash melting from thermoplastics should be physically
and geometrically nonlinear. Most likely, due to the inaccurate setting of the properties of the processed
material, the numerical model requires verification with a full-scale experiment. However, the results
obtained with numerical simulating allow predicting the required processing modes with a high degree
of reliability, excluding the need for a series of factorial experiments.

Numerical Simulation of Flash Melting from
Thermoplastic Parts by ITEM Processing

As noted above, the peculiarities of thermoplastic polymers require nonlinear numerical models when
calculating the temperature fields in the part and flash under the thermal pulse action (Kantor et al.,
2001; Plankovskyy et al., 2016; Smetankina et al., 2020; Shypul and Myntiuk, 2020). Following the work
Malashenko (2013) the model of the flash adjacent to the edge of the part (Figure 17) will be used. Heat
capacity, thermal conductivity and density are set as user-defined functions obtained by interpolating
table values.

The problem of temperature determination during flashing/deburring is considered as a non-stationary
problem of heat conduction in a two-dimensional formulation:

Figure 17. The design scheme for flash/burr melting with discrete geometry change: h — flash height,
[ — flash length, a — flash position angle
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¢, (T)p%—]; =diviMT)grad(T)) . (13)

The estimated area of temperature in the part is a rectangle with a side 10 times larger than the length
of the flash. On the outer surface of the part and over the entire surface of the flash, the value of the heat

. oT . .
flux is set —7»8— =@, on the rest of the boundary, the condition of constant temperature is set T=T,,
n

where T, is the initial part temperature (20°C). When the melting temperature in some part of the flash
was reached, its shape was considered unchanged until the temperature at the control point, located in
the middle plane of the flash, reached the melting point of the material (Figure 17). After that, it was
considered that the shape of the melted part located to the right of the i-th control point acquires the
shape of a circle with a radius determined by the dependence 7, = \//;4/n . Herewith, the finite-element
grid of the flash melted part was not rebuilt, and the change in the shape of the flash was taken into ac-
count by reducing the value of the specific heat flux on the surface of the flash to the right of the i-th
control point:

oT 2ynlh—h
A= (14)
on 2. +h

Eq. (14) describes a decrease in the heat flux through the melted part of the flash according to reduction
the contact area, similar to the formation of a drop of molten material. In this way, the discrete change
in the geometry of the flash is simulated during melting. The control points (Figure 17) are located in
the middle of the flash height; the distance between the control points is equal to the flash height. The
solution is implemented by means of a related multi-configuration formulation so as the length of the
flash and, accordingly, the number of control points predetermined the number of the project configura-
tions. In Figure 18 the results of melting modeling of a polyethylene flash with a length of 1 mm and
a height of 0.2 mm, an average specific heat flux of 1.5x10* W/m? are presented. The temperature at
the midpoint of the flash root N was determined for different models: 1 — non-linearity of the material
properties; 2 — considering discrete flash geometry variation. Comparison of the obtained results shows
their insignificant difference, about 3%. Nevertheless, taking into account the decrease in the heat flux
on the reflowed part of the flash due to the reduction of the heat removal area (model 2) refines the
estimated reflow time towards its increase, which can significantly affect the final processing quality.

When assigning the technological modes of ITEM treatment, it is necessary to coordinate the specific
heat fluxes that occur in the ITEM chamber and the specific heat fluxes required for flash melting. In
case when, after processing, the surface roughness of the part should be preserved, then there should be
a limitation of reaching the melting temperature in the surface layer of the part. An additional limitation
for reaching thermoplastic destruction temperature in a melted flash was used. To determine the mode
of ITEM processing, using the developed mathematical model, a numerical experiment was carried
out to reflow a flash with a length of 1 mm and a height of 0.2 mm for various materials. The variable
parameter was the specific heat flux. In Figure 19 the simulation results are presented.

The time of the flash melting from the polypropylene part turns out to be shorter in the entire inves-
tigated range of heat flux values, despite the higher melting point than polyethylene has. This is due to
the significantly higher heat capacity of polyethylene.
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Figure 18. The temperature at the midpoint in the flash root over time for the models: 1 — non-linearity
of the material properties; 2 — considering discrete flash geometry variation
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In Figure 20 shows charts for the surface temperature of the polyethylene part and the temperature of
the melted part of the flash at the time when the temperature at the midpoint of the flash root N reached
the melting point. In the studied case of processing a polyethylene part the most vital limitation condition
is reaching the destruction temperature. Indeed, under the action of a specific heat flux equal to about
9%10* W/m? the droplet temperature already reaches the destruction temperature (~573 K), while the
surface temperature is even significantly lower than the melting temperature.

Figure 19. The flash melting time depending on the value of the average heat flux, h= 0.2 mm; I= 1 mm
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Figure 20. The temperature in the melted drop and in the polyethylene part surface layer at the flash
melting moment by acting specified specific heat flux
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Methods for determining the ITEM treatment modes (initial mixture pressure and treatment time)
for metal alloys, including those using simplified equations are well known (Plankovskyy et al., 2021a).
However, their use for plastics leads to erroneous results due to significant nonlinearities of their thermal
properties. Therefore, it is required to create a methodology that uses the results of numerical modeling,
taking into account the features described above.

In order to determine the required ITEM processing modes for plastic parts (initial mixture pressure
and processing time) several steps are required. First, according to the method described in the previous
chapter, time averaged specific heat flux during the combustion of a specific fuel mixture at a given
initial pressure in the ITEM chamber should be calculated. Next, for a flash of a known dimensions us-
ing the described models, the time of melting under the action of a given average specific heat flux over
time should be determined g, ,(¢) (Figure 20). Due to the fact that when simulating the temperature field
in the problem of melting the flash, the specific heat flux does not change over time, the calculated

dependence g 583 () must be averaged over time:

jqf‘&g (1)t

67;3)6(‘[)=%,0S’Cﬁt (15)

The resulting charts must be compared (Figure 21). Then, the value of the specific heat flux is super-
imposed on the charts, at which the temperature limitation is reached (in current case, the temperature
of the melt droplet comes over the destruction temperature).
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Figure 21. The approach to determining the ITEM modes restricted by the processing temperature
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can not be achieved, and the initial pressure of the mixture should be adjusted. The time corresponding
to the minimum distance between the curves should be determined, and appropriating initial pressure
of the mixture according to the Eq. (16) can expressed as:

2
Pmin = Po (Qmelt (tmax )/qti?e (tmax )) . (16)

The maximum value of the mixture initial pressure is determined in the same way by the value of the
maximum specific heat flux at which the temperature limits are reached (or by the melting temperature
or the temperature of destruction):

)

Pmax = Po (qmelt (tmin )/qave (tmin ))2 . (17)

Thus, a range of possible processing modes ((p,, ¢, ).(p, .t . )) is estimated, ensuring the flash
melting without any thermal destructions and any changes in the part relief.

It should be noted that the uncertainty in the thermophysical properties of the processed materials, as
well as the simplification of mathematical models, does not exclude the need of experimental verification
of the calculated ITEM processing settings. However the number of experiments can be significantly
reduced. Accumulated experimental results should be kept as specialized databases, which can be used

to determine the technological modes of ITEM processing with high accuracy.
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Numerical Simulation of ITEM Surface Treatment
for 3D Printed Part by FDM Technology

In order to check the possibility for ITEM surface treatment for 3D printed parts, a two-dimensional
analysis was carried. Two types of treatment were considered — surface smoothing and porosity correction.
In case of FDM additive technology surface quality significantly affected by layer size. Layer height and
path width depends on nozzle diameter, which can vary in a range from 0.1 to 0.3 mm. With the increase
of nozzle diameter the productivity of FDM method goes up, however the general quality and accuracy
decreases. In this case, finishing operations for surface correction are a must. For additive technologies,
there is always a risk for pore formation. All these production issues can be treated with ITEM method.

For numerical simulation a VOF approach and melting-solidification model were used. Mathematical
model was based on Vikas & Soni (2017); Kim et al. (2013). Material properties for plastic were taken
from Trhlikova et al. (2016); Matbase (2021). For both cases a rectangular part with a size 10x10 mm
was considered. Figure 22 shows a characteristic dimensions for layer and pore configurations.

Figure 22. Layer and pore geometrical parameters: (a) — surface smoothing; (b) — porosity correction
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Initially a constant temperature of 25°C was set for both fluid and solid computational domain.
Adiabatic wall boundary condition was applied to the walls. To simulate a heating process a constant
energy source of 1x10° W/m?® was used for fluid domain. Gravity was taking into account. The flow
was considered as laminar. Due to the fact that VOF model is very sensitive to a time step size and mesh
quality, several runs were made to estimate a required time step value and mesh size to get reasonable
value for equation residuals. Figure 23 shows the final mesh resolution for both cases. Time step sized
was chosen to be 1x10°¢s.

Several assumptions were made for mathematical model:

e  Surface tension was set with a constant value for a plastic material after phase change;
e  Thermal expansion was not considered.
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To resolve an interface between solid and fluid material and exclude the possible inaccuracies due
to a mesh resolution a dynamic mesh adaption was used.

As can be seen from results (Figure 24) ITEM can be a promising solution for surface treatment of
3D printed parts. By means of it, the shape of a part can be adjusted according to requirements for edge
and surface configuration.

Figure 23. Mesh resolution: (a) — surface smoothing; (b) — porosity correction

Figure 24. Volume fraction: (a) — surface smoothing; (b) — internal defects treatment
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The main driving parameter for plastic parts treatment — is surface tension and viscosity for a melted
material. It should be mentioned that each type of treatment requires an individual parameters for op-
erational modes. Figure 24 shows some difference in edge configuration for surface roughness treatment
and internal defects treatment with the same processing time. Current study was aimed to investigate a
general effect from ITEM on 3D printed part. More detailed research on regimes and limitations will be
published separately. There are several aspects which should be carefully checked:

e  The size and number of pores which can be treated;
e  Their position according to a processed surface;
e  Combination of treatment modes.

THE PRACTICAL APPLICATIONS OF TEM FOR
THERMOPLASTICS PARTS TREATMENT

There are two types of TEM processing equipment in use: machines for metal and plastic processing,
which differ significantly in performance. For metal parts processing, mixtures of methane with an excess
of oxygen with a pressure of up to 15 bar or more are most often used. The excess oxygen is calculated
based on the amount required for the combustion reaction of the burr material.

In machines for plastics, mixtures with an excess of oxygen should not be used, this will lead to burr
burning with the inevitable formation of soot on the part of the surface with the highest temperature.
In addition, low pressure blends are required for processing thermoplastics as previously shown. In our
opinion, the use of hydrogen as a fuel is the best option for thermoplastic parts processing. According
to the Kulik (2017) patent for plastic parts, the selected ratio of oxygen and hydrogen in the fuel mix-
ture is 1: 3 (stoichiometric ratio 1: 2). To reduce the intensity of impact on plastic parts, mixtures with
a reduced initial pressure in the range from 400 to 2000 mbar are used. In the case of mixtures with an
initial pressure below atmospheric pressure, it is necessary to create a vacuum in the chamber at a pres-
sure of 200 mbar (Kulik, 2017).

ATL, Extrude Home and SGM are world leading manufacturers of TEM equipment. All modern
equipment for TEM processing is equipped with CNC systems. There are equipped with various sensors
to monitor the parameters of the treatment process and ensure the safe equipment operation (Gallikova
et al., 2020). The example of existing TEM deburring machine iTEM Plastics, produced by a ATL
Anlagentechnik Luhden GmbH (Schulz, 2017; Struckmann and Kieser, 2020) is shown on Figure 25.

The machine has a working chamber that allows processing parts with amaximum size of 400x400x800
mm. Working pressure of a mixture of hydrogen and oxygen up to 2 bar. Applicable plastics: PMMA
(polymethylmethacrylate), acryl glass, POM (polyoxymethylene), PA (polyamide), PA casting, PUR
(Polyurethane), ABS (acrylnitrile-butadiene-styrene), PE (polyethylene), PP (polypropylene), silicone,
laser sinter substances, NBA, Viton. Plastics applicable to alimited degree: PEEK (polyetheretherketone),
PVDF, natural latex. Thermoplastics containing reinforcing fibers can only be machined to a limited
extent. During deburring, they tend to melt slightly more than the reinforcing fibers. Because of this, the
edge remains uneven after processing. Duroplastics or thermosetting plastics may not withstand pressure
due to their fragility and break down (Struckmann and Kieser, 2020).

For thermoplastic parts processing, it is necessary to follow the general approaches typical for TEM
processing. When removing it is important to ensure that the surface finish meets safety requirements.

77

EBSCChost - printed on 2/14/2023 1:35 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

Basic Principles for Thermoplastic Parts Finishing With Impulse Thermal Energy Method

Figure25.iTEM Plastics thermal deburring machine by ATL Anlagentechnik Luhden GmbH (Schulz, 2017)
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This means that the surface of the parts must be free of oils and greases which can cause unintentional
fire and damage workpieces.

During processing, the parts should be secured at least by simple fixtures to prevent parts from flying
apart in the combustion chamber during an explosion and thus damaging them. In some cases, it may be
necessary to use special clamping devices for optimal position of the workpieces in the chamber. This
arrangement provides conditions for the uniform impact of combustion products on all treated surfaces.
With such an arrangement, it is possible to guarantee the stable quality of the finishing processing.
Finally, during processing, special devices can be used to protect sensitive areas from damage by the
combined action of heat flux and pressure impulses.

Additional devices for TEM processing are usually made of materials that are resistant to corrosion
and retain their dimensions when heated. Most often, corrosion-resistant steels are used for these pur-
poses. The surface of the fixture parts is involved in heat exchange with the combustion products and
the processed parts, therefore, this fact should be taken into account when assigning TEM processing
modes. An important element in the design of devices for TEM processing of thermoplastics is to ensure
the free flow of the flame front, to exclude the formation of a jet stream, which usually leads to damage
of the processed parts.

Figure 26 shows thermoplastic parts processed by TEM equipment (Schulz, 2017; Struckmann and
Kieser, 2020). With the correct selected processing modes, the technology provides effective deburring
operations after machining, melting the flash on a part produced by injection molding machines, and
thermal polishing for outer and inner surfaces of parts. Nevertheless, the determination of technological
parameters remains the main problem of TEM processing of thermoplastics when using traditional methods
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for selecting equipment settings using a factorial experiment. The proposed approach for determining
the modes is based on the numerical simulation of the TEM processing process significantly reduces the
number of experiments required. Implementation of this approach requires the use of equipment with a
time-controlled release of combustion products, i.e. transition to technologies based on ITEM processing.

FUTURE RESEARCH DIRECTIONS

Considering the prospects of thermoplastics application, special attention should be paid to the study
of the influence of ITEM processing on the thermoplastic mechanical properties. Correct choice of the
hot gas medium, temperature-time regime of the treatment, rate of a part heating to given temperature,

Figure 26. Examples of thermoplastic parts treatment using TEM by ATL Anlagentechnik Luhden GmbH :
(a) — surface and edge deburring after milling; (b) — deflashing; (c) — thermal polishing of PMMA (ATL
Anlagentechnik Luhden, 2021)
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holding at this temperature, and rate of part cooling to normal temperature are most important factors,
which influence on final thermoplastic mechanical properties after ITEM processing.

The molecular structure of thermoplastics is very sensitive to heat treatment. That is why, it plays
key role, because make it possible to get parts with best wear resistance or provide an optimal complex
of strength properties. Therefore, the choice of the processing mode should be done taking into account
the thermoplastic properties, as well as design and operational purpose of the part. This will be the
subject of further researches.

CONCLUSION

For finishing thermoplastics, the ITEM method is recommended. The processing of thermoplastics
should be carried with the parameters ensuring deflagration mode. Volumetric self-ignition or detona-
tion inherent to the ITEMSW method leads to excessive values of heat fluxes and pressures and, and
can damage the parts.

For efficient ITEM treatment, it is necessary to provide the uniform temperature distribution of the
products burned with minimization of the Mache effect. This can be done with the pre-chamber-torch
ignition.

For the thermoplastics treating by ITEM, the preferred type of fuel are hydrogen and oxygen or air
mixtures with a pressure up to 0.3 MPa with an excess of hydrogen. Such parameter combination excluds
ignition of the thermoplastic, and the soot formation on the part surface.

With ITEM processing of thermoplastics, two finishing mods are possible. The first is the melting of
the flash while retaining the surface relief. The second option is to melt the surface of the part with thermal
polishing. The first case is realized with reduced pressures of the mixture and a longer processing time.

While estimating the processing modes, itis crucial to meet some limitations. The first, critical limiting
condition is the melting point of the part surface. The second one is the flash destruction temperature.

ITEM polishing of thermoplastics allow not only surface smoothing but with the certain processing
settings, to reduce the surface porosity of the part. This makes ITEM processing promising for finishing
parts obtained by additive technologies. To develop a technique for such processing, additional research
is required.
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Chapter 4

Synthesis and Characterization
of Lightweight Beryllium
Chloro Silicate Phosphor

Khushbu Sharma
Shri Ramdeo Baba College of Engineering and Management, Nagpur, India

ABSTRACT

In this chapter, low weight barium-based cholorsilicate Ba5CIl6Si206:Eu2+ is prepared through a
solid-state reaction. To confirm the structure of the synthesized phosphors, powder photographs were
obtained using an x-ray diffractometer. Photoluminescence spectra and FTIR spectra were recorded.
Photoluminescence spectra are studied. The emission peak is observed at 407 nm at excitation 275 nm.
The intense violet-blue emission is obtained. The broad excitation band and strong emission indicate
that Ba5Cl6S5i206:Eu2+could be a good phosphor candidate for blue LED and white LEDs. Decay
curve indicates the phosphor has a long afterglow feature.

INTRODUCTION

Various kinds of phosphors are already commonly used in many lighting devices, including common
fluorescent tubes, electroluminescent wires, strips and surfaces, and LEDs. In a ubiquitous fluorescent
tube, the inside is coated with phosphors of light weight .Electricity excites the gas-filled tube to pro-
duce shortwave light, which in turn causes the phosphors to become fluorescent and produce visible
light. White LEDs, with their characteristics of compact size, high efficiency, long lifetime, low power
requirement, light weight and energy savings (Zhu, 2012) can be widely used in various applications such
as liquid crystal display backlighting, full-color displays, cell phones, and traffic signals. White LEDs
are expected to replace conventional incandescent and fluorescent lamps in the near future (Du,2009).
Eu2+-activated silicate phosphors, which have broad emission band through 5d—4f energy transition
of Eu2+ activator ion, are suitable for the application of white LEDs. Eu2+ doped chlorosilicates give
intense emission and which may be useful for many applications.
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Silicate materials are useful in many applications of technological importance. Zeolites, a type of mi-
croporous aluminosilicates, are widely used as molecular sieves and catalysts. The zeolites have received
less attention as potential luminescence materials. However, increasing interest in the study of guest-host
composite materials has heightened research in these well-defined periodic microporous structures that
are almost UV transparent and inexpensive. The lithium ceramics are promising breeder materials for
fusion reactors. Rare-earth-containing silicate glasses have attracted great attention as potential materi-
als for optical and magneto-optical devices such as an upconversion laser, a hole burning memory, and
an optical switch. Though silicate-based phosphors are widely used as described in 1.6, there are some
problems with synthesis and long-term use of silicates. Silicates need temperatures higher than 1000 C,
even up to 1400 C for synthesis. They may get converted to glassy form. At high synthesis temperatures
they can also react with low-cost crucible materials such as porcelain and china clay. During recent
years, scientists have turned their attention towards chlorosilicates to get over these problems. In silicate
lattices, an introduction of chloride ion can induce a red shift of excitation and emission bands of Eu2+
and Ce3+ ions because Cl ions with strong coordination effect can strengthen the crystal field splitting.
Moreover, Chlorosilicates can be easily prepared by solid state reactions at temperatures below 1000 C,
often as low as 700 C. They have good chemical, physical and thermal stability. Availability of cation
sites with varying coordination and symmetries results in tunability of activator emission and excitation
spectra. Variety of Chlorosilicates are known in chemistry and mineralogy.

Luminescence that persists after the removal of the excitation is called afterglow or persistent phos-
phorescence. Long-lasting phosphorescence is a phenomenon due to the thermal stimulated recombina-
tion of holes and electrons at traps which leave holes or electrons in a long-lived excited state at room
temperature (Kuang, 2006). The first record of persistent phosphorescent material is in the Song dynasty
of China (11th century A.D.). In the miscellaneous notes by a Song monk, of which the title is Xiang-
Shan Ye-Lu, there is a story about a long-lasting phosphorescent painting. On the painting was a cow
that appeared during the daytime as eating grass outside the pen, but at night as resting in it. The ink
that was shown in the dark for a given duration after absorption of light is long lasting phosphorescent
material. As novel functional materials, the long afterglow phosphors are drawing more and more at-
tention in recent years because of their applications in traffic signs, emergency signage, watches and
clocks, textile printing etc. As a new generation of long afterglow phosphors, lanthanide ion doped
alkaline earth silicates or aluminates yield much better characteristics, such as longer duration time of
the phosphorescence, brighter luminosity and improved chemical stability, than the conventional sulfide
materials used earlier (Chen, 2006). Among the newly developed long afterglow materials, which have
already found commercial use, akermanite structure based alkaline earth silicates R2ZMgSi207 (R =
Ca, Sr, Ba) codoped with Eu2+ and Dy3+ are of special interest because of their excellent persistent
luminescence combined with an easy process ability (Murayama, 1996). CaMgSi206: Eu, Dy, Nd and
CaMgSi207phosphors activated by Eu2+, Dy3+ and Nd3+ with afterglow characteristics were prepared
by Jiang et al. through solid-state reaction in a reducing atmosphere.

In this chapter light weight barium based chlorosilicates Ba5C16Si206:Eu2+ Phosphor is prepared.
The existence of three phases Ba,SiO,Cl; Ba,Si,0,Cl; and Ba,Si,0,Cl in the system BaO-SiO,-BaCl,
was established by Garcia et al. Winkler et al confirmed the crystal structures reported by Garcia et al.,
for these compounds. Later Garcia et al reported X-ray excited luminescence for Ba,SiO,Cl :Eu** also.
Tecotzky et al developed X-ray storage phosphors based on Eu** activated Ba SiO,Cl, and Ba,Si,O,Cl,,
Fan obtained green emission in Ba Si O, Cl:Eu** and suggested its use as a green emitting phosphor for
solid state lighting (Fan, 2014). VUV excitation also led to similar emission which could be relevant
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for PDP applications (Han, 2009). Efficiency of Ba Si,O.Cl:Eu** under VUV excitation was found to
be 50% of that of Zn,SiO,: Mn. Luminescence properties of Ba,SiO,Cl, activated by Eu** were first
investigated by Garcia et al. Later Meijerink and Blasse investigated luminescence along with tempera-
ture dependent characteristics decay time in Eu** doped Ba_SiO,Cl,. Abed and Buschbaum and Yang
and Zhang reported the details of crystal structure and Barium coordination in BaSiO,Cl.. Zeng et al
observed blue emission under VUV and NUV excitation and proposed a good candidate for display and
light-emitting diode devices. Recently Lai et al prepared Bi** doped Ba,SiO,Cl, and Zhi et al investigated-
up conversion mechanism in luminescence of Ba,SiO,Cl, by doping different activators Yb**, Er**, Li*.

SYNTHESIS PROCESS

Solid-state reaction is one of the most widely used methods for the synthesis of phosphors. Solid-solid
reactions are simple to perform; starting materials are often readily available at low cost. The constituents
are made to react through diffusion process. The temperature is just enough to have adequate diffusion
to complete the reaction in laboratory time without melting the constituents. Reaction time and the tem-
perature bear a sort of reciprocal relation. It may not always be possible to lower the latter sufficiently.

For the synthesis of silicates, the silicic acid was used as the silica source. Metal chlorides/carbonates/
oxides are used as cationic salts. The activators are introduced in the form of the appropriate salts in the
desired proportions. All constituents in the required proportions were mixed together. The mixture on
thoroughly grinding was transferred to furnace for heating at desired temperature.

Ba SiO,Cl, prepared through solid state reactions following recipes given in the literature. Ingredients
used were BaCO,, BaCl,, and silicic acid (Si0,.1.5 H,0). For activation with Eu?t, Eu,O, was dissolved
in dil. HCI to convert into chloride which was then added in the desired quantity to the ingredients. All
ingredients BaCO,, BaCl,, silicic acid in required proportion 2:3:1 was mixed together. The mixture on
thoroughly grinding was transferred to furnace for heating.

In the as prepared compounds europium gets incorporated in trivalent form. Useful luminescence in
the studied compound, on the other hand, comes from Eu?*. For reducing europium to divalent state, a
simple but effective method was used. Prepared compounds were taken in covered silica crucible and
kept in a stainless-steel container. The space between the crucible and the stainless-steel container was
filled with activated charcoal. Tightly packed container was kept in furnace, typically at 900 C for 2
hrs. At the end of 2 hours, the container was taken out from the furnace and allowed to cool to room
temperature. The silica crucible was then carefully removed and the reduced phosphor Ba,SiO,Cl :Eu**
was used for further measurements

To confirm the structure of the synthesized phosphors, powder photographs were obtained using
Rigaku Miniflex II X-ray Diffractometer. Photoluminescence spectra were recorded on Hitachi F-7200
spectro-fluorimeter with spectral slit width of 1 nm in the range 220-700 nm.

PROPERTIES OF BA5SIO4CL6

X ray diffraction pattern of BaSiO,Cl, have recorded by using Rigaku Miniflex II X-ray Diffractom-
eter. The Rigaku Miniflex II (Fig 1) can be used for a variety of applications starting from diffraction
pattern comparison of polycrystalline materials such as powder samples and metal plates to qualitative
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and quantitative analysis and quality management of raw materials and products. This Miniflex system
also offers use of a real-time angle correction system, a single sample holder, an automated six sample
changer (used in standard operation), as well as a monochromator which captures X-rays other than Cu
K for use in analysis.

Figure 1. Rigaku Miniflex Il X-Ray diffractometer

X ray diffraction pattern of Ba,SiO,Cl, is presented in Fig.2. The pattern is matched with ICDD data
file 34-1410. A good match is seen. Ba,SiO,Cl, crystallizes in the monoclinic system: a =9.45 A, b =
14.75 A, ¢ =11.69 A, and B = 104.39 with space group is C2/c.

Figure 2. XRD pattern of BaSiO Cl, compared with ICDD data
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Fourier transform infrared (FTIR) spectrometry is a useful tool for identifying both organic and
inorganic chemicals. It can be utilized to quantify some components of an unknown mixture and can be
used to analyze liquids, solids, or gases. Data are collected and converted from an interference spectrum.
Spectroscopy seeks to identify chemical properties by viewing the spectrum of emissions from a sample.
The wavelength of light absorbed is characteristic of the chemical bonds in the substance. By interpreting
the infrared absorption spectrum, the chemical bonds in a molecule can be determined. The spectrum
of an unknown can be identified by comparing it to a known reference compound.

Figure 3. Block diagram of FTIR spectrometer

Silicates can also be characterized using FTIR. FTIR spectroscopy allows differentiation of the vari-
ous types of bonds in the material to be analyzed at the molecular level. Characteristic bands for silicate
systems can be observed in the FTIR spectra in the wavenumber region between 1200 and 400 cm™.
FTIR spectrum for Ba,SiO,Cl, is shown in Fig.4. IR bands typical of SiO,* tetrahedra can be seen in
the region 760 — 1000 cm™. The strong band around 856 cm™! corresponds to symmetric Si-O stretching

Figure 4. FTIR spectra for BaSiO CI,
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Figure 5. SEM for Ba,SiO CI,
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vibration mode (Sohn & Min, 2012; Zhang et al., 2009)and bands around 691 and 554 cm™! are due to
Si-O bending.

Figure 5 shows electron micrograph for Ba;SiO,Cl,. Particles are rather of irregular shape. Size
ranges from 5 to 50 microns.

The photoluminescence spectra (excitation and emission) were recorded on Hitachi F-7200 fluores-
cence spectrophotometer

The photoluminescence spectra were recorded on a Hitachi F-7200 fluorescence spectrophotometer.
The spectrophotometer consists of two monochromators (one on the excitation and other on the emis-
sion side), a light source, two detectors (one for measurements and the other for monitoring), a sample
holder, a data processor and graphic plotter.

The following modes are available in the Hitachi F-7200.

Wavelength Scan

Time Scan

Quantitative Calculation
Three-dimensional measurement
Three-dimensional time scan measurement

Photoluminescence spectra were recorded with spectral slit width of 1 nm in the range 220-700 nm.
The emission and excitation spectra are shown in Fig. 7. Various Eu** concentrations ranging between
0.1-2.0 mol % were tried. Maximum emission was obtained for 2 mol.%. This is consistent with earlier
reports. The excitation peak is at 318 nm with shoulders around 278 and 337 nm along with various
overlapping bands. Emission peak is observed at 441nm and another peak of lesser intensity at longer
wavelength at 500 nm. Earlier, Garcia et al and Meijerink and Blasse observed only one emission band
around 434 nm. Zeng et al also observed an emission band around 440 nm for VUV excitation, though
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Figure 6. Hitachi F-7000 spectrophotometer
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their excitation spectrum in near UV region differs from those reported in earlier works. A reason for
these differences may be sought in availability of various sites for Eu**.

The ground-state electronic configuration of Eu** is 4f”. This results in an *S_  level for the ground
state. Eu** emission arises from the lowest band of 4{°5d' configuration to ®S, , state of 4f” configuration.
The excitation arises from the transition from ®S_ state of 4f” configuration to the states belonging to
4£°5d" configuration. The next f” manifold (°P) lies approximately 28,000 cm™ higher. The lowest lying
4f°5d levels begin near 34,000 cm™ and are labeled *H, for the free ion. The 4f°5d levels experience much
more crystal field splitting than the 4f7 levels due to the increased spatial extent of the 5d orbitals and
often are the metastable state, or the lowest excited state, when the Eu?* ion is incorporated in a crystalline
host. For cubic symmetry the effect of the crystal field on the 5d electron is to split the 5d orbitals into
two components t,, and e, For lower symmetry, the splitting can be as much as five-fold. The isotropic
part of the exchange interaction between 5d and 4f electrons results in an exchange splitting into states
with total spins of S=7/2 and 5/2. Thus, for the absorption spectra of Eu** in the solids, the lowest energy
band arises from the state described by the notation I 41"5(7FJ) eg, S=7/2 > (Lawson & Payne, 1993) The
lowest energy configuration corresponds to the situation where F (4f°) state couples to the 5d e_ orbital
such that all spins are parallel. Spectral positions of these bands vary a great deal from lattice to lattice
(Dorenbos, 2003). The most commonly observed emission is the dipole and spin allowed d—f-emission
starting from the relaxed 4f°('F,)) 5d' level. Due to allowed nature of the transition, d—f emission is intense.
The wavelength positions of the emission bands depend very much on hosts, changing from the near UV
to red for example 365 nm in BaSO, to 650 nm in CaS (Blasse, 1978). This dependence is interpreted
as due to the crystal field splitting of the 5d level as shown schematically in Fig. 1.7. With increasing
crystal field strength, the emission band shifts to longer wavelength. The luminescence peak energy of
the 5d-4f transitions of Eu?* are affected most by crystal parameters indicating electron-electron repul-
sion. When 4f%5d band is higher than 6Pj states and the f-f transitions become parity allowed, sharp lines
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Figure 7. Photoluminescence spectra of Ba SiO Cl :Eu**- a) Emission for 318 nm excitation, b) Excita-
tion for 441 nm emission

corresponding to 6Pj ® *S,  transitions are observed. This can happen when the crystal field is weak.
The sharp lines are usually observed at 360 nm (Hoffman, 1971; Hoffman, 1972) These transitions have
longer decay time; of the order of several ms. In many compounds d-f emission is observed at room
temperature, while at low enough temperatures sharp line f-f emission becomes dominant.

In BaSiO,Cl, there are 3 non-equivalent Barium ions 8, 9and 9.°Ba(I) is nine coordinated Fig.8, hav-
ing 7 CI' neighbours at the distances ranging from 3.171 to 3.489 A, and 2 O neighbours at 2.584 and
2.674 A. Ba(Il) is also nine coordinated (Fig.9), having 6 Cl neighbours at the distances ranging from
3.099t0 3.793 A, and 3 O neighbours at 2.584, 2.695 and 2.913 A. Ba(Ill) is eight coordinated (Fig.10),
having 6 CI neighbours at the distances ranging from 3.022 to 3.350 A,and20? neighbours at 2.645 A.
Two emission bands we have observed may correspond to Eu?* ions at different sites. Estimated values
for Eu?* emissions are 439 nm for 9-coordinated Bal and Ba2 sites, while 479 nm for 8-cordinated Ba3
site. In fact, co-doping with F resulted in populating the Ba3 site and the emission was observed at 500
nm. Thus the 500 nm band we have observed may be attributed to Eu>* ions at Ba3 site.
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Figure 8. Bal coordination in Ba SiO CI,
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Figure 9. Ba2 coordination in BaSiO ,Cl,

SUMMARY

-Ba5SiO4Cl6 is a new class of low weight chlorosilicates phosphor, which is easily prepared by solid
state reaction and thermally stable, having higher luminescence properties and having light weight.
Photoluminescence characteristic of Eu?* emission was observed optimum in this host at 2mol%. Two
emission band observed in pl emission may correspond to Eu®* ions at different site. The emission and
excitation spectra and make good agreement for use of material for long lasting phosphors The potential
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application areas of barium chlorosilicates phosphor for white light L are in packaging, coatings, and so
on. Processing methods such as twin-screw extrusion and also for road sign applications.

Figure 10. Ba3 coordination in BaSiO Cl,
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ABSTRACT

The replacement of heavy metallic structures by high-performance lightweight composite materials is a
prominent solution to fulfill the continuous demand in different industrial sectors. Lightweight structures
based on aluminum-glass fiber reinforced plastics (GFRP) sandwich panels have been increasingly uti-
lized in the shipbuilding, automotive, and aerospace industries for their striking mechanical and physical
properties. These advantageous properties have resulted from the combination of the high tensile and
flexural strengths, increased hardness, and the improved wear-resistance of aluminum laminate with the
unique properties of lightweight stiffness and high strength weight ratio of glass fiber-reinforced. In this
chapter, the various processing approaches, properties, and applications of these sandwich structures
are summarized from a wide range of literature.

INTRODUCTION

During the last few decades, a strong need in the aircraft industry for high-performance, lightweight
materials has motivated an increasing trend towards the progress of improved types for fiber-metal
laminates (FMLs). These materials are exhibiting several advantageous structural, physical, and me-
chanical characteristics as given in Table 1. These FMLs are hybrid composite materials constituted
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from interweaving thin metallic layers and fiber-reinforced thermoplastic or thermoset-based polymer
composites (FRPC) adhesives.

Table 1. Advantageous features of FML.

Aspect Characteristics

o High strength

o High fracture toughness

o High fatigue and impact resistance
o High energy absorbing capacity

Material behaviour

Physical properties Low density

e Excellent moisture resistance
Durability e Good corrosion resistance
e Lower material degradation

Safety Fire resistance

Due to their outstanding mechanical and physical properties, engineering fibers such as carbon, glass,
and Kevlar are widely used to reinforce metallic laminates like aluminum and titanium to produce high-
performance lightweight hybrid structures. Table 2 compares the advantages and shortcoming charac-
teristics of these fibers. The market of these sandwich composite contains several commercially-models
of FMLs such as the CARALL (Carbon Reinforced Aluminium Laminate), based on carbon fibres, the
ARALL (Aramid Reinforced Aluminium Laminate), containing aramid fibres, and the GLARE (Glass
Reinforced Aluminium Laminate), containing stronger glass fibres. By combining the striking properties
of the hybrid feature from their two main components: metals (usually aluminium) and fiber-reinforced
polymer laminate, these materials demonstrated many outstanding performances including lightweight,
superior mechanical tensile and bending properties, a good damage tolerance to fatigue crack develop-
ment, and impact damage, especially for aeronautic part productions (Sinmazcelik et al., 2011).

Aluminium metal matrix composites were extensively produced and developed in the last few years
to fit the requirement of high engineering industries such as aerospace, military, marine, and automo-
tive. Aluminum matrix layers and fiber-reinforced polymer laminate can be assembled using various
traditional processes, like mechanically and adhesively. Adhesively joined fiber aluminum laminates
have been revealed to be exhibit much-improved fatigue-resistance than those mechanically joined hybrid
structures (Baburaja, Venkata Subbaiah, and Kalluri, 2016). Due to the fact that machining aluminum
hybrid composites to a preferred geometrical form via some optimum machine process parameters
affords increased material removal rates, a small surface roughness, and the best tool wear (Garg et
al., 2019.) Thus, the selection of the optimal production methods could be of great importance. Some
simulation works using finite elemental analysis and various software could be critical before producing
such hybrid composites to ensure the desired performances (Ananda Rao, Reddy, and Seshaiah, 2014;
Kumar, Dirgantara, and Krishna, 2020). Recently, the design of automotive lightweight aluminum/
FRPC hybrid structures along with their mechanical behaviour and most relevant production techniques
were presented (Kumar, Dirgantara, and Krishna, 2020). For example, the GLARE hybrid composites
are now extensively applied and more progress has been achieved for providing high strength, light-
weight, strong stiffness, and the recommended mechanical performances. These hybrids are developed
in six main grades by using the various arrangement of glass fiber prepreg, types of aluminum matrix
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Table 2. Comparison between glass, carbon and aramid fiber.

Type Uses Outstanding Disadvantages
. - Low price .
Majorly utilized products of thermosets and : Elec t?ical insulatin - Low stiffness
Glass fiber thermoplastics. Often used in the marina area, for e Hich tensile stren ;gh - High density
boats, vehicles and construction industry. g . g - Stinging grinding dust
e Easy to laminate
- Expensive
Applications that require high stiffness and o High stiffness - Poor impact resistance
Carbon fibre strength relative to the weight. Aviation and e High tensile strength - Brittle, low yield strength
aerospace industry, military industry and sports o High fatigue resistance - Electrically conductive, form
products. o Attractive appearance galvanic element in contact with
metals
-Expensive
A . . . - Poor UV
Applications that require good impact resistance . . .
. . . e Good impact resistance -resistance. Darken and
e and tensile strength. In ballistic laminates and .
Aramid fibre . o . L o High tear strength decompose when exposed to
reinforcements. Military industry, aviation and . .
aerospace industr o Low density sunlight
P ¥ - Low compression and bending
strength due to limited wetting

laminate, and thicknesses as listed in Table 3. The advantages and shortcomings of these materials have
been discussed in detail (Senthil, Raguraman, and Manalan, 2020).

Table 3. Standard grades of GLARE (Vlot, A. and Gunnink, J.W., 2001)

Glare grade Subtitution ?ll::;:i::::l(il;(;t Alumi;‘;;)? Rl arg:g;;ge nt Main beneficial features
Glare 1 0.3-04 7475-T761 0/0 Fatigue, strength, yield stress
Glare 2 Glare 2A 0.2-0.5 2024-T3 0/0 Fatigue, strength
Glare 2 Glare 2B 0.2-0.5 2024-T3 90/90 Fatigue, strength
Glare 3 0.2-0.5 2024-T3 0/90 Fatigue, impact
Glare 4 Glare 4A 0.2-0.5 2024-T3 0/90/0 Fatigue, strength in O direction
Glare 4 Glare 4B 0.2-0.5 2024-T3 90/0/90 Fatigue, strength in 90 direction
Glare 5 0.2-0.5 2024-T3 0/90/90/0 Impact
Glare 6 Glare 6A 0.2-0.5 2024-T3 +45/-45 Shear, off-axe properties
Glare 6 Glare 6B 0.2-0.5 2024-T3 -45/+45 Shear, off-axe properties

The pretreatments of aluminum metals can be even achieved by solvent wipes or complex chemical
processes. Various material types such as metals, rigid ceramics, polymers, rubbers, etc., are also sub-
jected to their own specific pretreatments. However, some surface modifications are more effective with
dissimilar kinds of materials, such as silane. These molecules can importantly increase the performance
of joints connecting either metals, or ceramics. With regard to the aluminum/GFRP/PP hybrid compos-
ites, the interphase can be controlled using a silane coupling agent, a bonding agent or an extra agent
(Hamada, et al. 2000). Due to galvanic corrosion and unstable interface in CARALL which provokes
delamination and inferior static strength, the glass fiber is preferable over carbon fiber. On the other
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Table 4. Joining techniques for combining aluminum/GFRP hybrids (Vlot, A. and Gunnink, J.W., 2001)

Category Techniques Advantages

- Assurance of structural integrity by well-known prediction methods
- Controllable volume capacity

- Ease of joint inspection

Mechanical - Clinching method - Easy technology and machinery

fastening - RIVTAC® - Joint of dissimilar materials

- Little surface preparation and cleaning needed

- Reopenability of assembled pieces

- Repair or replacement of pieces is facilitated

- Bonding of dissimilar materials possible
- Hermetic seal
- Good surface finishing

Adhesive - Improve fatigue resistance
bonding - Low stress concentration, since the tension is spread throughout the bonded
surface

- Recyclability, mostly thermoplastic joints
- Weight reduction, compared with other joining methods

- Friction riveting
Welding - Comeld™
- Laser joining

- Combined the advantage of mechanical and adhesive bonding techniques
- No holes need to be drilled.

hand, as delamination mechanisms are major failure mode of aluminum/glass fiber laminate, this can be
mitigated using pre-treatment of aluminium substrate outer surface while thanking for the recyclability,
lower curing time, ease of forming, thermoset resin is substituted by thermoplastic thermosets (Patil et
al., 2018). The objective of this chapter is to review the latest development on the joining techniques,
surface-modification methods, mechanical properties, and applications o

JOINING TECHNIQUES

The joining techniques of glass fiber prepreg and aluminum matrix are subdivided to main categories,
which are Mechanical fastening, Adhesive bonding, and Welding and hybrid. The different joining
techniques for combining aluminum/GFRP hybrids are summarized in Table 4.

Mechanical Fastening: In this technique the hybrids will be joined trough a mechanical locking,
such as a bolt, rivet or self-locking.

Adhesive Bonding In this method two materials will be bonded to each other by means of an adhesive.
This generally required multiple stages, such as cleaning the surfaces, addition the adhesive, fastening
the materials together (often under pressure), and finally curing the adhesive.

Welding and Hybrid Techniques for Glass Fiber Reinforced Plastic to Aluminum: Several
kinds of welding methods for joining glass fiber reinforce plastic can also be utilized to join prepreg to
aluminum metallic laminate. Friction stir welding (FSW) and induction welding are two well-known
welding techniques. Friction spot joining (FSpJ) is an optional of FSW and could be involved to join
aluminum to glass fiber prepreg (Vlot, A. and Gunnink, J.W., 2001 ). In addition, Laser techniques could
be similarly utilized for joining such hybrid structures.

During the recent few years, researchers have been focusing their works to manufacture new light-
weight advanced materials, which could preserve the reduced weight and superior mechanical properties
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of aluminum alloys. Aluminum/GFRP laminated composite, represents one of the most striking combi-
nation of these two types of different materials utilized to create high-quality of the industrial parts, has
been suitable to be applied in a wide range of applications in the various heavy industries (Gresham, et
al. 2006). Aluminum/GFRP hybrid composites are based on alternatively layers of aluminum metal and
glass fiber-reinforced polymer matrix, joined by an adhesive sheet as illustrated in Figure 1. Due to the
high rigidity of glass fiber reinforced epoxy composites reinforced aluminum matrix, recent works has
concentrated on thermoplastic-based glass fiber combined to aluminum matrix due to their numerous
advantages including the quick manufacturing, low-cost of processing, and recycling possibility. Serval
conventional joining approaches are being used for producing aluminum/GFRP hybrid structures, this
includes conventional mechanical fastening and adhesive joining but hey have revealed many shortcom-
ings especially on the bonding strength.

Figure 1. Schematic of an aluminum/GFRP sandwich laminate.

Aluminum

// GFPP

The feasibility of the Friction Spot Joining technique was discussed on aluminum 5754-H24 bonded
with glass fiber and carbon fiber-reinforced poly(phenylene sulfide) based composites (Amancio, 2009).
Friction spot lap joints with improved mechanical properties in the range of 16 to 29 MPa for the alu-
minum/composite joints were reached. The aluminum square hollow shape was joined with externally
wrapped by applying an isophthalic epoxy thermoset on the glass fibers at an orientation angle of 0°/90°
using a simple hand lay-up method (Paruka et al., 2015). The feasibility of mechanical clinching or press
joining to bound glass fiber-reinforced plastics with aluminum sheets was investigated, where various
types of tools were experienced, including split, grooved, flat dies, and rectangular ones (Lambiase,
Durante, and Di Ilio, 2016). The effect of sheet thickness (thin sheets of 2 and 3 mm in thickness) and
alloy composition (AA6082-T6 and AA5086) on joinability and mechanical properties of the developed
joints were evaluated.

The applicability of the FricRiveting technique to join aluminum alloy 6056-T6 and glass reinforced
polyamide 6 as well as and the effect of the process parameter forging force were recently demonstrated
and evaluated (Proenca et al., 2012). The process was subdivided into two main steps: the first one was
controlled by force and restricted by displacement, while the second stage was equally governed by
force but depends on time. To manufacture new types of sandwich systems based on AL6063 T6 alu-
minum matrix with E-glass fiber layers the finite element analysis was performed on ANSYS by taking
the various orientation of the composite material (Garre and Rohan, 2018). Ultrasonic metal welding
is a promising technique for bonding light aluminum metals with glass fiber-reinforced thermoplastics
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(Staab, and Balle, 2018). This process is high-reproducible, rapid times, low energy input, no extra filler
materials, and the prospect of wide-ranging process data logging.

The problems related to the innovative joining technology Friction Riveting for pultruded glass fiber
reinforced polyester composites riveted by Ti6Al4V aluminum rivets were investigated (Borba et al.,
2014). Results revealed that a suitable degree of deformation at the tip of each rivet introduced into the
composite panel resulted in improved anchoring of the rivet. Friction Press Joining (FPJ) is also a useful
technique for manufacturing composites of aluminum metals and thermoplastics in lap joint configura-
tion, which is based on modified Friction Stir Welding (FSW) (Wirth et al., 2014). During the joining
process, a rotating cylindrical tool is pressed onto an aluminum surface. Friction Riveting is a well-known
bonding technique for metal/polymer hybrid structures. In a work, the FricRiveting process was done
for producing polyamide 6 reinforced with 30 wt.% short glass fiber (PA6-30GF) and aluminum alloy
6056-T6 (Proenca, 2017).

SURFACE-TREATMENT

Serval surface-treatment techniques are applied to improve the adhesion of PFRC and aluminum matrix
ranging from a straightforward solvent wipe to the usage of a succession of complex chemical modifica-
tion processes. Numerous kinds of materials, including metals, inorganic glasses, composites, ceramics,
elastomers, etc., be inclined to possess their unique specific pretreatments. But, some pre-treatments are
generally preferred with some materials due to their effective impact, for example, silane can signifi-
cantly improve the performance of joints connecting either metals or ceramics. A treated polypropylene
(PP) by the inclusion of 5-30 wt. % ratio of polypropylene-grafted maliec acid (PP-g-MA) was recently
developed. Reyes and Cantwell studied the adhesion between Plytron (Borealis, Norway), a unidirec-
tional glass-fiber reinforced polypropylene, and 2024-T0 aluminum matrix by including an amorphous
chromate treatment to the aluminum and filling the PP-g-MA at the interface (Reyes and Cantwell,
2000). Other researchers also used an amorphous chromate treatment process to the aluminum and
incorporated a layer of PP-g-MA at the E-glass fiber/polypropylene composite-aluminum interface for
providing an improved adhesion between the layers of hybrid composites (Compston et al., 2001). Chen
et al. reported that pre-treatment of the aluminum matrix surfaces using an amino based silane resulted
in an enhancement in the lap shear strength (Chen et al., 2007).

Pretreatment of the aluminum surface before joining it to the glass fiber reinforced thermoplastics
laminate is recommended to generate a load-bearing metal-plastic joint using the thermal joining pro-
cess. This surface pretreatment using laser sources is responsible for delivering high joint strengths. Till
now, diverse surface-pretreatment methods were used for adhesive bonding of metallic layers and glass
fiber prepreg. The increase of the adhesion features can be achieved by numerous kinds pre-treatment
techniques, including microwave irradiation, chromic acid etching, surface grafting, electron beam,
flame treatment, corona discharge, glow discharge, mechanical grinding modified the interlayer, and by
producing in-between layers of chemically produced polythiophene (Chen, et al. 2007). Some of these
surface treatment processes for metallic and non-metallic substrates in addition to a short description of
the effect of the treatment on the material surface is shown in Table 5.

It was reported that the final properties of the thermoplastic and the surface topography and chemical
composition of the aluminum was greatly affected the developed joint strength (Heckert, and Zaeh, 2015).
The aluminum/GFPP laminates have been produced with different surface-treatment techniques such as
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Table 5. Description of the surface pretreatments for metallic and nonmetallic substrates.

Substrate Treatment Method Effect of Treatment
Metals Degreasing Cleaning of the surface
Metals Grit blast Foose mgterial (weak boundary) removal from the surface and
increase in contact surface area
Metals Acid etch/liquid pickling Surface oxidation
Plastics Corona treatment Weak boundary layer removal and surface oxidation
Plastics Flame treatment Weak boundary layer removal and surface oxidation
Plastics Chemical etching Weak boundary layer removal and surface oxidation
fluoroplastics Chemical etching Surface defluorination and oxidation

silane coupling agent as described in Figure 2. Adhesion at the composite/aluminum interface was real-
ized by surface pretreatment of aluminum using an amino-based silane coupling agent, the addition of
polyolefin-based adhesive film, and treatment with PP-based film containing 20 wt. % a maleic anhydride
modified polypropylene (PP-g-MA) (Gurusgu, 2009). Silane coupling molecules are usually applied as
a chemically-bonded agent for aluminum substrate and polymeric chains, where they construct a tough
and strong covalent bond at their interfaces. They are composed of small organic chains demonstrating
numerous chemical structures on either end of each chain. Figure 2 reveals the various chemical forms
of organosilane, organosilane hydrolysis, and the involved condensation reaction mechanisms.

Figure 2. Chemical structure of an organosilane, organosilane hydrolysis and condensation reaction
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The combination of aluminum and glass fiber reinforced epoxy laminate resulted in new materials
known as GLARE, which exhibits much improved tensile properties such as tensile strength compared
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to the aluminum layer as shown in Figure 3. The mechanical properties of composite structure based
on a glass fiber layer positioned at the interface of a metal panel and an aluminum foam core joined
by an organic glue adhesive were evaluated (Wang et al., 2016). These composites exhibited improved
comprehensive characteristic respected to the traditional aluminum foam sandwiches and the type of
glass fiber was slightly influence the bending strength. The mechanical investigations of fiexible glass
textiles combined into aluminum using high pressure die casting were determined, where the infiltra-
tion ratio of aluminum did slightly affect the tensile strength whereas the holding pressure and the use
of the glass fiber had a marked influence (Clausen et al., 2018). A variety of failure mechanisms of
these systems were detected by means of fracture surface analysis, where according to the selected type
of glass textile and technique parameters. In a study, the influence of peel ply and cooling rate on the
tensile properties of a short glass fiber-reinforced polypropylene/AA2024 aluminum hybrid laminate
produced by hot pressing techniques laminate were scrutinized (Chen, 2018). In addition, a new cool-
ing technique to decrease the crystallization degree of polypropylene and control the aluminum matrix
deformation was offered. Aiming to stiffen the extruded aluminum alloy using lightweight glass fiber
reinforced epoxy tape/mat for improving energy absorbing, the pretreatment was highly recommended
(Khan, Sarang, and Hiratsuka, 2016). Thus lap shear test was used to determine bonding strength in
these hybrid systems. Results showed that bending strength, energy absorption, and other mechanical
properties were markedly improved by using different surface-modification processes.

Figure 3. Quantifiable strength comparison between GLARE and 2024-T3 aluminum alloy.
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The tensile, bending, and hardness properties of edge-cracked AA 1080 aluminium alloy plates
repaired with single-sided adhesively bonded E-glass fiber composite patch were examined (Pradhan
et al., 2020). The recorded data confirmed that the role of patching on the mechanical properties of the
cracked plate was very important. To improve the ultimate stress of aluminum metal, surface mechani-
cal attrition treatment (SMAT) was utilized for producing a new GLARE material (Wan et al., 2015).
The tensile examination and theoretical calculation revealed that the SMAT-aluminum could obviously
enhance the strength of GLARE. In order to clarify the effect of heat-treatment on tensile properties
of an aluminium alloy 7075 reinforced with different amounts of E-glass short fiber, a series of tensile
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tests was conducted whether in the as-cast or without heat-treated (T6) conditions (Sharma et al., 2003).
There was an extra enhancement in both the ultimate tensile strength and hardness after aging process.

The flexural and tensile properties of the 5-layered glass fiber reinforced plastic/aluminium sheet
laminate, manufactured by vacuum assisted resin transfer method (VARTM) adapted with spiral tube
throughout the periphery of the prepreg, was evaluated (Vasudevan etal., 2020). In addition, the mechanical
properties of the resulted hybrid composite were compared with theoretical values acquired from the FEA
simulation of CAD models. These composite exhibited outstanding mechanical properties which were
well-reproduced with theoretical models, while the slight discrepancy was attributed to void generated
during the process. Tensile properties of aluminium/glass fibers with woven Roving laminates having
alternating layers were studied based on ASTM standard (Devi and Palanikumar, 2015). The interfacial
adhesion strength between the hybrid layers was also analyzed by scanning electron microscopy for the
examined specimens. The mechanical characteristics of standard FML specimens manufactured from
several lay ups of glass fiber/epoxy laminates with aluminum sheets were tested and compared in order to
evaluate their applicability of use in the aerospace industry (Khalili., Mittal, and Gharibi Kalibar, 2005).

Tensile and flexural tests were conducted on three type of orientation of the 4/3 layer of Chopped
Strand Mat (CSM), 4/3 layer of woven roving, and 4/3 layer of 45° stitches mat reinforced aluminum
composites which were elaborated by the famous hand layup process (Mahesh and Senthil Kumar, 2010).
It was demonstrated that the mechanical properties of the 4/3 layer of 45° stitched mat reinforced alumi-
num hybrid structure exhibited the best tensile and flexural strength than those produced using the other
orientation. The bearing properties of recently developed hybrid glass-boron fiber/aluminum laminates,
were evaluated (Yeh et al., 2012). Experimental data revealed that by fixing the joint geometry and alu-
minum volume ratio, the commingling of boron fibers enhanced the bearing strength of glass fiber/metal
laminate. Also, the bearing properties of various glass fiber with [0%90°] and [0°%/90°%90°%/0°] cross-ply
commingled prepreg were also measured. In order to enhance energy absorption characteristics, partial
or full wrapping of the circular aluminium tube with a 6-layers glass/epoxy composite at 900 fiber angle
was demonstrated, by filament winding technique (Abbas, Ya, and Abdullah, 2016). The collected data
confirmed that the SE of partially wrapped aluminium tube is 49.09% and 14.84% higher respected to
wit partially wrapped steel and fully wrapped aluminium tube respectively.

To attain high strength to weight proportion, an E-glass fiber was introduced into aluminium foil
matrix and they were joined by an Araldite LY556 thermoset using by hand-lay process (Veeresh Kumar
and Pramod, 2017). The newly produced metal laminates were reported to exhibit increased strength,
hardness, flexural strength, and improved wear resistance. The bending properties of woven shaped glass/
carbon fiber/aramid fiber with a different number of layers reinforced aluminum hybrid composites were
experimentally determined (Eksi and Genel, 2015). Regardless of the used fiber type, the load bearing
capacity and energy absorption capability were substantially enhanced by enhancing the number of fiber
layer in these systems. In prominent research, the mechanical and tribological properties of composite
material filled with black epoxy resin and aluminium tri-hydroxide using reinforcement of glass fiber
were evaluated, where a significant enhancement in these hybrid properties such as stiffness, tensile
strength, wear strength, and hardness was detected (Wagh and Pagar, 2018). Interestingly, the tensile
strength of this material is enhanced by increasing of filler ratio and the density of the material.

Fatigue tests were also conducted on a glass fiber reinforced polyamide 6.6 (PA6.6-GF)/Aluminium
joint by SPR for investigating their fatigue behavior by evaluating the effects of processing parameters
and environmental aspects (Gaya et al., 2015). Results illustrated that the rivet shape has a minor effect
on the joint fatigue strength compared to the other key parameters that impact the composite resistance
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Figure 4. Aluminum/glass fiber layup configuration.
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likes the type of composite and the test temperature. The influence of hydrothermal aging on the mechani-
cal behaviour and fatigue response of a hybrid (bolted/bonded) AA7075-aluminium alloy/GRE hybrid
composite single lap joints (SLJs) were studied (Mariam et al., 2019). Some kinds of hybrid joints were
subjected to a humid environment at 50°C for long-duration immersion of 20, 40, 60, 80, 100, and 120
days. The authors used quasi-static and fatigue experiments to follow the evolution of the mechanical
performance and the damage mechanisms of these joints during the aging tests. The dissimilar-AA7075/
GRE hybrid joints exhibited the most improved joint strength and the longest failure strain while they
undergone 83% and 30.2% higher fatigue strength respected to those of similar adherents of AA7075
and GRE composites, respectively.

The low-velocity impact response of aluminum alloy 7475 T761 and unidirectional S2 glass/ep-
oxy oriented in a cross-ply configuration of 0° and 90° as shown in Figure 4, was experimentally and
theoretically evaluated (Tsartsaris et al., 2011). The form and the feature of the damage inflicted by the
impact were also studied using both destructive cross-sectional microphotography and non-destructive
ultrasonic techniques. The prepared laminates demonstrated a higher ability to absorb energy through
localized plastic deformation and through failure at the interface between the layers. The response of
repetitive four low velocity impact experiments on glass fiber/epoxy-aluminum laminates (GEAML)
were determined (Rajkumar et al., 2012). The influence of repeated impacts on these composites was
scrutinized by evaluating the peak load, absorbed energy, slowed velocity, and the impact time exposed
to a deflection at impactor static force of 52 Kgf. The highest load-bearing capacity was detected for the
pure monolithic aluminium but the damage for GEAML Plate was concentrated only at the impact area
which provoked inferior energy-absorbing capacity. A new type of glass fiber epoxy-based fiber metal
laminate panels were produced and these composites were subjected to localized distributed air-blast
loading conditions (Langdon et al., 2017). Based on the failure mode study, results reveal that both fiber
configuration and bond strength participate in the blast response while the effect of bond strength was
the most significant.
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Figure 5. Typical configuration of a honeycomb sandwich panel.
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In a research study, the impact properties of aluminium foam sandwiched with glass fiber reinforced
plastic (GFRP) were investigated by a drop weight impact test at velocity of 6.7 m/s by striking the
specimens with and without face-sheets (Ismail, 2015). It was found that the GFRP and aluminium
foam core sandwich panel demonstrated better energy absorption performances, as their specific energy
absorption values were high. The failure modes and energy absorption capability of partially wrapped
with 4, 6 and 8 of 900-glass fiber/epoxy layers to form tubes were described (Abbas, Ya, at Abdullah,
2017). The experimental data showed that the partly wrapped aluminium tubes exhibited an improve-
ment in the energy absorption of 42.54%, 47.77% and 28.91% as compared to those pure aluminium
ones. The energy absorption performance and failure mechanisms of partially wrapped aluminium
tubes produced by filament winding technique have been explored (Abbas, Ya, and Abdullah, 2017).
The fabricated composite tubes were exposed to an axial crushing loading by means of universal testing
machine, where these wrapped aluminium tubes were proved an energy absorption efficiency of 3.81%,
8.13% and 17.06% more fthat the metallic tubes.

The fracture and impact properties of several aluminum foam sandwich structures strongly-bonded
with the glass fiber/polypropylene-based skins were determined (Kiratisaevee, and Cantwell, 2004). By
analyzing the fracture surfaces, it was detected that crack propagation appeared within the composite
ply in the glass fiber-aluminum laminates and along the interface of composite-aluminum foam. The
energy absorption feature of these sandwich composites were evaluated where thermoplastic sandwich
structures revealed that both systems can exhibit improved residual load-bearing characteristics. The
impact performance of glass fibers joined aluminum laminates (GFRAL) having a thickness of 2.6 mm
and 3.1 mm, was studied by using the 29 g blunt and 29 g conical nose projectiles within sub ordnance
velocity range of 50 to150 m/s (Hasan and Ansari, 2013). These opposites showed improved ballistic
limit for conical nose projectile respected to blunt one. Interestingly, when blunt nose projectile impacted
the plate, plugs are clipped off from the metal front and from middle GFRP plate. A computational
model was formed for reproducing glass fiber reinforced aluminium laminates material behavior under
impact load using finite element modeling (Zaki and Mohammad, 2014). Dynamic non-linear transient
analysis was realized using finite element analysis software, ABAQUS. To determine the damage area,
which was slightly decreased as impact velocity rose.

The high-velocity impact response of several woven glass fibers reinforced polypropylene and an
aluminum alloy were studied using a nitrogen gas gun at velocities reaching 150 m/s (Abdullah and
Cantwell, 2006). The collected results revealed that the energy absorption in these hybrids occurred in
the form of gross plastic deformation, membrane stretching and tearing in the aluminum plies, as well
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as delamination, fiber fracture, and matrix cracking in the glass fiber composite plies. In addition, the
perforation resistance of these hybrid structures were well-reproduced by the Reid—Wen perforation
model. Aluminum honeycomb reinforced GFRP can generally manufacture as shown in Figure 5.

The bending and the low-velocity impact response of aluminium foam sandwich bonded to the outer
skins produced from glass fiber reinforced epoxy matrix and exhibiting a high capacity of energy dis-
sipation were investigated to verify their applicability as lightweight structures in transport industries
(Kara et al., 2012). The mechanical behaviour under bending and impact loading of GFRP-reinforced
aluminium honeycomb panels was evaluated using a setup presented in Figure 6 (Kara et al., 2011). The
experimental data showed that these panels had a good energy dissipation ability which can be further
improved under bending and impact through the reinforcing with GFRP outer skins in a sandwich form.

Figure 6. Bending test of aluminum/GFRP composite specimen under load.

Aluminium-glass fiber reinforced plastics (GFRP) sandwich panels were produced by hand lay-up
method from different aluminium thickness fractions, fiber volume fractions, and orientation and their
impact behavior was conducted under low velocity impacts (Periasamy, Manickam, and Hariharasu-
bramanian, 2012). Results proved that the bidirectional cross-ply hybrid laminate showed improved
impact performance and damage resistance compared to the unidirectional hybrid laminate. An increase
in aluminium thickness fraction and fiber volume ratio also generate an enhancement in the impact
energy recommended for engendering cracking and perforation. The bending and the low-velocity
impact response of aluminium foam sandwiches reinforced by glass fiber reinforced epoxy laminates,
exhibiting higher capacity of energy dissipation, were analyzed (Crupi et al., 2014). A good agreement
with the experimental data was resulted for the peak load prediction using an analytical model. A series
of columnar tube composite were developed by a hand lay—up technique using epoxy—glass fiber with
aluminium columnar tube as a central material (Paruka et al., 2015). The result showed the presence of
many failure modes including matrix—fiber interfacial fracture, fiber breakage, and hackles, while the
main failure behavior was brittle fracture including transverse shearing and splaying styles. Under the
impact test of aluminium/glass fiber reinforced plastics sandwich panels, debonding of aluminumm layer
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and the delamination of GFRP lamina are the main the phenomena that can be detected by analyzing
the composite interface using a scanning electron microscope (SEM). As shown in Figure 7, the overall
morphology into laminate failure zone includes interlaminar/interlaminar crack propagation, frond bend-
ing, longitudinal splitting, flexural damage, and friction between laminates

Figure 7. SEM images of glass fiber reinforced plastics panel under impact test.
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APPLICATIONS OF GFRP/ALUMINUM HYBRID COMPOSITES

Fiber/aluminum composites are constructed from interlacing layers of thin aluminum metals and fibe-
reinforced adhesives. They are widely applied in building aerospace structures and automotive industries
application thanking for their high specific mechanical properties and fatigue resistance (Figure 8). In
the recent few years, the demand in the aircraft industry for high-performance, lightweight structures
was exploded which increased the research focus on these laminated hybrid composites. The most com-
mercially available fiber metal laminate (FMLs) is the glass reinforced aluminium laminate (GLARE),
which is produced from high-strength glass fibres (Mukesh and Hynes, 2019). An example of using
aluminum/GFRP in the aerospace industry is in lower and upper wings as well as in the fuselage and
tail sections (Khalili, et al. 2005).

Due to the increasingly serious environmental issues of emission from the automobile and the fluc-
tuation in fuel price, the development of lighter hybrid aluminum metal/composite sandwich materials
becomes a promising alternative solution (Asnafi et al., 2000). Thus, the tendencies of producing and
utilization of these composite materials in the automotive industry were considered the main efforts of
the automotive industry to miniature lighter vehicles with reduced fuel consumption and reduced gas
emission. Numerous car producers are adopting the use of aluminum/glass fiber laminated composites
in semi-structural forms for increasing the fuel economy, preserving safety, and improving the perfor-
mance of vehicles, due to their ability for reducing weight with less corrosion problematics. This can
be achieved by substituting steel and cast iron conventional parts with non-heavy composite materials
such as aluminum metal matrix composite, glass fiber reinforced polymer composites, which they can
straightly decrease the weight of automotive pieces such as engine block and chassis (Patel et al., 2018).
Glass fiber reinforced plastic (GFRP) is more practical for the automobile body applications due to
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Figure 8. Applications of aluminum/glass fiber reinforced polymer sandwich composites in various
industries.

lightweight compared to than steels and it is stronger than aluminium alloys. Thus, its composites were
usually used to bond Al alloy sheets using various riveting techniques (Cho and Kim, 2015).

A combination of aluminum columnar parts with glass fiber composite laminate to construct a hybrid
structure can be applied as collapsible energy absorbers in automotive vehicular structures to safeguard
occupants and cargo. The advantage of such aluminum sandwich part in the composite is that it affords
ductile and stable plastic failure mechanisms with gradual deformation in a stable way by enhancing
energy absorption throughout the collision accident. Bumpers must combine strength and adequate
formability; the pure aluminum alloys are insufficient for future requirements, a new aluminum/GFRP
composites can offer a prominent combination of properties (Staley and Lege, 1993). Thin-walled tubular
parts are generally applied as energy absorbing parts in modern automobiles which can guard occupants
during an impact collision. These tubular energy absorbing elements are once plastically distorted, they
are cast off and replaced. Therefore, hybrid aluminium/GFRP composite tubes were preferred for this
application due to their excellent specific energy absorption characteristics (Kumar & Sundaram, 2018).

Aluminium has been the dominant material in aircraft construction for a half-century due to its
outstanding grouping of light-weight strength, good ductility, improved corrosion-resistance, ease of as-
sembly, and its low cost (Dorward, and Pritchett, 1988). Glass reinforced aluminum laminates (GLARE)
can be effectively used in the aircraft upper fuselage and the leading edge surfaces of the vertical and
horizontal tailplanes (Mrazova, 2013). These kinds of hybrid structures can also offer new chances for
further decrease in the aircraft weight or further improvement in the engine performance (Immarigeonet
al., 1995). Due to their lower thickness, good formability, high impact resistance, and high-strength alu-
minum sheets bonded together with glass fiber-reinforced adhesive epoxy, they reached their commercial
market in the recent few years (Shankar, 1994). Nearly for a decade, aluminum/GFRP hybrid composites
have started to be applied more extensively in great commercial jet airliners for the fuselage, wing as
well as other structural components in place of aluminium alloys. However, high-strength aluminium
alloys are still critical for airframe construction (Dursun, and Soutis, 2014).
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CONCLUSION

e  Glass fiber-reinforced aluminum substarte hybrid laminates were produced by bonding thin alu-
minum metal sheets and glass fiber/adhesive layers.

e  These hybrid structures exhibited improved mechanical and fatigue properties, as well as some
good impact resistance characteristics, which make them suitable for substituting metallic struc-
tures, especially in aerospace and aircraft applications.

e  The surface pretreatment of aluminum matrix, as well as GFRP composites, could be strong-
ly recommended to achieve an improved bonding strength to ensure their applicability in harsh
environments.

e  This chapter was sucessfuly reviewed the various joining techniques involved in the manufactur-
ing of these composites and discussed their relevant mechanical properties and applications in the
aerospace and automotive industries.

RESEARCH GAP AND FUTURE WORK

e  The use of GFRP/aluminum composites in blast-resistant walls will be more increasingly studied
in the future due to the high demand on such materials.

e  The studies on surface-treatment using moden technique such as laser beam and plasma treatment
will be also intended to intensify in the next few years.

e  The inclusion of organic and inorganic materials nanomaterials in producing such hybrid compos-
ites will be also a great subject of reasrch.
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