WOODHEAD PUBLISHING SERIES IN COMPOSITES SCIENCE AND ENGINEERING

Ceramic

nanocomposites

Edited by Rajat Banerjee and Indranil Manna

wp

WOODHEAD
PUBLISHING




Woodhead Publishing Series in Composites Science and Engineel
Number 46

Ceramic
nanocomposites

Edited by
Rajat Banerjee and Indranil Manna

WOODHEAD
PUBLISHING

Oxford Cambridge Philadelphia New Delhi

© Woodhead Publishing Limited, 2013



Published by Woodhead Publishing Limited.

80 High Street, Sawston, Cambridge CB22 3HJ. UK
www.woodheadpublishing.com
www.woodheadpublishingonline.com

Woodhead Publishing. 1518 Walnut Street, Suite 1100, Philadelphia, PA 19102-3406.
USA

Woodhead Publishing India Private Limited. 303 Vardaan House, 7/28 Ansari Road,
Daryaganj, New Delhi — 110002, India
www.woodheadpublishingindia.com

First published 2013, Woodhead Publishing Limited

¢ Woodhead Publishing Limited. 2013. The publisher has made every effort to ensure
that permission for copyright material has been obtained by authors wishing to use such
material. The authors and the publisher will be glad to hear from any copyright holder it
has not been possible to contact.

The authors have asserted their moral rights.

This book contains information obtained from authentic and highly regarded sources.
Reprinted material is quoted with permission, and sources are indicated. Reasonable
efforts have been made to publish reliable data and information, but the authors and the
publishers cannot assume responsibility for the validity of all materials. Neither the
authors nor the publishers. nor anyone else associated with this publication, shall be liable
for any loss. damage or liability directly or indirectly caused or alleged to be caused by
this book.

Neither this book nor any part may be reproduced or transmitted in any form or by any
means. electronic or mechanical. including photocopying, microfilming and recording. or
by any information storage or retrieval system. without permission in writing from
Woodhead Publishing Limited.

The consent of Woodhead Publishing Limited does not extend to copying for general
distribution, for promotion, for creating new works, or for resale. Specific permission
must be obtained in writing from Woodhead Publishing Limited for such copying.

Trademark notice: Product or corporate names may be trademarks or registered
trademarks, and are used only for identification and explanation, without intent to
infringe.

British Library Cataloguing in Publication Data

A catalogue record for this book is available from the British Library.

Library of Congress Control Number: 2013938683
ISBN 978-0-85709-338-7 (print)
ISBN 978-0-85709-349-3 (online)

The publisher's policy is to use permanent paper from mills that operate a
sustainable forestry policy, and which has been manufactured from pulp
which is processed using acid-free and elemental chlorine-free practices.
Furthermore. the publisher ensures that the text paper and coyer board used
have met acceptable environmental accreditation standards.

Typeset by Data Standards Ltd, Frome, Somerset, UK

Printed by Lightning Source

© Woodhead Publishing Limited, 2013



Ceramic nanocomposites

© Woodhead Publishing Limited, 2013



Contributor contact details

(* = main contact)

Editors

Dr Rajat Banerjee

Central Glass and Ceramic
Research Institute

Jadavpur

Kolkata 700032

India

E-mail: rajatbanerjee(@hotmail.com

Dr Indranil Manna

Indian Institute of Technology
Kharagpur

India

E-mail: imanna(a cgeri.res.in

Chapter 1

Dr Nripati Ranjan Bose

Consultant

Sols 4 All Consultants

UTSA(Luxury)-The Condoville

Flat No. LX-30204, P.O. New
Town

Rajarhat, Kolkata 700156

India

E-mail: dr.nrbose@gmail.com

Chapter 2

Professor D. Dutta Majumder*

Director—Secretary

Institute of Cybernetics Systems and
Information Technology;

Professor Emeritus, ECSU

Indian Statistical Institute

155 Ahokegarh

Kolkata-108

India

E-mail: ddmdr(@hotmail.com

Debosmita Dutta Majumder and
Sankar Karan

Institute of Cybernetics Systems and
Information Technology

Kolkata

India

E-mail: smita80(@ gmail.com;
sankar.karan(@g-mail.com

Chapter 3

Dr Rajat Banerjee

Central Glass and Ceramic
Research Institute

Jadavpur

Kolkata 700032

India

E-mail: rajatbanerjee(@hotmail.com

© Woodhead Publishing Limited, 2013



XIV Contributor contact details

Chapter 4

Dr Pavol Hvizdos

Institute of Materials Research
Slovak Academy of Sciences
Watsonova 47

04353 Kosice

Slovakia

E-mail: hvizdosp@yahoo.com

Chapter 5

Professor Vikas Tomar

Associate Professor

School of Aeronautics and
Astronautics

Purdue University

West Lafayette, IN

47907

USA

E-mail: tomar@purdue.edu

Chapter 6

Ms Fei He

Mechanical Engineering
Technology

Purdue University

P.O. Box 481160

Niles, IL

60714

USA

E-mail: fayeengineer(@gmail.com

Chapter 7

Professor Aldo R. Boccaccini*
Institute of Biomaterials
University of Erlangen-Nuremberg
Cauerstrasse 6

91058

Erlangen

Germany

E-mail: aldo.boccaccini@ww.
uni-erlangen.de

Dr Tayyab Subhani

Center for Advanced Structural
Ceramics

Department of Materials

Imperial College London

South Kensington Campus

London

SW7 2AZ

UK

E-mail: t.subhaniO8 @imperial.ac.uk

Professor Milo S. P. Shaffer
Department of Chemistry
Imperial College London

South Kensington Campus
London

SW7 2AZ

UK

E-mail: m.shaffer@imperial.ac.uk

Chapter 8

Dr Xinhua Liang*

Department of Chemical and
Biological Engineering

University of Colorado

Boulder, CO

80309-0424

USA

E-mail: xinhua.liang@colorado.edu

Current mailing address:

Department of Chemical and
Biochemical Engineering

Missouri University of Science and
Technology

Rolla, MO

65409-1230

USA

E-mail: liangxin@mst.edu

© Woodhead Publishing Limited, 2013



Dr David M. King and Professor
Alan W. Weimer

Department of Chemical and
Biological Engineering

University of Colorado

Boulder, CO

80309-0424

USA

E-mail: david.m.king@colorado.
edu; alan.weimer@colorado.edu

Chapter 9

Professor Anahit O. Tonoyan™* and
Professor S. P. Davtyan

Department of Chemical
Technology and Ecological
Engineering

State Engineering University of
Armenia

105 Teryan Str

0009 Yerevan

Armenia

E-mail: atonoyan(@scua.am;
atonoyan(@mail.ru

Chapter 10

Dr Indranil Manna*

Indian Institute of Technology
Kharagpur

India

E-mail: imanna(acgeri.res.in

Dr Gayatri Paul

CSIR-Central Glass and Ceramic
Research Institute

Jadavpur

Kolkata-32

India

Contributor contact details XV

Chapter 11

Dr Indranil Manna*

Indian Institute of Technology
Kharagpur

India

E-mail: imanna(@cgeri.res.in

Dr Gayatri Paul

CSIR-Central Glass and Ceramic
Research Institute

Jadavpur

Kolkata-32

India

Chapter 12

Professor Krystyna Wieczorek-
Ciurowa

Faculty of Chemical Engineering
and Technology

Cracow University of Technology

Warszawska 24

31-155 Krakow

Poland

E-mail: kwc@ pk.edu.pl

Chapter 13

Dr Zak Fang

University of Utah

USA

E-mail: zak.fang(@utah.edu

Chapter 14

Professor Philippe Dubois

University of Mons and Materia
Nova Research Centre

Belgium

E-mail: philippe.dubois@
umons.ac.be

© Woodhead Publishing Limited, 2013



XVi Contributor contact details

Chapter 15

Professor Binod Kumar

University of Dayton Research
Institute

KL 502C

300 College Park

Dayton, OH

45469-0170

USA

E-mail: Binod.Kumar(@udri.
udayton.edu

Chapter 16

Dr Nere Garmendia

FideNa

Centro de I +D *“Jeronimo de
Ayanz”

Campus de Arrosadia

C/Tajonar s/n

31006 Pamplona

Navarra

Spain

E-mail: nere.garmendia(a fidena.es

Chapter 17

Professor Masami Okamoto

Advanced Polymeric
Nanostructured Materials
Engineering

Graduate School of Engineering

Toyota Technological Institute

2-12-1 Hisakata

Tempaku

Nagoya 468-8511

Japan

E-mail: okamoto(@toyota-ti.ac.jp

© Woodhead Publishing Limited, 2013



ro

6

Woodhead Publishing Series in Composites
Science and Engineering

Thermoplastic aromatic polymer composites

F. N. Cogswell

Design and manufacture of composite structures

G. C. Eckold

Handbook of polymer composites for engineers

Edited by L. C. Hollaway

Optimisation of composite structures design

A. Miravete

Short-fibre polymer composites

Edited by S. K. De and J. R. White

Flow-induced alignment in composite materials

Edited by T. D. Papthanasiou and D. C. Guell

Thermoset resins for composites

Compiled by Technolex

Microstructural characterisation of fibre-reinforced composites
Edited by J. Summerscales

Composite materials

F. L. Matthews and R. D. Rawlings

3-D textile reinforcements in composite materials

Edited by A. Miravete

Pultrusion for engineers

Edited by T. Starr

Impact behaviour of fibre-reinforced composite materials and structures
Edited by S. R. Reid and G. Zhou

Finite element modelling of composite materials and structures
F. L. Matthews, G. A. O. Davies, D. Hitchings and C. Soutis

Mechanical testing of advanced fibre composites
Edited by G. M. Hodgkinson

© Woodhead Publishing Limited, 2013



XViii Woodhead Publishing Series in Composites

15 Integrated design and manufacture using fibre-reinforced polymeric
composites
Edited by M. J. Owen and 1. A. Jones
16 Fatigue in composites
Edited by B. Harris
17 Green composites
Edited by C. Baillie
18 Multi-scale modelling of composite material systems
Edited by C. Soutis and P. W. R. Beaumont
19 Lightweight ballistic composites
Edited by A. Bhatnagar
20 Polymer nanocomposites
Y-W. Mai and Z-Z. Yu
21 Properties and performance of natural-fibre composites
Edited by K. Pickering
22 Ageing of composites
Edited by R. Martin
23 Tribology of natural fiber polymer composites
N. Chand and M. Fahim
24 Wood-polymer composites
Edited by K. O. Niska and M. Sain
25 Delamination behaviour of composites
Edited by S. Sridharan
26 Science and engineering of short fibre reinforced polymer composites
S-Y. Fu, B. Lauke and Y-M. Mai
27 Failure analysis and fractography of polymer composites
E. S. Greenhalgh
28 Management, recycling and reuse of waste composites
Edited by V. Goodship
29 Materials, design and manufacturing for lightweight vehicles
Edited by P. K. Mallick
30 Fatigue life prediction of composites and composite structures
Edited by A. P. Vassilopoulos
31 Physical properties and applications of polymer nanocomposites
Edited by S. C. Tjong and Y-W. Mai

32 Creep and fatigue in polymer matrix composites
Edited by R. M. Guedes

33 Interface engineering of natural fibre composites for maximum perfor-

mance
Edited by N. E. Zafeiropoulos

© Woodhead Publishing Limited, 2013



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Woodhead Publishing Series in Composites XiX

Polymer-carbon nanotube composites

Edited by T. McNally and P. Péotschke

Non-crimp fabric composites: Manufacturing, properties and applications
Edited by S. V. Lomov

Composite reinforcements for optimum performance

Edited by P. Boisse

Polymer matrix composites and technology

R. Wang, S. Zeng and Y. Zeng

Composite joints and connections

Edited by P. Camanho and L. Tong

Machining technology for composite materials

Edited by H. Hocheng

Failure mechanisms in polymer matrix composites

Edited by P. Robinson, E. S. Greenhalgh and S. Pinho
Advances in polymer nanocomposites: Types and applications
Edited by F. Gao

Manufacturing techniques for polymer matrix composites (PMCs)
Edited by S. Advani and K-T. Hsiao

Non-destructive evaluation (NDE) of polymer matrix composites:
Techniques and applications

Edited by V. M. Karbhari

Environmentally friendly polymer nanocomposites: Types, processing and
properties

S. S. Ray

Advances in ceramic matrix composites

Edited by 1. M. Low

Ceramic nanocomposites

Edited by R. Banerjee and 1. Manna

Natural fibre composites: Materials, processes and properties
Edited by A. Hodzic and R. Shanks

Residual stresses in composite materials

Edited by M. Shokrieh

© Woodhead Publishing Limited, 2013



Part |

1.4
1.5
1.6

1.7

o I\)
N -

Contents

Contributor contact details
Woodhead Publishing Series in Composites Science and
Engincering

Properties

Thermal shock resistant and flame retardant ceramic
nanocomposites
N. R. BOSE, Sols 4 All Consultants, India

Introduction

Design of thermal shock resistant and flame retardant
ceramic nanocomposites

Types and processing of thermally stable ceramic
nanocomposites

Thermal properties of particular ceramic nanocomposites
Interface characteristics of ceramic nanocomposites
Superplasticity characteristics of thermal shock resistant
ceramic nanocomposites

Densification for the fabrication of thermal shock resistant
ceramic nanocomposites

Test methods for the characterization and evaluation of
thermal shock resistant ceramic nanocomposites
Conclusions

Future trends

Sources of further information and advice

References

Magnetic properties of ceramic nanocomposites
D. D. MAJUMDER, D. D. MAJUMDER and S. KARAN,
Institute of Cybernetic Systems and Information
Technology, Kolkata, India

Introduction
Magnetic nanocomposites

© Woodhead Publishing Limited, 2013

xiii

xvii

35
37
38

51

51
53



Vi

2.3
24
2.5
2.6
2.7

2.8
2.9
2.10

3.1
3.2
33
34
35
3.6

3.7

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9

5.1
5.2
53
5.4
5.5

Contents

Size-dependent magnetic properties

Colossal magnetoresistance (CMR)

Electrical transport/resistivity

Spin-dependent single-electron tunneling phenomena
Applications: cobalt-doped nickel nanofibers as magnetic
materials

Applications: amorphous soft magnetic materials
Applications: assembly of magnetic nanostructures
References and further reading

Optical properties of ceramic nanocomposites
R. BANERJEE and J. MUKHERJEE, Central Glass & Ceramic
Research Institute, India

Introduction

Optical properties of ceramic nanocomposites
Transmittance and absorption

Non-linearity

Luminescence

Optical properties of glass—carbon nanotube (CNT)
composites

References

Failure mechanisms of ceramic nanocomposites
P. HvizDOS, P. TATARKO, A. DUSZOVA and J. DUSZA,
Slovak Academy of Sciences, Slovakia

Introduction

Rupture strength

Fracture origins

Crack propagation, toughening mechanisms
Preventing failures

Wear of ceramic nanocomposites

Future trends

Sources for further information

References

Multiscale modeling of the structure and properties
of ceramic nanocomposites
V. TOMAR, Purdue University, USA

Introduction

Multiscale modeling and material design
Multiscale modeling approach

The cohesive finite element method (CFEM)
Molecular dynamics (MD) modeling

© Woodhead Publishing Limited, 2013

54
56
59
62

70
72
74
82
92

94
97
101
104

112
115

117

117
119
127
132
138
141
148
150
150

153

153
155
159
162
166



5.6
5.7
5.8

Part Il

6.1
6.2
6.3

6.4
6.5
6.6

7.1
7.2
7.3
7.4

7.5
7.6
1.7
7.8
7.9

8.3
8.4
8.5

Contents

Dynamic fracture analyses
Conclusions
References

Types

Ceramic nanoparticles in metal matrix composites
F. HE, Purdue University, USA

Introduction

Material selection

Physical and mechanical properties of metal matrix
nanocomposites (MMNCs)

Different manufacturing methods for MMNCs
Future trends

References

Carbon nanotube (CNT) reinforced glass and
glass-ceramic matrix composites

T. SUBHANI and M. S. P. SHAFFER, Imperial College
London, UK, A. R. BOCCACCINI, Imperial College
London, UK and University of Erlangen-Nuremberg,
Germany

Introduction

Carbon nanotubes

Glass and glass-ceramic matrix composites
Glass/glass-ceramic matrix composites containing carbon
nanotubes: manufacturing process

Microstructural characterization

Properties

Applications

Conclusions and scope

References

Ceramic ultra-thin coatings using atomic layer
deposition

X. LIANG, D. M. KING and A. W. WEIMER, University of
Colorado, USA

Introduction

Ultra-thin ceramic films coated on ceramic particles by
atomic layer deposition (ALD)

Using ultra-thin ceramic films as a protective layer

Enhanced lithium-ion batteries using ultra-thin ceramic films

Using ultra-thin ceramic films in tissue engineering

© Woodhead Publishing Limited, 2013

Vii

171
176
177

183

185

185
189

193
198
203
203

208

208
209
215

217
224
229
246
247
248

257



Vil

8.6
8.7

9.1
9.2
9.3

9.4

9.5

9.6

9.7

9.8
9.9
9.10

10

10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8

11

Contents

Conclusions and future trends
References

High-temperature superconducting ceramic
nanocomposites

A. O. TONOYAN and S. P. DAVTYAN, State Engineering
University of Armenia, Armenia

Introduction

Material preparation, characterization and testing
Superconducting (SC) properties of polymer—ceramic
nanocomposites manufactured by hot pressing
Mechanical properties of SC polymer—ceramic
nanocomposites

Interphase phenomena in SC polymer—ceramic
nanocomposites

Influences on the magnetic properties of SC polymer—
ceramic nanocomposites

The use of metal-complex polymer binders to enhance
the SC properties of polymer—ceramic nanocomposites
Aging of SC polymer—ceramic nanocomposites
Conclusions

References

Nanofluids including ceramic and other nanoparticles:

applications and rheological properties

G. PAUL, Indian Institute of Technology, India and

[. MANNA , CSIR-Central Glass and Ceramic Research
Institute, India

Introduction

The development of nanofluids
Potential benefits of nanofluids
Applications of nanofluids

The rheology of nanofluids
Modeling the viscosity of nanofluids
Summary and future trends
References

Nanofluids including ceramic and other nanoparticles:

synthesis and thermal properties

G. PAUL, Indian Institute of Technology, India and

I. MANNA, CSIR-Central Glass and Ceramic Research
Institute, India

Introduction

© Woodhead Publishing Limited, 2013

276
277

284

284
286

288

299

304

308

310
313
317
319

323

323
325
326
327
330
337
341
342

346

346



11.2
11.3
11.4
11.5
11.6
11.7

Part Ill

12

12.1
12.2

12.3
12.4

12.5
12.6
12.7

12.8
12.9
12.10

13

13.3
13.4
13.5

13.6
13.7

Contents

Synthesis of nanofluids

The thermal conductivity of nanofluids

Modeling of thermal conductivity

Summary and future trends

References

Appendix: thermal conductivity of nanofluids prepared
by two-step process

Processing

Mechanochemical synthesis of metallic-ceramic
composite powders

K. WIECZOREK-CIUROWA, Cracow University of
Technology, Poland

Introduction

Composite powder formation: bottom-up and top-down
techniques

Monitoring mechanochemical processes

Examples of applied high-energy milling in the synthesis
of selected metallic—ceramic composite powders
Copper-based composite powders with Al,O;
Nickel-based composite powders with A1LO5

Other possible variants of the synthesis of metal matrix—
ceramic composites in Cu-Al-O and Ni—-Al-O elemental
systems using mechanical treatment ex situ and in situ
Conclusions

Acknowledgements

References

Sintering of ultrafine and nanosized ceramic and
metallic particles
Z.Z. FANG and H. WANG, University of Utah, USA

Introduction

Thermodynamic driving force for the sintering of
nanosized particles

Kinetics of the sintering of nanosized particles

Grain growth during sintering of nano particles
Techniques for controlling grain growth while achieving
full densification

Conclusion

References

© Woodhead Publishing Limited, 2013

iX

347
351
359
366
367

376
397

399

399

401
410

412
413
419

424
426
426
427

431

431

433
436
448

462
466
468



14

14.1
14.2

14.3
14.4
14.5

Part IV

15

15.1
15.2
15.3
15.4
15.5
15.6

16

16.1
16.2

16.3
16.4
16.5
16.6

17

17.1
17.2
17.3

17.4
17.5

Contents

Surface treatment of carbon nanotubes using plasma
technology

B. RUELLE, C. BITTENCOURT and P. DuBoIS, University
of Mons and Materia Nova Research Centre, Belgium

Introduction

Carbon nanotube surface chemistry and solution-based
functionalization

Plasma treatment of carbon nanotubes

Summary

References

Applications

Ceramic nanocomposites for energy storage and
power generation
B. KUMAR, University of Dayton Research Institute, USA

Introduction

Electrical properties

Ionic nanocomposites

Energy storage and power generation devices
Future trends

References

Biomedical applications of ceramic nanocomposites
N. GARMENDIA, FideNa, Spain and B. OLALDE and

I. OBIETA, Tecnalia, Spain

Introduction

Why ceramic nanocomposites are used in biomedical
applications

Orthopaedic and dental implants

Tissuc engineering

Future trends

References

Synthetic biopolymer/layered silicate nanocomposites
for tissue engineering scaffolds
M. OKAMOTO, Toyota Technological Institute, Japan

Introduction

Tissue engineering applications

Synthetic biopolymers and their nanocomposites for tissue
engineering

Three-dimensional porous scaffolds

In-vitro degradation

© Woodhead Publishing Limited, 2013

474

474

477
483
498
499

507

509

509
511
514
526
528
528

530

530

531
534
539
542
543

548

548
550

551
559
566



