: t
| ® FINAL PAGES -« aptara | EOA

Foundations of
Materials Science
and Engineering

Seventh Edition

William F. Smith

Late Professor Emeritus of Engineering of
University of Central Florida

Javad Hashemi, Ph.D.

Professor of Ocean and Mechanical Engineering
Florida Atlantic University

smi21493_fm_i-xxii-1.indd 1 @ 17/10/21 1:42 PM



a aptara
@ FINAL PAGES - ap | EOA

FOUNDATIONS OF MATERIALS SCIENCE AND ENGINEERING, SEVENTH EDITION

Published by McGraw Hill LLC, 1325 Avenue of the Americas, New York, NY 10019. Copyright ©2023 by
McGraw Hill LLC. All rights reserved. Printed in the United States of America. Previous editions ©2019, 2010,
and 2006. No part of this publication may be reproduced or distributed in any form or by any means, or stored
in a database or retrieval system, without the prior written consent of McGraw Hill LLC, including, but not
limited to, in any network or other electronic storage or transmission, or broadcast for distance learning.

Some ancillaries, including electronic and print components, may not be available to customers outside the
United States.

This book is printed on acid-free paper.
123456789LCR 272625242322

ISBN 978-1-260-72149-2 (bound edition)
MHID 1-260-72149-3 (bound edition)

ISBN 978-1-260-79417-5 (loose-leaf edition)
MHID 1-260-79417-2 (loose-leaf edition)

Portfolio Manager: Beth Bettcher

Product Developer: Theresa Collins

Marketing Manager: Lisa Granger

Content Project Managers: Maria McGreal, Tammy Juran @
Buyer: Laura Fuller

Content Licensing Specialist: Shawntel Schmitt

Cover Image: Shutterstock/Flying Camera

Compositor: Aptara, Inc.

All credits appearing on page or at the end of the book are considered to be an extension of the copyright page.

Library of Congress Cataloging-in-Publication Data

Names: Smith, William F. (William Fortune), 1931-author. | Hashemi, Javad, author.
Title: Foundations of materials science and engineering / William F. Smith,

Late Professor Emeritus of Engineering of University of Central Florida,

Javad Hashemi, Ph.D., Professor of Ocean and Mechanical Engineering,

Florida Atlantic University.
Description: Seventh edition. | New York, NY: McGraw Hill Education,

[2023] | Includes bibliographical references and index.

Identifiers: LCCN 2021031235 (print) | LCCN 2021031236 (ebook) | ISBN
9781260721492 (hardcover; acid-free paper) | ISBN 9781260794175 (spiral
bound; acid-free paper) | ISBN 9781260794212 (pdf) | ISBN 9781260794205
(ebook other)

Subjects: LCSH: Materials.

Classification: LCC TA403 .S5955 2023 (print) | LCC TA403 (ebook) | DDC 620.1/1—dc23

LC record available at https://lccn.loc.gov/2021031235

LC ebook record available at https://Iccn.loc.gov/2021031236

The Internet addresses listed in the text were accurate at the time of publication. The inclusion of a website does
not indicate an endorsement by the authors or McGraw Hill LLC, and McGraw Hill LLC does not guarantee the

accuracy of the information presented at these sites.

mheducation.com/highered

smi21493_fm_i-xxii-1.indd 2 @ 17/10/21 1:42 PM



a aptara
® FINAL PAGES  -ag aptara | EOA

ABOUT THE AUTHORS

Javad Hashemi is a Professor of Mechanical Engineering at Florida Atlantic University.
Javad received his Ph.D. in Mechanical Engineering from Drexel University in 1988.
Prior to his tenure at Florida Atlantic University, Javad served as Professor of Mechanical
Engineering and Associate Dean of Research for the College of Engineering at Texas Tech
University. Over the course of his career, Dr. Hashemi has published over 50 articles in
archival journals in the areas of materials, mechanics, and biomechanics. He has taught
undergraduate and graduate level courses in materials, structural analysis, design, bio-
mechanics and has developed a materials laboratory course with a variety of experiments.

The late William F. Smith was Professor Emeritus of Engineering in the Mechanical

and Aerospace Engineering Department of the University of Central Florida at

Orlando, Florida. He was awarded an M.S. degree in metallurgical engineering from

Purdue University and a Sc.D. degree in metallurgy from Massachusetts Institute of

Technology. Dr. Smith, who was a registered professional engineer in the states of

California and Florida, taught undergraduate and graduate materials science and engi-

neering courses and actively wrote textbooks for many years. He was also the author @
of Structure and Properties of Engineering Alloys, Second Edition (McGraw Hill,

1993).

smi21493_fm_i-xxii-1.indd 3 @ 17/10/21 1:42 PM



FINAL PAGES  -ag aptara | .

TABLE OF CONTENTS

Preface xv

CHAPTER 1

Introduction to Materials Science
and Engineering 2

1.1
1.2
1.3

14
1.5

1.6

1.7

1.8

1.9
1.10

Materials and Engineering 3
Materials Science and Engineering 7
Types of Materials 9

1.3.1 Metallic Materials 9

1.3.2 Polymeric Materials 11

1.3.3 Ceramic Materials 14

1.3.4 Composite Materials 16

1.3.5 Electronic Materials 18
Competition Among Materials 19
Recent Advances in Materials Science and
Technology and Future Trends 21
1.5.1 Smart Materials 21

1.5.2 Nanomaterials 23

Materials Selection for Engineering
Applications 24

Environmental Considerations in the
Selection of Materials—Life Cycle
Analysis 26

Summary 29

Definitions 30

Problems 31

CHAPTER 2
Atomic Structure and Bonding 34

21

2.2

2.3

Atomic Structure and Subatomic
Particles 35

Atomic Numbers, Mass Numbers, and
Atomic Masses 39

2.2.1 Atomic Numbers and Mass Numbers 39
The Electronic Structure of Atoms 43

smi21493_fm_i-xxii-1.indd 4

24

2.5

2.6
2.7
2.8
29

2.3.1 Planck’s Quantum Theory and
Electromagnetic Radiation 43

2.3.2 Bohr’s Theory of the Hydrogen Atom 44

2.3.3 The Uncertainty Principle and
Schridinger’s Wave Functions 48

2.3.4 Quantum Numbers, Energy Levels, and
Atomic Orbitals 51

2.3.5 The Energy State of Multielectron
Atoms 54

2.3.6 The Quantum-Mechanical Model and the
Periodic Table 58

Periodic Variations in Atomic Size,
Tonization Energy, and Electron
Affinity 61

2.4.1 Trends in Atomic Size 61

2.4.2 Trends in lonization Energy 62
2.4.3 Trends in Electron Affinity 64
2.4.4 Metals, Metalloids, and Nonmetals 66
Primary Bonds 66

2.5.1 Ionic Bonds 68

2.5.2 Covalent Bonds 74

2.5.3 Metallic Bonds 81

2.5.4 Mixed Bonding 83

Secondary Bonds 85

Summary 88

Definitions 89

Problems 91

CHAPTER 3

Crystal and Amorphous Structure
in Materials 98

3.1
3.2
3.3

The Space Lattice and Unit Cells 99
Crystal Systems and Bravais Lattices 100
Principal Metallic Crystal Structures 104

3.3.1 Body-Centered Cubic (BCC) Crystal
Structure 105

17/10/21 1:42 PM

QA



34

3.5
3.6

3.7

3.8

3.9

3.10
3.11

3.12
3.13
3.14
3.15

3.3.2 Face-Centered Cubic (FCC) Crystal
Structure 108

3.3.3 Hexagonal Close-Packed (HCP) Crystal
Structure 109

Atom Positions in Cubic

Unit Cells 112

Directions in Cubic Unit Cells 113
Miller Indices for Crystallographic Planes
in Cubic Unit Cells 117
Crystallographic Planes and Directions

in Hexagonal Crystal Structure 122

3.7.1 Indices for Crystal Planes in HCP Unit
Cells 122

3.7.2 Direction Indices in HCP Unit Cells 124

Comparison of FCC, HCP, and BCC Crystal
Structures 124

3.8.1 FCC and HCP Crystal Structures 124
3.8.2 BCC Crystal Structure 127

Volume, Planar, and Linear Density
Unit-Cell Calculations 127

3.9.1 Volume Density 127
3.9.2 Planar Atomic Density 128

3.9.3 Linear Atomic Density and Repeat
Distance 130

Polymorphism or Allotropy 131
Crystal Structure Analysis 132
3.11.1 X-Ray Sources 133

3.11.2 X-Ray Diffraction 134

3.11.3 X-Ray Diffraction Analysis of Crystal
Structures 136

Amorphous Materials 142
Summary 143

Definitions 144

Problems 145

CHAPTER 4

Solidification and Crystalline
Imperfections 160

4.1

smi21493_fm_i-xxii-1.indd 5

Solidification of Metals 161

4.1.1 The Formation of Stable Nuclei in Liquid
Metals 163

FINAL PAGES  -ag aptara | .

Table of Contents v

4.1.2 Growth of Crystals in Liquid Metal and
Formation of a Grain Structure 170

4.1.3 Grain Structure of Industrial Castings 171
4.2 Solidification of Single Crystals 172
4.3 Metallic Solid Solutions 176
4.3.1 Substitutional Solid Solutions 177
4.3.2 Interstitial Solid Solutions 179
44 Crystalline Imperfections 183
4.4.1 Point Defects 183
4.4.2 Line Defects (Dislocations) 184
4.4.3 Planar Defects 188
4.4.4 Volume Defects 190
4.5 Experimental Techniques for Identification
of Microstructure and Defects 191

4.5.1 Optical Metallography, ASTM Grain Size,
and Grain Diameter Determination 191

4.5.2 Scanning Electron Microscopy
(SEM) 196

4.5.3 Transmission Electron Microscopy
(TEM) 197

4.5.4 High-Resolution Transmission Electron
Microscopy (HRTEM) 198

4.5.5 Scanning Probe Microscopes and Atomic
Resolution 200

4.6 Summary 204
4.7 Definitions 205
4.8 Problems 206

CHAPTER B

Thermally Activated Processes
and Diffusion in Solids 214

51 Rate Processes in Solids 215
5.2 Atomic Diffusion in Solids 220
5.2.1 Diffusion in Solids in General 220
5.2.2 Diffusion Mechanisms 220
5.2.3 Steady-State Diffusion 222
5.2.4 Non-Steady-State Diffusion 225

53 Industrial Applications of Diffusion
Processes 228

5.3.1 Case Hardening of Steel by Gas
Carburizing 228

17/10/21 1:42 PM

QA



vi

54

5.5
5.6
5.7

Table of Contents

5.3.2 Impurity Diffusion into Silicon Wafers for
Integrated Circuits 232

Effect of Temperature on Diffusion in
Solids 235

Summary 238
Definitions 239
Problems 239

CHAPTER 6

Mechanical Properties of Metals |

6.1

6.2

6.3

6.4
6.5

vi

246

The Processing of Metals and Alloys 247
6.1.1 The Casting of Metals and Alloys 247

6.1.2 Hot and Cold Rolling of Metals and
Alloys 249

6.1.3 Extrusion of Metals and Alloys 253
6.1.4 Forging 254

6.1.5 Other Metal-Forming Processes 256
Stress and Strain in Metals 257

6.2.1 Elastic and Plastic Deformation 258

6.2.2 Engineering Stress and Engineering
Strain 258

6.2.3 Poisson’s Ratio 261

6.2.4 Shear Stress and Shear Strain 262
The Tensile Test and The Engineering
Stress—Strain Diagram 263

6.3.1 Mechanical Property Data Obtained from
the Tensile Test and the Engineering
Stress—Strain Diagram 265

6.3.2 Comparison of Engineering Stress—Strain
Curves for Selected Alloys 271

6.3.3 True Stress and True Strain 271
Hardness and Hardness Testing 273
Plastic Deformation of Metal Single
Crystals 275

6.5.1 Slipbands and Slip Lines on the Surface of
Metal Crystals 275

6.5.2 Plastic Deformation in Metal Crystals by
the Slip Mechanism 278

6.5.3 Slip Systems 278

6.5.4 Critical Resolved Shear Stress for Metal
Single Crystals 283

smi21493_fm_i-xxii-1.indd 6

6.6

6.7

6.8

6.9

6.10
6.11
6.12
6.13

FINAL PAGES  -ag aptara | .

6.5.5 Schmid’s Law 283
6.5.6 Twinning 286

Plastic Deformation of Polycrystalline
Metals 288

6.6.1 Effect of Grain Boundaries on the Strength
of Metals 288

6.6.2 Effect of Plastic Deformation on Grain
Shape and Dislocation
Arrangements 290

6.6.3 Effect of Cold Plastic Deformation on
Increasing the Strength of Metals 293

Solid-Solution Strengthening of
Metals 294

Recovery and Recrystallization of
Plastically Deformed Metals 295

6.8.1 Structure of a Heavily Cold-Worked Metal
before Reheating 296

6.8.2 Recovery 296

6.8.3 Recrystallization 298
Superplasticity in Metals 302
Nanocrystalline Metals 304
Summary 305

Definitions 306

Problems 308

CHAPTER 7
Mechanical Properties of Metals Il 318

7.1

7.2

Fracture of Metals 319

7.1.1 Ductile Fracture 320

7.1.2 Brittle Fracture 321

7.1.3 Toughness and Impact Testing 324

7.1.4 Ductile-to-Brittle Transition
Temperature 326

7.1.5 Theoretical Strength, Griffith’s Theorem,
and Stress Concentration Factor 327

7.1.6 Stress Intensity Factor and Fracture
Toughness 328

Fatigue of Metals 332
7.2.1 Cyclic Stresses 335

7.2.2 Basic Structural Changes that Occur in a
Ductile Metal in the Fatigue Process 336

17/10/21 1:42 PM

QA



7.3

7.4

7.5

7.6

7.7

7.8
7.9
7.10

7.2.3 Some Major Factors that Affect the
Fatigue Strength of a Metal 337

Fatigue Crack Propagation Rate 338

7.3.1 Correlation of Fatigue Crack Propagation
with Stress and Crack Length 338

7.3.2 Fatigue Crack Growth Rate versus Stress-
Intensity Factor Range Plots 340

7.3.3 Fatigue Life Calculations 342

Creep and Stress Rupture of Metals 344
7.4.1 Creep of Metals 344

7.4.2 The Creep Test 346

7.4.3 Creep-Rupture Test 347

Graphical Representation of Creep- and
Stress-Rupture Time-Temperature Data
Using the Larsen-Miller Parameter 348
A Case Study in Failure of Metallic
Components 350

Recent Advances and Future Directions in
Improving the Mechanical Performance of
Metals 353

7.7.1 Improving Ductility and Strength
Simultaneously 353

7.7.2 Fatigue Behavior in Nanocrystalline
Metals 355

Summary 355
Definitions 356
Problems 357

CHAPTER 8
Phase Diagrams 364

8.1

8.2
8.3
8.4
8.5
8.6

8.7
8.8
8.9

smi21493_fm_i-xxii-1.indd 7

Phase Diagrams of Pure
Substances 365

Gibbs Phase Rule 367

Cooling Curves 368

Binary Isomorphous Alloy Systems 370
The Lever Rule 372

Nonequilibrium Solidification of
Alloys 376

Binary Eutectic Alloy Systems 379
Binary Peritectic Alloy Systems 387
Binary Monotectic Systems 392

8.10
8.11

8.12
8.13
8.14
8.15

FINAL PAGES  -ag aptara | .

Table of Contents vii

Invariant Reactions 393

Phase Diagrams with Intermediate Phases
and Compounds 395

Ternary Phase Diagrams 399
Summary 402

Definitions 403

Problems 405

CHAPTER 9
Engineering Alloys 416

9.1

9.2

9.3

9.4

Production of Iron and Steel 417

9.1.1 Production of Pig Iron in a Blast
Furnace 418

9.1.2 Steelmaking and Processing of Major Steel
Product Forms 419

The Iron-Carbon System 421

9.2.1 The Iron—Iron-Carbide Phase
Diagram 421

9.2.2 Solid Phases in the Fe—Fe;C Phase
Diagram 421

9.2.3 Invariant Reactions in the Fe—Fe;C Phase
Diagram 422

9.2.4 Slow Cooling of Plain-Carbon Steels 424
Heat Treatment of Plain-Carbon

Steels 431

9.3.1 Martensite 431

9.3.2 Isothermal Decomposition of
Austenite 436

9.3.3 Continuous-Cooling Transformation
Diagram for a Eutectoid Plain-Carbon
Steel 441

9.3.4 Annealing and Normalizing of Plain-
Carbon Steels 443

9.3.5 Tempering of Plain-Carbon Steels 445

9.3.6 Classification of Plain-Carbon Steels and
Typical Mechanical Properties 449

Low-Alloy Steels 451
9.4.1 Classification of Alloy Steels 451

9.4.2 Distribution of Alloying Elements in Alloy
Steels 451

9.4.3 Effects of Alloying Elements on the
Eutectoid Temperature of Steels 452

17/10/21 1:42 PM

QA



viii

9.5

9.6

9.7

9.8

9.9

9.10

9.11
9.12
9.13

Table of Contents

9.4.4 Hardenability 454
9.4.5 Typical Mechanical Properties and

Applications for Low-Alloy Steels 458
9.4.6 Impact of Specific Alloying Elements on

Performance of Steel 460
Aluminum Alloys 461

9.5.1 Precipitation Strengthening
(Hardening) 461

9.5.2 General Properties of Aluminum and Its

Production 468
9.5.3 Wrought Aluminum Alloys 470
9.5.4 Aluminum Casting Alloys 474
Copper Alloys 476
9.6.1 General Properties of Copper 476
9.6.2 Production of Copper 476

9.6.3 Classification of Copper Alloys 476

9.6.4 Wrought Copper Alloys 477
Stainless Steels 482

9.7.1 Ferritic Stainless Steels 482
9.7.2 Martensitic Stainless Steels 483
9.7.3 Austenitic Stainless Steels 485
Cast Irons 487

9.8.1 General Properties 487
9.8.2 Types of Cast Irons 487
9.8.3 White Cast Iron 489

9.8.4 Gray Cast Iron 489

9.8.5 Ductile Cast Irons 490

9.8.6 Malleable Cast Irons 492
Magnesium, Titanium, and Nickel
Alloys 494

9.9.1 Magnesium Alloys 494

9.9.2 Titanium Alloys 496

9.9.3 Nickel Alloys 498
Special-Purpose Alloys and
Applications 498

9.10.1 Intermetallics 498

9.10.2 Shape-Memory Alloys 500
9.10.3 Amorphous Metals 504
Summary 505

Definitions 506

Problems 508

smi21493_fm_i-xxii-1.indd 8

FINAL PAGES  -ag aptara | .

CHAPTER 10
Polymeric Materials 518

10.1

10.2

10.3
104

10.5

10.6

Introduction 519
10.1.1 Thermoplastics 520

10.1.2 Thermosetting Plastics
(Thermosets) 520

Polymerization Reactions 521

10.2.1 Covalent Bonding Structure of an
Ethylene Molecule 521

10.2.2 Covalent Bonding Structure of an
Activated Ethylene Molecule 522

10.2.3 General Reaction for the Polymerization
of Polyethylene and the Degree of
Polymerization 523

10.2.4 Chain Polymerization Steps 523

10.2.5 Average Molecular Weight for
Thermoplastics 525

10.2.6 Functionality of a Monomer 526

10.2.7 Structure of Noncrystalline Linear
Polymers 526

10.2.8 Vinyl and Vinylidene Polymers 528
10.2.9 Homopolymers and Copolymers 529
10.2.10 Other Methods of Polymerization 532
Industrial Polymerization Methods 534
Glass Transition Temperature and
Crystallinity in Thermoplastics 536

10.4.1 Glass Transition Temperature 536

10.4.2 Solidification of Noncrystalline
Thermoplastics 536

10.4.3 Solidification of Partly Crystalline
Thermoplastics 537

10.4.4 Structure of Partly Crystalline
Thermoplastic Materials 538

10.4.5 Stereoisomerism in Thermoplastics 540
10.4.6 Ziegler and Natta Catalysts 540
Processing of Plastic Materials 542

10.5.1 Processes Used for Thermoplastic
Materials 542

10.5.2 Processes Used for Thermosetting
Materials 546

General-Purpose Thermoplastics 548
10.6.1 Polyethylene 550

17/10/21 1:42 PM

QA



10.7

10.8

10.9

10.10

10.11

smi21493_fm_i-xxii-1.indd 9

10.6.2 Polyvinyl Chloride and
Copolymers 553

10.6.3 Polypropylene 555

10.6.4 Polystyrene 555

10.6.5 Polyacrylonitrile 556

10.6.6 Styrene—Acrylonitrile (SAN) 557
10.6.7 ABS 557

10.6.8 Polymethyl Methacrylate (PMMA) 559
10.6.9 Fluoroplastics 559

Engineering Thermoplastics 561

10.7.1 Polyamides (Nylons) 562

10.7.2 Polycarbonate 565

10.7.3 Phenylene Oxide—Based Resins 566
10.7.4 Acetals 567

10.7.5 Thermoplastic Polyesters 568

10.7.6 Polyphenylene Sulfide 569

10.7.7 Polyetherimide 570

10.7.8 Polymer Alloys 570

Thermosetting Plastics (Thermosets) 571
10.8.1 Phenolics 573

10.8.2 Epoxy Resins 574

10.8.3 Unsaturated Polyesters 576

10.8.4 Amino Resins (Ureas and
Melamines) 577

Elastomers (Rubbers) 579
10.9.1 Natural Rubber 579
10.9.2 Synthetic Rubbers 583

10.9.3 Properties of Polychloroprene
Elastomers 584

10.9.4 Vulcanization of Polychloroprene
Elastomers 585

Deformation and Strengthening of Plastic
Materials 587

10.10.1 Deformation Mechanisms for
Thermoplastics 587

10.10.2 Strengthening of Thermoplastics 589

10.10.3 Strengthening of Thermosetting
Plastics 592

10.10.4 Effect of Temperature on the Strength of
Plastic Materials 593

Creep and Fracture of Polymeric
Materials 594

FINAL PAGES  -ag aptara | .

Table of Contents ix

10.11.1 Creep of Polymeric Materials 594

10.11.2 Stress Relaxation of Polymeric
Materials 596

10.11.3 Fracture of Polymeric
Materials 597

10.12 Summary 600
10.13 Definitions 601
10.14 Problems 603

CHAPTER 11
Ceramics 614

11.1  Introduction 615
11.2  Simple Ceramic Crystal Structures 617

11.2.1 Ionic and Covalent Bonding in Simple
Ceramic Compounds 617

11.2.2 Simple lonic Arrangements Found in
Ionically Bonded Solids 618

11.2.3 Cesium Chloride (CsCl) Crystal
Structure 621

11.2.4 Sodium Chloride (NaCl) Crystal
Structure 622

11.2.5 Interstitial Sites in FCC and HCP Crystal
Lattices 626

11.2.6 Zinc Blende (ZnS) Crystal
Structure 628

11.2.7 Calcium Fluoride (CaF,) Crystal
Structure 630

11.2.8 Antifluorite Crystal Structure 632

11.2.9 Corundum (Al,0;) Crystal
Structure 632

11.2.10 Spinel (MgAl,0,) Crystal

Structure 632
11.2.11 Perovskite (CaTiO;) Crystal
Structure 633
11.2.12 Carbon and Its Allotropes 633
11.3  Silicate Structures 637

11.3.1 Basic Structural Unit of the Silicate
Structures 637

11.3.2 Island, Chain, and Ring Structures of
Silicates 637

11.3.3 Sheet Structures of Silicates 637

11.3.4 Silicate Networks 638

17/10/21 1:42 PM

QA



114

11.5

11.6

11.7

11.8

11.9

11.10
11.11
11.12
11.13

Table of Contents

Processing of Ceramics 640
11.4.1 Materials Preparation 641
11.4.2 Forming 641

11.4.3 Thermal Treatments 645

Traditional and Structural Ceramics 648
11.5.1 Traditional Ceramics 648

11.5.2 Structural Ceramics 650
Mechanical Properties of Ceramics 652

11.6.1 General 652

11.6.2 Mechanisms for the Deformation of
Ceramic Materials 652

11.6.3 Factors Affecting the Strength of Ceramic
Materials 654

11.6.4 Toughness of Ceramic Materials 654

11.6.5 Transformation Toughening of Partially
Stabilized Zirconia (PSZ) 656

11.6.6 Fatigue Failure of Ceramics 658
11.6.7 Ceramic Abrasive Materials 658
Thermal Properties of Ceramics 659
11.7.1 Ceramic Refractory Materials 659
11.7.2 Acidic Refractories 660

11.7.3 Basic Refractories 661

11.7.4 Ceramic Tile Insulation for the Space
Shuttle Orbiter 661

Glasses 663
11.8.1 Definition of a Glass 663
11.8.2 Glass Transition Temperature 663
11.8.3 Structure of Glasses 663
11.8.4 Compositions of Glasses 666
11.8.5 Viscous Deformation of Glasses 666
11.8.6 Forming Methods for Glasses 670
11.8.7 Tempered Glass 671
11.8.8 Chemically Strengthened Glass 672
Ceramic Coatings and Surface
Engineering 673
11.9.1 Silicate Glasses 673
11.9.2 Oxides and Carbides 673
Nanotechnology and Ceramics 674
Summary 676

677
678

Definitions
Problems

smi21493_fm_i-xxii-1.indd 10

FINAL PAGES  -ag aptara | .

CHAPTER12
Composite Materials 686

12.1

12.2

12.3
124

12.5

12.6

12.7

Introduction 687

12.1.1 Classification of Composite
Materials 687

12.1.2 Advantages and Disadvantages of
Composite Materials over Conventional
Materials 688

Fibers for Reinforced-Plastic Composite
Materials 689

12.2.1 Glass Fibers for Reinforcing Plastic
Resins 689

12.2.2 Carbon Fibers for Reinforced
Plastics 692

12.2.3 Aramid Fibers for Reinforcing Plastic
Resins 694

12.2.4 Comparison of Mechanical Properties of
Carbon, Aramid, and Glass Fibers for
Reinforced-Plastic Composite
Materials 694

Matrix Materials for Composites 696

Fiber-Reinforced Plastic Composite

Materials 697

12.4.1 Fiberglass-Reinforced Plastics 697

12.4.2 Carbon Fiber—Reinforced Epoxy
Resins 698

Equations for Elastic Modulus of Composite
Laminates: Isostrain and Isostress
Conditions 700

12.5.1 Isostrain Conditions 700

12.5.2 Isostress Conditions 703
Open-Mold Processes for Fiber-Reinforced
Plastic Composite Materials 705

12.6.1 Hand Lay-Up Process 705

12.6.2 Spray Lay-Up Process 706

12.6.3 Vacuum Bag—Autoclave Process 707
12.6.4 Filament-Winding Process 708
Closed-Mold Processes for Fiber-

Reinforced Plastic Composite
Materials 708

12.7.1 Compression and Injection
Molding 708

17/10/21 1:42 PM



12.8

12.9
12.10

12.11

12.12

12.13
12.14
12.15

12.7.2 The Sheet-Molding Compound (SMC)
Process 709

12.7.3 Continuous-Pultrusion Process 710
Concrete 710

12.8.1 Portland Cement 711

12.8.2 Mixing Water for Concrete 714

12.8.3 Aggregates for Concrete 715

12.8.4 Air Entrainment 715

12.8.5 Compressive Strength of Concrete 716

12.8.6 Proportioning of Concrete
Mixtures 716

12.8.7 Reinforced and Prestressed
Concrete 717

12.8.8 Prestressed Concrete 718
Asphalt and Asphalt Mixes 720

Wood 722

12.10.1 Macrostructure of Wood 722
12.10.2 Microstructure of Softwoods 725
12.10.3 Microstructure of Hardwoods 726
12.10.4 Cell-Wall Ultrastructure 727
12.10.5 Properties of Wood 729
Sandwich Structures 730

12.11.1 Honeycomb Sandwich Structure 732
12.11.2 Cladded Metal Structures 732
Metal-Matrix and Ceramic-Matrix
Composites 733

12.12.1 Metal-Matrix Composites
(MMCs) 733

12.12.2 Ceramic-Matrix Composites
(CMCs) 735

12.12.3 Ceramic Composites and
Nanotechnology 740

Summary 740
Definitions 741
Problems 744

CHAPTER 13
Corrosion 750

13.1
13.2

smi21493_fm_i-xxii-1.indd 11

Corrosion and Its Economical Impact 751
Electrochemical Corrosion of Metals 752
13.2.1 Oxidation-Reduction Reactions 753

13.3

13.4

13.5

13.6

13.7

FINAL PAGES  -ag aptara | .

Table of Contents xi

13.2.2 Standard Electrode Half-Cell Potentials
for Metals 754

Galvanic Cells 756

13.3.1 Macroscopic Galvanic Cells with
Electrolytes That Are One Molar 756

13.3.2 Galvanic Cells with Electrolytes That Are
Not One Molar 758

13.3.3 Galvanic Cells with Acid or Alkaline
Electrolytes with No Metal lons
Present 760

13.3.4 Microscopic Galvanic Cell Corrosion of
Single Electrodes 761

13.3.5 Concentration Galvanic Cells 763

13.3.6 Galvanic Cells Created by Differences in
Composition, Structure, and Stress 766

Corrosion Rates (Kinetics) 768

13.4.1 Rate of Uniform Corrosion or
Electroplating of a Metal in an Aqueous
Solution 768

13.4.2 Corrosion Reactions and
Polarization 771

13.4.3 Passivation 775
13.4.4 The Galvanic Series 775
Types of Corrosion 776

13.5.1 Uniform or General Attack
Corrosion 776

13.5.2 Galvanic or Two-Metal Corrosion 778
13.5.3 Pitting Corrosion 779

13.5.4 Crevice Corrosion 781

13.5.5 Intergranular Corrosion 783
13.5.6 Stress Corrosion 785

13.5.7 Erosion Corrosion 788

13.5.8 Cavitation Damage 789
13.5.9 Fretting Corrosion 789
13.5.10 Selective Leaching 789
13.5.11 Hydrogen Damage 790
Oxidation of Metals 791

13.6.1 Protective Oxide Films 791
13.6.2 Mechanisms of Oxidation 793
13.6.3 Oxidation Rates (Kinetics) 794
Corrosion Control 796

13.7.1 Materials Selection 796
13.7.2 Coatings 797

17/10/21 1:42 PM

QA



xii Table of Contents

13.7.3 Design 798
13.7.4 Alteration of Environment 799
13.7.5 Cathodic and Anodic Protection 800

13.8 Summary 801
13.9 Definitions 802
13.10 Problems 803

CHAPTER 14
Electrical Properties of Materials 310

14.1  Electrical Conduction In Metals 811

14.1.1 The Classic Model for Electrical
Conduction in Metals 811

14.1.2 Ohm’s Law 813

14.1.3 Drift Velocity of Electrons in a
Conducting Metal 817

14.1.4 Electrical Resistivity of Metals

Energy-Band Model for Electrical

Conduction 822

14.2.1 Energy-Band Model for Metals

14.2.2 Energy-Band Model for
Insulators 824

Intrinsic Semiconductors 824

14.3.1 The Mechanism of Electrical Conduction
in Intrinsic Semiconductors 824

14.3.2 Electrical Charge Transport in the
Crystal Lattice of Pure Silicon 825

14.3.3 Energy-Band Diagram for Intrinsic
Elemental Semiconductors 826

14.3.4 Quantitative Relationships for Electrical
Conduction in Elemental Intrinsic
Semiconductors 827

14.3.5 Effect of Temperature on Intrinsic
Semiconductivity 829

Extrinsic Semiconductors

818
14.2

822

14.3

144 831

14.4.1 n-Type (Negative-Type) Extrinsic
Semiconductors 831

14.4.2 p-Type (Positive-Type) Extrinsic
Semiconductors 833

14.4.3 Doping of Extrinsic Silicon
Semiconductor Material 835

14.4.4 Effect of Doping on Carrier
Concentrations in Extrinsic
Semiconductors 835

smi21493_fm_i-xxii-1.indd 12

14.5

14.6

14.7
14.8

14.9

14.10
14.11
14.12

FINAL PAGES agg aptara
e EN EOA

14.4.5 Effect of Total Ionized Impurity
Concentration on the Mobility of Charge
Carriers in Silicon at Room
Temperature 838

14.4.6 Effect of Temperature on the
Electrical Conductivity of Extrinsic
Semiconductors 839

Semiconductor Devices 841

14.5.1 The pn Junction 842

14.5.2 Some Applications for pn Junction
Diodes 845

14.5.3 The Bipolar Junction Transistor
848

14.6.1 Microelectronic Planar Bipolar
Transistors 848

14.6.2 Microelectronic Planar Field-Effect
Transistors 849

14.6.3 Fabrication of Microelectronic
Integrated Circuits 852

Compound Semiconductors

846
Microelectronics

859

Electrical Properties of Ceramics 862

862 @

864

14.8.1 Basic Properties of Dielectrics
14.8.2 Ceramic Insulator Materials
14.8.3 Ceramic Materials for

Capacitors 865
14.8.4 Ceramic Semiconductors 866
14.8.5 Ferroelectric Ceramics 868
Nanoelectronics 871

Summary 872
873
875

Definitions
Problems

CHAPTER 15

Optical Properties and Superconductive
Materials 380

15.1
15.2

15.3

Introduction 881

Light and the Electromagnetic
Spectrum 881

Refraction of Light 883
15.3.1 Index of Refraction 883

15.3.2 Snell’s Law of Light
Refraction 885

17/10/21 1:42 PM



154

15.5

15.6

15.7

15.8

15.9
15.10

Absorption, Transmission, and Reflection of
Light 886

15.4.1 Metals 886

15.4.2 Silicate Glasses 887

15.4.3 Plastics 888

15.4.4 Semiconductors 890
Luminescence 891

15.5.1 Photoluminescence 892

15.5.2 Cathodoluminescence 892
Stimulated Emission of Radiation and
Lasers 893

15.6.1 Types of Lasers 896

Optical Fibers 898

15.7.1 Light Loss in Optical Fibers 899

15.7.2 Single-Mode and Multimode Optical
Fibers 899

15.7.3 Fabrication of Optical Fibers 900

15.7.4 Modern Optical-Fiber Communication
Systems 902

Superconducting Materials 903
15.8.1 The Superconducting State 903

15.8.2 Magnetic Properties of
Superconductors 904

15.8.3 Current Flow and Magnetic Fields in
Superconductors 906

15.8.4 High-Current, High-Field
Superconductors 907

15.8.5 High Critical Temperature (T,)
Superconducting Oxides 908

Definitions 911
Problems 912

CHAPTER 16
Magnetic Properties 916

16.1
16.2

16.3

smi21493_fm_i-xxii-1.indd 13

Introduction 917

Magnetic Fields and Quantities 917
16.2.1 Magnetic Fields 917

16.2.2 Magnetic Induction 919

16.2.3 Magnetic Permeability 920
16.2.4 Magnetic Susceptibility 921
Types of Magnetism 922

16.3.1 Diamagnetism 922

16.4

16.5
16.6

16.7

16.8

16.9

16.10

16.11
16.12
16.13

FINAL PAGES  -ag aptara | .

Table of Contents xiii

16.3.2 Paramagnetism 922
16.3.3 Ferromagnetism 923

16.3.4 Magnetic Moment of a Single Unpaired
Atomic Electron 925

16.3.5 Antiferromagnetism 927

16.3.6 Ferrimagnetism 927

Effect of Temperature on

Ferromagnetism 927

Ferromagnetic Domains 928

Types of Energies that Determine the
Structure of Ferromagnetic Domains 929
16.6.1 Exchange Energy 930

16.6.2 Magnetostatic Energy 930

16.6.3 Magnetocrystalline Anisotropy
Energy 931

16.6.4 Domain Wall Energy 932

16.6.5 Magnetostrictive Energy 933

The Magnetization and Demagnetization of
a Ferromagnetic Metal 935

Soft Magnetic Materials 936

16.8.1 Desirable Properties for Soft Magnetic
Materials 936

16.8.2 Energy Losses for Soft Magnetic
Materials 936

16.8.3 Iron—Silicon Alloys 937
16.8.4 Metallic Glasses 939
16.8.5 Nickel-Iron Alloys 941
Hard Magnetic Materials 942

16.9.1 Properties of Hard Magnetic
Materials 942

16.9.2 Alnico Alloys 945
16.9.3 Rare Earth Alloys 947

16.9.4 Neodymium—Iron—Boron Magnetic
Alloys 947

16.9.5 Iron—Chromium—Cobalt Magnetic
Alloys 948

Ferrites 951

16.10.1 Magnetically Soft Ferrites 951
16.10.2 Magnetically Hard Ferrites 955
Summary 955

Definitions 956

Problems 959

17/10/21 1:42 PM

QA



xiv

Table of Contents

CHAPTER 17
Biological Materials and Biomaterials 964

171
17.2

17.3

17.4

17.5

17.6

17.7

Introduction 965

Biological Materials: Bone 966

17.2.1 Composition 966

17.2.2 Macrostructure 966

17.2.3 Mechanical Properties 966

17.2.4 Biomechanics of Bone Fracture 969
17.2.5 Viscoelasticity of Bone 969

17.2.6 Bone Remodeling 970

17.2.7 A Composite Model of Bone 970
Biological Materials: Tendons and
Ligaments 972

17.3.1 Macrostructure and Composition 972
17.3.2 Microstructure 972

17.3.3 Mechanical Properties 973

17.3.4 Structure-Property Relationship 975

17.3.5 Constitutive Modeling and
Viscoelasticity 976

17.3.6 Ligament and Tendon Injury 978
Biological Material: Articular Cartilage 980
17.4.1 Composition and Macrostructure 980
17.4.2 Microstructure 980

17.4.3 Mechanical Properties 981

17.4.4 Cartilage Degeneration 982
Biomaterials: Metals in Biomedical
Applications 982

17.5.1 Stainless Steels 984

17.5.2 Cobalt-Based Alloys 984

17.5.3 Titanium Alloys 985

17.5.4 Some Issues in Orthopedic Application of
Metals 987

Polymers in Biomedical Applications 989

17.6.1 Cardiovascular Applications of Polymers 989

17.6.2 Ophthalmic Applications 990

17.6.3 Drug Delivery Systems 992

17.6.4 Suture Materials 992

17.6.5 Orthopedic Applications 992
Ceramics in Biomedical Applications 993
17.7.1 Alumina in Orthopedic Implants 994
17.7.2 Alumina in Dental Implants 995

smi21493_fm_i-xxii-1.indd 14

FINAL PAGES  -ag aptara | .

17.7.3 Ceramic Implants and Tissue
Connectivity 996

17.7.4 Nanocrystalline Ceramics 997
17.8  Composites in Biomedical

Applications 998

17.8.1 Orthopedic Applications 998

17.8.2 Applications in Dentistry 999

17.9  Corrosion in Biomaterials 1000

17.10 Wear in Biomedical Implants 1001
17.11 Tissue Engineering 1005

17.12 Summary 1006

17.13 Definitions 1007

17.14 Problems 1008

APPENDIX |

Important Properties of Selected
Engineering Materials 1013

APPENDIX N

Some Properties of Selected
Elements 1070

APPENDIX Il

lonic Radii of the Elements 1072

APPENDIX IV

Glass Transition Temperature and Melting
Temperature of Selected Polymers 1074

APPENDIX V

Selected Physical Quantities and Their
Units 1075

APPENDIX VI

Unit Abbreviations 1077

APPENDIX VI

Constants and Conversion Factors 1079

References for Further Study by
Chapter 1082

Glossary 1086
Answers 1098
Index 1103

17/10/21 1:42 PM

QA



a aptara
@ FINAL PAGES - ap | EOA

PREFACE

and scientists from all disciplines. With advances in science and technology,
development of new engineering fields, and changes in the engineering

profession, today’s engineer must have a deeper, more diverse, and up-to-date
knowledge of materials-related issues. At a minimum, all materials science and
engineering students must have the basic knowledge of the structure, properties,
processing, and performance of various classes of materials. This is a crucial first step
in the materials selection decisions in everyday rudimentary problems. A more scientific
understanding of the same topics is necessary for designers of complex systems,
forensic (materials failure) analysts, and research and development engineers/scientists.

Accordingly, to prepare materials scientists and engineers of the future,
Foundations of Materials Science and Engineering is designed to present diverse top-
ics in the field with appropriate breadth and depth. The strength of the book is in its
focus on key concepts in science of materials (basic knowledge) followed by applica-
tion of scientific principles in selection and engineering of materials (applied knowl-
edge). The basic and applied concepts are integrated through concise textual
explanations, relevant and stimulating imagery, detailed sample problems, electronic
supplements, and homework problems. This textbook is therefore suitable for both an
introductory course in materials at the sophomore level and a more advanced (junior/ @
senior level) second course in materials science and engineering. Finally, the seventh
edition and its supporting resources are designed to address a variety of student learn-
ing styles based on the well-known belief that not all students learn in the same man-
ner and with the same tools.

With every new edition, it is our intent to improve and complement the explana-
tions of the underlying science of materials. As a result, in this new edition, we have
made numerous updates described below:

The subject of materials science and engineering is an essential course to engineers

m  Chapter 1, a section on the ever important environmental considerations in selec-
tion of materials has been added. Life-cycle analysis for materials selection and
sustainability (renewable materials and nonrenewable materials) has been intro-
duced. We hope to expand on this topic in future editions.

m  Chapter 2, the important concept of energy levels for multi electron atoms has
been explained in detail. The concept of effective nuclear charge accounting for
electron shielding is clarified and Slater’s rule used to determine the energy asso-
ciated with any electron is introduced.

m  Chapter 3, a more detailed explanation of Bravais lattice, unit cells, the extent of
symmetry of a unit cells, and motif is presented.

m  Chapter 4, the concept of Gibbs free energy is discussed in more detail and the
derivation of the critical radius for stable solidification has been updated.

m  Chapter 5, the relationship between number of vacancies and Gibbs free energy

is explained. The theoretical foundation and development of Fick’s second law is
described.
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Chapter 6, the concept of resolved shear stress is explained in more detail.
Chapter 7, theoretical strength, Griffith’s theorem, and stress concentration fac-
tors are introduced to enhance understanding of brittle fracture of materials. The
concept of stress intensity factor is introduced and fracture toughness is explained
in more detail.

Chapter 9, the impact of specific alloying elements on properties of steel is
discussed.

The end-of-chapter problems have been classified according to the learning/
understanding level expected from the student by the instructor. The
classification is based on Bloom’s Taxonomy and is intended to help students as
well as instructors to set goals and standards for learning objectives. The first
group in the classification is the Knowledge and Comprehension Problems.
These problems will require students to show learning at the most basic level of
recall of information and recognition of facts. Most problems ask the students to
perform tasks such as define, describe, list, and name. The second group is the
Application and Analysis Problems. In this group, students are required to apply
the learned knowledge to the solution of a problem, demonstrate a concept,
calculate, and analyze. Finally, the third class of problems is called Synthesis and
Evaluation Problems. In this class of problems, the students are required to
judge, evaluate, design, develop, estimate, assess, and in general synthesize new
understanding based on what they have learned from the chapter. It is worth
noting that this classification is not indicative of the level of difficulty, but
simply different cognitive levels.

Over 150 new problems have been developed, mostly in the synthesis and evalu-
ation category. These problems are intended to make the students think in a more
in-depth and reflective manner. This is an important objective of the authors to
help instructors to train engineers and scientists who operate at a higher cogni-
tive domain.

The instructors’ PowerPoint® lectures have been updated according to the
changes made to various chapters. These detailed, yet succinct, PowerPoint
lectures are highly interactive and contain technical video clips, tutorials for
problem solving, and virtual laboratory experiments. The PowerPoint lectures
are designed to address a variety of learning styles including innovative, analytic,
common sense, and dynamic learners. Not only is this a great presentation tool
for the instructor, it creates interest in the student to learn the subject more
effectively. We strongly recommend that the instructors for this course view and
test these PowerPoint lecture presentations. This could be especially helpful for
new instructors.

Additional resources available through the Instructor Resources are animations;

tutorials; and a searchable materials properties database.
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DIGITAL LEARNING TOOLS
Proctorio

Remote Proctoring & Browser-Locking Capabilities

ffY connect + <@ proctorio

Remote proctoring and browser-locking capabilities, hosted by Proctorio within
Connect, provide control of the assessment environment by enabling security options
and verifying the identity of the student.

Seamlessly integrated within Connect, these services allow instructors to control
students’ assessment experience by restricting browser activity, recording students’
activity, and verifying students are doing their own work.

Instant and detailed reporting gives instructors an at-a-glance view of potential
academic integrity concerns, thereby avoiding personal bias and supporting evidence-
based claims.

@ ReadAnywhere

Eaidation

Read or study when it’s convenient for you with McGraw Hill’s free ReadAnywhere

app. Available for iOS or Android smartphones or tablets, ReadAnywhere gives users

access to McGraw Hill tools including the eBook and SmartBook 2.0 or Adaptive @
Learning Assignments in Connect. Take notes, highlight, and complete assignments

offline—all of your work will sync when you open the app with WiFi access. Log in

with your McGraw Hill Connect username and password to start learning—anytime,

anywhere!

Tegrity: Lectures 24/7

Tegrity in Connect is a tool that makes class time available 24/7 by automatically cap-
turing every lecture. With a simple one-click start-and-stop process, you capture all
computer screens and corresponding audio in a format that is easy to search, frame by
frame. Students can replay any part of any class with easy-to-use, browser-based
viewing on a PC, Mac, iPod, or other mobile device.

Educators know that the more students can see, hear, and experience class
resources, the better they learn. In fact, studies prove it. Tegrity’s unique search fea-
ture helps students efficiently find what they need, when they need it, across an entire
semester of class recordings. Help turn your students’ study time into learning
moments immediately supported by your lecture. With Tegrity, you also increase
intent listening and class participation by easing students’ concerns about note-taking.
Using Tegrity in Connect will make it more likely you will see students’ faces, not the
tops of their heads.
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Writing Assignment

Available within Connect and Connect Master, the Writing Assignment tool delivers a
learning experience to help students improve their written communication skills and
conceptual understanding. As an instructor you can assign, monitor, grade, and pro-
vide feedback on writing more efficiently and effectively.

Create
Your Book, Your Way

McGraw Hill’s Content Collections Powered by Create® is a self-service website that
enables instructors to create custom course materials—print and eBooks—by drawing
upon McGraw Hill’s comprehensive, cross-disciplinary content. Choose what you
want from our high-quality textbooks, articles, and cases. Combine it with your own
content quickly and easily, and tap into other rights-secured, third-party content such
as readings, cases, and articles. Content can be arranged in a way that makes the most
sense for your course and you can include the course name and information as well.
Choose the best format for your course: color print, black-and-white print, or eBook.
The eBook can be included in your Connect course and is available on the free
ReadAnywhere app for smartphone or tablet access as well. When you are finished
customizing, you will receive a free digital copy to review in just minutes! Visit
McGraw Hill Create®—www.mcgrawhillcreate.com—today and begin building!
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Instructors: Student Success Starts with You

Tools to enhance your unique voice 65%

Want to build your own course? No problem. Prefer to use an OLC- .
aligned, prebuilt course? Easy. Want to make changes throughout the Less Time
semester? Sure. And you’ll save time with Connect’s auto-grading too. Grading

Affordable solutions, E_f,?
added value |

Make technology work for you with

LMS integration for single sign-on access,
mobile access to the digital textbook,
and reports to quickly show you how
each of your students is doing. And with
our Inclusive Access program you can
provide all these tools at a discount to
your students. Ask your McGraw Hill
representative for more information.
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Study made personal

Incorporate adaptive study resources like

SmartBook® 2.0 into your course and help your

students be better prepared in less time. Learn @
more about the powerful personalized learning

experience available in SmartBook 2.0 at
www.mheducation.com/highered/connect/

smartbook

Solutions for %
your challenges

A product isn’t a solution. Real

solutions are affordable, reliable,

and come with training and

ongoing support when you need it

and how you want it. Visit www.
supportateverystep.com for videos

and resources both you and your

students can use throughout the
semester.

Checkmark: Jobalou/Getty Images

@ 0412/21 6:23 PM



® FINAL PAGES  -ag aptara | .

QA
Students: Get Learning that Fits You
Effective tools for efficient studying
Connect is designed to help you be more productive with simple, flexible, intuitive tools that
maximize your study time and meet your individual learning needs. Get learning that works for
you with Connect.
StUdy anytime, anywhere “I really liked this app—it
Download the free ReadAnywhere app and access made it easy to study
your gnllne gBook, SmartBoqIf 2.0, or Adaptwe . when you don't have your
Learning Assignments when it’s convenient, even if . v
you're offline. And since the app automatically textbook in front of you. @
syncs with your Connect account, all of your work is - Jordan Cunningham,
available every time you open it. Find out more at Eastern Washington University

www.mheducation.com/readanywhere

Everything you need in one place

Your Connect course has everything you need—whether
reading on your digital eBook or completing assignments
for class, Connect makes it easy to get
your work done.

Calendar: owattaphotos/Getty Images

Learning for everyone

McGraw Hill works directly with Accessibility
Services Departments and faculty to meet the
learning needs of all students. Please contact
your Accessibility Services Office and ask them
to email accessibility@mheducation.com, or visit
www.mheducation.com/about/accessibility

for more information.
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Introduction to Materials
Science and Engineering

(Source: NASA) (Source: NASA/Ben Smegelsky)

ne of the most exciting proposed NASA missions is the human journey to Mars

by the 2030s. The scientific questions that can be answered by actual human
presence on Mars are too numerous and very exciting. A convoy of three NASA orbit-
ers and two active rovers are already functioning on and around Mars to gather more
information about the Red Planet in order to pave the way for future manned explora-
tions. NASA engineers, together with U.S. aerospace companies such as Lockheed
Martin, are putting together the Space Launch System (SLS) rocket that will take the
Orion spacecraft on its manned Mars mission. Consider the technologies and the engi-
neering knowledge needed to build the Orion spacecraft and complete such a mission.
Following are some of the engineering and materials-related issues considered by
NASA and Lockheed Martin in manufacturing the spacecraft.

Pressure testing: The Orion capsule, called the “birdcage,” has an underlying welded
metallic structure that must contain the atmosphere for the crew during launch, space
travel, reentry, and landing. The capsule will provide living space for the astronauts and
must withstand the loads sustained during launch and landing. It is crucial that the struc-
ture be able to withstand the maximum internal pressurization needed for the journey.
‘What metal would be suitable for the underlying structure? What properties should it have?

Tile bonding: During reentry, the Orion spacecraft will enter Earth’s atmosphere
at speeds of 25,000 miles per hour and will be exposed to very high temperatures
exceeding S000°F. The “birdcage” of Orion, discussed above, cannot function at such
high temperatures and requires a thermal protection system. NASA will use about
1300 ceramic tiles to protect the capsule in addition to a heat shield. Why use ceramic
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LEARNING OBJECTIVES

By the end of this chapter, students will be able to 5. Evaluate how much you know and how much

1. Describe the subject of materials science and TR & mef Lawey Abor; el

engineering as a scientific discipline. 6. Establish the importance of materials science

% it e primny cesseziion of meiels and engineering in the selection of materials for
various applications.

3. Give distinctive features and charactersitics of

each group of materials.

4. Name various material from each group. Give
some applications of different types of materials.

tiles? What properties do they possess that makes them attractive as a thermal protec-
tion system? What is the heat shield made of? What characteristics should it have?

Flight systems and subsystems: For Orion to function and communicate, it needs
its avionics. This includes electrical power storage and distribution, thermal control @
systems, cabin pressure monitoring, communication command, data handling, guid-
ance, navigation and controls, propulsion, and computers. The slew of sensors and
actuators needed for the these operations require the use of advanced electronics mate-
rials. What are the applications of electronics materials in space travel? Why are such
materials crucial to the success of the mission?

Vibration tests: The Orion spacecraft will encounter vibrations due to interaction
with Earth’s atmosphere. It is crucial that the spacecraft be able to withstand such
vibrations, and all systems, structural or electronic, must function under extreme condi-
tions. NASA tested the Orion capsule using two electromagnetic shakers and exposed
it to vibration frequencies ranging from 5 Mhz to 500 Mhz. What strategies for vibra-
tion dampening could be used? What materials would be beneficial for dampening
vibration?

These are only some of the questions, tests, and considerations that NASA and
Lockheed Martin engineers make in manufacturing of this complex system. Can you
think of other issues that need be considered? What is the role of materials science and
engineering in answering those questions? m

1.1 MATERIALS AND ENGINEERING

Humankind, materials, and engineering have evolved over the passage of time
and are continuing to do so. All of us live in a world of dynamic change, and materials
are no exception. The advancement of civilization has historically depended on the
improvement of materials to work with. Prehistoric humans were restricted to naturally
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