Materials Science and
Engineering Properties

Charles M. Gilmore




] ]
Materials Science and

Engineering Properties

Charles M. Gilmore
George Washington University

~ + CENGAGE
i* Learning

Australia « Brazil « Japan « Korea « Mexico « Singapore » Spain « United Kingdom « United States



~ » CENGAGE
1%~ Learning

Materials Science and Engineering Properties
Charles M. Gilmore

Publisher: Timothy Anderson
Senior Developmental Editor: Mona Zeftel
Senior Editorial Assistant: Tanya Altieri

Senior Content Project Manager:
Jennifer Ziegler

Production Director: Sharon Smith
Media Assistant: Ashley Kaupert
Rights Acquisition Director: Audrey Pettengill

Rights Acquisition Specialist, Text and Image:
Amber Hosea

Text and Image Researcher: Kristiina Paul
Manufacturing Planner: Doug Wilke
Copyeditor: Patricia Daly

Proofreader: Harlan James

Indexer: Shelly Gerger-Knechtl
Compositor: MPS Limited

Senior Art Director: Michelle Kunkler
Internal Designer: MPS Limited

Cover Designer: Rose Alcorn

Cover Image: © cybrain/Shutterstock;
© Goran Kapor/Shutterstock;

© XYZ/Shutterstock;

© averole/Shutterstock

Printed in Canada
1234567 181716151413

© 2015 Cengage Learning

ALL RIGHTS RESERVED. No part of this work covered by the copyright
herein may be reproduced, transmitted, stored, or used in any form

or by any means graphic, electronic, or mechanical, including but not
limited to photocopying, recording, scanning, digitizing, taping, web
distribution, information networks, or information storage and retrieval
systems, except as permitted under Section 107 or 108 of the 1976
United States Copyright Act, without the prior written permission of
the publisher.

For product information and technology assistance, contact us at
Cengage Learning Customer & Sales Support, 1-800-354-9706.

For permission to use material from this text or product,
submit all requests online at www.cengage.com/permissions.
Further permissions questions can be emailed to
permissionrequest@cengage.com.

Library of Congress Control Number: 2013948649
ISBN-13: 978-1-111-98860-9
ISBN-10: 1-111-98860-9

Cengage Learning

200 First Stamford Place, Suite 400
Stamford, CT 06902

USA

Cengage Learning is a leading provider of customized learning solutions
with office locations around the globe, including Singapore, the United
Kingdom, Australia, Mexico, Brazil, and Japan. Locate your local office at:
international.cengage.com/region.

Cengage Learning products are represented in Canada by
Nelson Education Ltd.

For your course and learning solutions, visit
www.cengage.com/engineering.

Purchase any of our products at your local college store or at our
preferred online store www.cengagebrain.com.

Unless otherwise noted, all items © Cengage Learning.



[eI2WUON

[eloWIwag

“W/3 ut 1S e oIe sassed ‘w3 (0 ul 1e spinbi| pue sprjos - 3 00¢ 1€ Ansuaq

3 ur axmerodwa) SunpE

“1omo] s1 a1rnjeradwa) 1AdydIyM ‘qutod Furjow oy} 10j 10 M G 867 10J o€ [ ] UI San[eA “UIA[IY 019Z 10J 1B A Ul ABISUI 2AISYOD)
K1Anegauonds[g

'0d0)0SI 2[qe)S 1SOW ) 10J o1® () UL SAN[BA SSBUL OIWOTY

Joquinu JIwoly

juaway

gIIA  g0A  §IA 8A  8Al €I VII VI
SJudWdPA Ay} jo sansadoad pue 3qe) dipoLdg

0 VIIA VIA VA VAl VI ql1l a1  dIIA



%
<
o,
2
R
G
)
o
o
-
Q
=
®
0
2
g
g
o
=
e
-18]
o
E-|
-
Q
-
o
=
)
]
k=1
b
)
9]
-
Q
=1
=}
<
P
£
-
izl
I
£
=
[
g
2
=
Z
<
=
(]
s
Q
£
‘(I)
=
5
E
=
a
=
L
g
2
(5]
(5]
<
=
S~
p—
-




Materials Science and

Engineering Properties







This book is dedicated to the
important women in my life: To
my wife Charlotte and to the
memory of my mother Ruth.



ABOUT THE AUTHOR

© George Washington University

Charles M. Gilmore is Emeritus
Professor of Engineering and Applied
Science at the George Washington
University. He obtained his B.S. and
M.S. degrees in Engineering Mechanics
at the Pennsylvania State University
and his Ph.D. in Engineering Materials
from the University of Maryland. He
was employed by the Department of the
Navy and the U.S. Naval Research Lab
from 1963 to 1971. In 1971 he joined
George Washington as an assistant
professor. In addition to the position
of professor, he was Chairman of the
Department of Civil, Mechanical, and
Environmental Engineering. In the
School of Engineering and Applied Science he served as Associate Dean for Research and as Acting
Dean. He developed the graduate program in materials science within the department and was responsible
for the undergraduate courses in materials science and materials engineering. Dr. Gilmore was selected
as an outstanding teacher by the ASCE student chapter. He is a member of the Sigma Tau and Tau Beta
Pi honorary engineering fraternities, where he was an advisor for the George Washington chapter of Tau
Beta Pi. He served as co-director of the George Washington University Institute for Materials Science
along with Professor David Ramaker of the Department of Chemistry. Dr. Gilmore’s research resulted
in over 50 refereed publications on molecular dynamics simulation and experiments on the growth of
thin films, fatigue and fracture of metals, and x-ray crystallography. Awards for his research include the
George Kimball Burgess Award from the American Society for Metals Washington D.C. chapter and an
Outstanding Paper award from the Materials Science and Technology Division of the Naval Research
Lab. He served as an officer of the Washington D.C. chapter of the American Society for Metals and was
the chapter chairman in 1984-1985.



PREFACE

Purpose

The purpose of this textbook is to provide students and instructors with a materials science and
engineering properties textbook with sufficient scientific basis that engineering properties of materials
can be understood by students. For example, without an understanding of enthalpy, entropy, and Gibbs
free energy students are not be able to understand why there are so many different metal microstructures,
why water and alcohol mix, but water and gasoline do not mix, and why there are so many different
types of phase diagrams. Internal energy, enthalpy, entropy, and Gibbs free energy are carefully developed
so that a student without a course in thermodynamics can understand the discussion. However, it is
recommended that students have completed an undergraduate course in university physics. The book
discusses entropy as possible arrangements of atoms and molecules. In this way students can visualize
entropy. The visualization of entropy as possible arrangements of atoms or molecules should help
students understand entropy when it is used in thermodynamics courses to explain why heat engines
are not 100% efficient. Energy is used as a unifying theme throughout the book to explain engineering
properties such as melting temperature, thermal expansion, diffusivity, fracture, corrosion, and creep.
The energy of electrons and holes, the Fermi energy, and energy level diagrams are used to explain the
conductivity of materials and the operation of electronic and photonic devices such as diodes, lasers,
solar cells, and light emitting diodes.

Organization

The textbook uses an integrated approach to treating the engineering properties of ceramics, metals, and
polymers. The science of most engineering properties is the same for ceramics, metals, and polymers. For
example, the equation for the entropy of mixing metal atoms is similar to the entropy equation for the
mixing of polymer long chain molecules. Therefore, the mixing of metal atoms is covered in the same
chapter as the mixing of polymers. The equations for the fracture of ceramics, metals, and polymers
are all the same. Therefore, fracture of ceramics, metals and polymers is treated in the same chapter, and
the differences in resistance to fracture are explained by the differences in chemical bonding. The change
in the energy bands of both pr-junctions and a metal-polymer-metal junctions resulting from an applied
voltage allows students to understand the operation of diodes and solar cells made from these different
materials. Therefore, the electrical properties of metals, ceramics, and polymers are covered in the same
chapter. If students understand the science behind the engineering properties and the differences in
bonding between ceramics, metals, and polymers they can understand why these different materials have
different engineering properties.

Textbook

The textbook focuses on materials science and applications to mechanical properties. Students and
instructors interested in the mechanical properties of materials are also those most likely to be interested
in a treatment of materials science that includes entropy and Gibbs free energy.

The introductory Chapter | presents a brief history of the development of materials and of the
science necessary for the understanding of materials, the classes of materials, and an introduction to the
experimental techniques available to analyze materials. Chapter 1 also presents several interesting case
studies of materials applications, such as the use of shape memory alloys for coronary stents. Chapters 2
to 5 cover materials science subjects necessary for the understanding of the structure, microstructure, and
engineering properties of materials. Chapters 6 to 14 cover mechanical properties of materials, how to
make strong solids, mechanical properties of engineering materials, the effects of temperature and time

xxiii
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on mechanical properties, electrochemical effects on materials including corrosion, electroprocessing,
batteries, and fuel cells, fracture and fatigue, composite materials, material processing, and material
selection for mechanical design. Chapter 15 is a more advanced treatment of experimental methods than
is presented in the introduction.

Supplementary Web Content

Chapters 16, 17, and 18 on electrical, magnetic, and photonic properties of materials, respectively, are
posted on the accompanying website. These chapters present more advanced coverage of these topics
than is presently available in other materials science and engineering textbooks. There are also chapter
appendices on the website that contain the derivations of equations and advanced subjects related to the
textbook.

Chapter Organization

Each chapter begins with a photograph and description intended to arouse interest in the subject matter
of the chapter. A list of goals tells the student and instructor what is to be accomplished. An introductory
section describes why the subjects in this chapter are important and presents background and historical
information. Scientific background necessary to understand the chapter is covered first followed by the
discussion of engineering properties and applications. Example problems are included throughout the
chapter. Figures and graphs are extensively included to provide students with a visual impression of
the subjects. A summary covers the main points presented. There is a list of authors for supplemental
reading, and a complete list of references in the back of the book.

Chapter Problems

Each chapter provides homework questions to test the student’s grasp of the concepts in the chapter.
Multiple choice questions are patterned after those in the Engineer in Training exam. An additional set
of problems allows for analysis of concepts in the chapter. Design problems and questions are included
where appropriate.

Audience and Prerequisites

The textbook is appropriate for a 3 credit course in materials science and engineering for sophomore
or junior students in engineering or applied science with an emphasis on mechanical properties. The
text with appendices of advanced subject material and chapters on electrical, magnetic, and photonic
properties of materials is appropriate for more advanced study such as honors courses, higher credit
courses, or an introductory graduate course for students that did not have an undergraduate course
in materials science. It is assumed that students have completed university level chemistry and physics
that includes chemical bonding, an introduction to quantum mechanics and quantum numbers, and
an introduction to thermodynamics. These subjects are covered in sufficient detail in the text that a
student can learn these subjects in this course, but it is recommended that students cover these subjects in
prerequisite courses. A course in differential and integral calculus is essential.

Supplements for Students and Instructors

The website includes derivations of equations, additional advanced subject matter, and additional
chapters on electrical, magnetic, and photonic properties of materials. The website also provides links to
videos produced by the National Science Foundation and other organizations on subjects such as careers
in materials science and engineering, the discovery of new materials, and the processing of materials to
produce unique products.

Supplements for Instructors
In addition, the instructor’s website provides a Solutions Manual with the answers to all questions and
complete solutions to all problems, PowerPoint slides of all figures, and PowerPoint lecture slides.
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MindTap Online Reader and Course

In addition to the print version, this textbook is also available online through MindTap, a personalized
learning program. Students who purchase the MindTap version will have access to the book’s MindTap
Reader and will be able to complete homework and assessment material online, through their desktop,
laptop, or iPad. If your class is using a Learning Management System (such as Blackboard, Moodle, or
Angel) for tracking course content, assignments, and grading, you can seamlessly access the MindTap
suite of content and assessments for this course.

In MindTap, instructors can:

® Personalize the Learning Path to match the course syllabus by rearranging content, hiding sections,
or appending original material to the textbook content

Connect a Learning Management System portal to the online course and Reader

Customize online assessments and assignments

Track student progress and comprehension with the Progress app

Promote student engagement through interactivity and exercises

Additionally, students can listen to the text through ReadSpeaker, take notes and highlight content for
easy reference, and check their understanding of the material.
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