Materials

Gy SEEINE TG P'r’ocessmg

International Matenals Frontier Series

@

 E—

Lorraine F. Francis

SERLANINNEYS

rocessing of Metals,

s/ ENhR

G & G i i

www.csupress.com.cn




Materials
Bimi R ENE A Processing

International Materials Frontier Series

Lorraine F. Francis

$E. BRNRSMINIRE

Materials Processing:
A Unified Approach to Processing of Metals,

Ceramics and Polymers

GBS

y www.csupress.com.cn




BBERSFE (C1 P ) HiE

R, BEMBEYRIM T Ik, #3507 (F)E2L -
(Lorrainé F. Francis) 2. — Kb g A2e it , 2017.9

ISBN 978 —7 —5487 -3019 -4

O£ LO%- M.OEBMT %X QWE —4=T2—
P QRAEY— T —33c V. DTG @TQ174.6 BTQ31

Hh FE A AR CIP ol A% 5 (2017) £ 239001 5

R, BEMRSWHIMIGE

JINSHU, TAOCI HE JUHEWU DE JIAGONG FANGFA

Lorraine F. Francis 3%

ORERE 1
OSEES Hatm
COHARET F ok digat

ik KT E L H% W45 . 410083

K474 b, 3% . 0731 — 88876770 # A . 0731 - 88710482
CE % b A S A RN
OF A& 720 x1000 1/16 [JEP% 39.25 [1%2% 1017 T
CBR & 2017489 A% 1l [I2017 459 A% 1 YENR
e = ISBN 978 -7 —5487 —3019 -4
O #t 186.00 ¢

P 5t BRI, 15 22 4 R el 46t



Materials Processing

A Unified Approach to Processing of Metals,
Ceramics and Polymers

Lorraine F. Francis
University of Minnesota

With contributions from

Bethanie ). H. Stadler

University of Minnesota

Christine C. Roberts

Sandia National Labs

AMSTERDAM e BOSTON e HEIDELBERG ¢ LONDON
NEW YORK ¢ OXFORD e PARIS ¢ SAN DIEGO
SAN FRANCISCO e SINGAPORE s SYDNEY e TOKYO

Academic Press is an imprint of Elsevier




F:18 —2017 — 164 5

Materials Processing: A Unified Approach to Processing of Metals, Ceramics and Polymers

Lorraine F. Francis

ISBN: 9780123851321

Copyright (©) 2016 by Elsevier Inc. All rights reserved.

Authorized English language reprint edition published by the Proprietor.

Copyright © 2017by Elsevier ( Singapore) Pte Lid. All rights reserved.

Elsevier ( Singapore) Pte Ltd.
3 Killiney Road
#08 —01 Winsland House I
Singapore 239519
Tel: (65) 6349 —0200
Fax. (65) 6733 - 1817
First Published <2017 >
<2017 > AP R

Printed in China by Central South University Press under special arrangement with
Elsevier ( Singapore) Pte Ltd. This edition is authorized for sale in China only,
excluding Hong Kong SAR, Macao SAR and Taiwan. Unauthorized export of this
edition is a violation of the Copyright Act. Violation of this Law is subject to Civil and
Criminal Penalties. ‘

A I IGEENRH Elsevier (Singapore) Pte Ltd. £ B A% i ilkE7E [
KEGBENIME KAT o AWULRAE T EBE N (A EEEE . R GE) HiREAR
e, Rz min, WAEREFERE, K32 RE LS ERZHE.

A EENGA Elsevier Bifhtnss, TohrssE A8



SEat by

ABEENA IR . MR MREY) =FoRn T a9 3 A 5
B, FHEHRIN TR SRR TZRNMA, EEAN
FALFEARHIN AR | JFRDRE SR T E 2k . BRI R
kS LS

A AR G — o3 K LRI T RO ARIE B 699 Bk 7S . X
Fhor A B FHRARBM AL EANME, FPEIMTTZ
FIY A K 2 (] BRI AR

AGA bR B S FTRAPTAR, TRERARME
M, el 4 R @ SRR MR, B EFMET U EENS
4



EE /T

Lorraine F. Francis [+, 3¢E ek K¥4HZ, 70
MR KRR 25 R4F, FERRFTMRRZE. WEMESHE
AR B R2E S5 T, B E AR ARG T R o 45 4 i 4
il o 1985 4FFK75 3 (5 BT IR fs B 1 K 2 401 24 M 57 Pl e 2 B 2+
AL, 1987 AEFRAS K ER AR K E B - TR E L
BB+, 1990 4E3K75 € E PRI K FEE N - T m
BE A0,



FF

HHBIEHRRESIRABNANXBERERZ—
MRWEH T AL EM (R EEN, H, BAAL)HYE
B, AT s REAXRAHMLIEE, flp, AEH I L (D
A RELEER, ATRELENERER. RZFHK, #
HOZMEMBAEHAXR T EMIHREGZRE, i, HA
HREMEERELTE, TEETRE )5 Rsh o k% 1F (0
k), CEFEERAEA RS RS WERLRE(DFERE
WHARBE), MIT-ZMH-MHENHIXR) ZFETERTEHS
Ha, MIMRERAFRENBREEEA, M HEENR
WEXEE, Elk, AWM TERATARED T FHEL
H-HEXR, RAREBRSRITNEZTLART L.

AN BRI ERRE, FEFRMAREE RN
RARBERAGKIZHY . REWLAFFERERAHET, @
ER T EAMSARARLERD T L PHEH, XUBADTIH
FRAIZ(WLRWODARE)MF AN ME T Z(WE IR
TZ,H3D4TH). AFSRATIXEZREIRHAKBR(HLE.
MEMREH) MM IEARE, AFRXANE -2 XERET
TR A EIRRS. i, XTBERE"HETHRITLE
R GRENERTAREALBEEREER S WiE 5 R A+
WML o XA KA B TR AR &/ B A AR,

AL HEMHBFE IRAMRFRG AR EEM . TAT
MRAFSIREYHNTTRE, UABRS, WEFPLFR
BW¥E, BRAETFAXFHFNERDR, flw, RERLE
TERGERR, AFTEEAFEAF - FRAL-FRFLENR
BHFE, AAAEBFRLEN BN RE, AREFLI TE
b BEASY REL R Ea, FA A EARLSHER,

ABEXDHATE, £ 1 EMNBH BT H RO, Kk
2. MEAMRGYH M, &2 FRTA T v T8y F 4K 64 %]
& RHRERE. ARS ERQFNAARMMIITE, REZL



2 Materials Processing

HREMBERT 28 BEE, Bk, BRE, 2 RERFE
MEURAME. EENMTERERE(ALRE) ERAE
fid, BEQEMRMELEIREARENIEL, TZHL2EH
TEWR, AN T AL, BE(RELENUSHX
Wk ST I A R



Materials Processing

A Unified Approach to Processing of Metals,
Ceramics and Polymers



Academic Press is an imprint of Elsevier

125, London Wall, EC2Y 5AS.

525 B Street, Suite 1800, San Diego, CA 92101-4495, USA

50 Hampshire Street, 5" Floor, Cambridge, MA 02139, USA

The Boulevard, Langford Lane, Kidlington, Oxford OX5 1GB, UK

Copyright © 2016 Elsevier Inc. All rights reserved.

Chapter 6: Copyright © 2016 Elsevier Inc. All rights reserved. The contributions made by
Ms. Christine Cardinal Roberts is under Sandia Corporation, Contract No. DE-AC04-94AL85000

No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher. Details on how to seek
permission, further information about the Publisher’s permissions policies and our arrangements
with organizations such as the Copyright Clearance Center and the Copyright Licensing Agency,
can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the
Publisher (other than as may be noted herein).

Notices

Knowledge and best practice in this field are constantly changing. As new research and
experience broaden our understanding, changes in research methods, professional practices,
or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in
evaluating and using any information, methods, compounds, or experiments described herein.
In using such information or methods they should be mindful of their own safety and the safety
of others, including parties for whom they have a professional responsibility.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors,
assume any liability for any injury and/or damage to persons or property as a matter of products
liability, negligence or otherwise, or from any use or operation of any methods, products,
instructions, or ideas contained in the material herein.

ISBN: 978-0-12-385132-1

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

Library of Congress Cataloging-in-Publication Data
A catalog record for this book is available from the Library of Congress.

For Information on all Academic Press publications
visit our website at hitp://store.elsevier.com/

% Working together
—AMB (; orow libraries in

Book Aid  developing countries

www.elsevier.com » www.bookaid.org



Dedicated to Mark and Carolyn



Preface

Materials processing is recognized as one of the four key components of the
field of Materials Science and Engineering (MSE). How a material is made
into its final form has great importance to a material’s structure (i.e., crystal
structure, phases, microstructure) and therefore to its properties and perfor-
mance. For example, cold deformation processes, such as rolling, increase
the dislocation, density and hence the yield strength of metals. The reverse is
also true: a material’s structure and properties determine its ability (or inabil-
ity) to be processed easily by a given method. For example, the viscosity of
a typical polymer melt is too high for forming operations involving gravity-
driven flow, such as melt casting, but is well suited for processes involving
pressure-driven flow, such as extrusion and injection molding. Processing-
structure-property interrelationships abound in all types of engineering mate-
rials. Processing also plays a significant part in determining the cost of the
final item, and is central to materials selection and design. Hence, the study
of materials processing builds naturally from a base understanding of
structure-property relationships and is an essential component of materials
selection and design.

This book introduces the fundamentals of materials processing. The area
is broad both in the scientific and engineering principles and in the details
involved in the practical processes. The intent here is not to cover all the
details, but to explore fundamental concepts and show their application in
example processes. The examples range from traditional processes, such as
sand casting of metals, to newer additive processes, such as fused deposition
modeling (i.e., 3D printing). The book covers processing fundamentals that
apply to the three main classes of engineering materials: metals, ceramics,
and polymers. The unified approach used here considers processes in catego-
ries according to their state of matter as the new shape is formed. For exam-
ple, the chapter on “melt processes” explores the fundamentals aspects of
melt flow and solidification and applies them to processes such as metal -
melt casting and polymer injection molding. This approach lends itself to
exploration and application of prior knowledge.

The book is intended for undergraduates in MSE and related fields.
Students who have completed an introductory materials science and engi-
neering course, as well as calculus, physics, and chemistry courses have the
background needed for this book. For example, the book could be used in a
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course offered in the junior or even the sophomore year directly after these
prerequisites are completed, or in a course for seniors as a capstone.
Graduate students and practicing engineers may also find this book useful to
broaden their knowledge base and add to their understanding of fundamental
concepts.

There are seven chapters in this text. The first chapter introduces the field
of materials processing and provides an overview of the processing of
metals, ceramics, and polymers. The second chapter deals with the prepara-
tion, formulation, and characterization of the starting materials for proces-
sing. The remaining chapters are devoted to different processing routes.
These routes are grouped by the nature of the material as the final form is
created: melt, solid, powder, dispersion or solution, and vapor. Important
post-processing operations, such as sintering, are integrated into these
chapters. Each chapter includes sections dealing with scientific and engineer-
ing fundamentals, followed by sections on the processes, including descrip-
tions, analytical approaches to process modeling and worked examples. Each
chapter ends with a bibliography, review questions, and problems.
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