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PREFACE TO THE ADAPTED EDITION

Materials play a very important role in the development process. Materials define all
eras such as Stone Age, Iron Age, Bronze Age and the contemporary Smart and Nano-
materials Age. The materials scenario is fast changing and development of new
materials are being reported very rapidly. These developments are taking place so as
to meet the ever-increasing demand for newer and better quality products, greater
efficiency, increased service life and stringent reliability requirements. In view of
these requirements of today’s technological society, the importance of the knowledge
of materials science and engineering has increased considerably. Fast computers,
prostheses and implants, supersonic aircrafts, space shuttles, long-range surface-fo-
surface, air-to-air and  surface-to-air missiles, satellites and  televisions,
teleconferencing, etc., would not have been possible but for the development of newer
materials having low density (light materials), high strength and high stiffness,
frictionless surfaces, corrosion resistance, very low wear, etc,

Hence, proper exposure of students to the field of Materials Science and
Engineering is a must. The present book Materials Science and Engineering is
primarily meant to provide the students with a strong foundation for better
understanding of the structure and property relationship in materials, understanding
mechanical behaviors such as fatigue behavior, fracture behavior, creep behavior,
deformation behavior, corrosion behavior; and processing and performance of
materials, engineering and biomedical applications of materiais, etc.

Whenever a part or product has to be developed or designed, the first step is always
proper selection of the material to be used. A wide choice of materials such as metallic
materials, polymeric materials, ceramic materials, composite materials, electronic
materials, biomaterials, smart materials, nano-materials, etc., are available to a design
engineer and proper selection of a material would be possible only if there exists
proper understanding of various materials, All these materials as well as topics such as
buckyball, carbon nanotubes, MEMS (micro-eleciro-mechanical systems), etc., are
duly covered in this book.

Details of experimental techniques used for identification and characterization
purposes as well as those technigues which are used for mechanical testing of various
materials are properly described. Description of non-destructive testing (NDT)
techniques also finds due place for the benefit of students.

The present book provides details of topics such as hydrogen embrittiement,
ductile-to-brittle transition and in-service embrittlement, stress corrosion cracking,

XY



xvi Preface to the Adapted Edition

cathodic and anodic protection methods for corrosion control, fracture modes and
fatlure theories, biomedical applications of engineering materials and important
properties of selected materials.

A number of solved numerical problems have been included in the book to help
the students in their learning and understanding process. Alse, a number of unsolved
numerical and descriptive problems have been given at the end of every chapter for
developing problem-solving skills, Answers to selected problems have also been
provided. In accordance with the present engineering practices and contemporary
technological requirements, SI units have been used throughout the beok.

One chapter on Opticat Properties and Superconductive Materials and the other
chapter on Magnetic Properties have been upioaded at the website for the book.
Students interested in these topics may use the foliowing link to reach this dedicated
site.

http:/fwww.mhhe.com/smith/ms4esi

RAVI PRAKASH

June 11, 2008



PREFACE

aterialy Science and Engineering, Fourth Edition, is designed for a first
| cowse in materials science and engineering Tor engineering students,
L. Understanding that this might be a student’s first exposure to materials sci-
ence, lhe book presents essential topics in a clear, concise manner, withoul extrane-
ous details to overwhelm newcomers, Industrial examples and photographs used
throughout the hook give students a look at the many ways material science and
engineering are applied in the real world,

NEW FEATURES OF THE FOURTH EDITION

In addition to its already renowned student-friendly writing style and applications (o
industry, the fourth edition offers new features including a thorough coverage of
modern materials science topics that prepare students for life outside the classroom.
The new sections ave: '

B New reference to smart materials/devices, MEMs, and nanomaterials {1.1)
B New reference to superalloys and their biomedical applications (1.3)

B Added discussion of engineering plastics and appiications in automobiles
{(1.3.2)

B Added discussion of engineering ceramics and applications {1.3.3)

B Added discussion of composite materials (1.3.4)

B New coverage of smart materials and nanomatesials (1.5)

B New section featuring a simplified case study in selection of materials for the
frame and forks of a bicycle (1.6)

® New coverage of amorphous materials was added in Chapter 3
Added references 10 ong and short range order (SRO also known as amorphous
materials) (3.1}

B Chapter 4 has been split into chapters 4 and 3 for the fourth edition so diffu-
sion can be covered in a stand-alone chapter

B Coverage of microscopes added to the end of Chapter 4

B Added coverage of planar defects and twin boundaries (4.4.3)

B New section on volume defects {(4.4.4)

B New section on experimental techniques for identification of microsiructure
and defects (4.5)

B Added coverage of fine-grained metals and the Hali—Petch equation in

Chapter 6

xvii



xviii Preface

B New case study in failure and coverage of recent advances in improving
mechanical performance in Chapter 7

B Added coverage of failure and fracture of metals (7.1)
B New section on ductile-to-brittle transition temperature (7.1.4)

B New section on recent advances and future directions in improving the
mechanical performance of metals (7.7)

B New coverage of cooling curves in Chapter 8
B Added coverage of intermediate compounds (8.11.1)

Three new sections devoted to advanced alloys and their application in
biomedical engineering have been added to Chapter 9

New section devoted to biomedical applications of polymeric materials added
to Chapter 10

New section with coverage of bucky balls and carbon nanotubes (11.2.12)
New section on ceramic coatings and surface engineering (11.9)

New section on ceramics in biomedical applications (11.10)

New section on nanotechnology and ceramics (11.11)

New section on bone: a natural composite material (12.11)

New section on hydrogen damage (13.5.11)

New section on nanoelectronics (14.9)

New appendix featuring extensive materials properties reference

Other New Features:

B Learning objectives have been added to every chapter
B Icons have been added to highlight the supplemental media resources
B Many new chapter openers and interior photos are included

Retained Features:

B Over 1200 end-of-chapter problems and over 180 materials selection and
design problems are offered

B Over 140 example problems

Modern applications of materials

B A concise, readable style is used throughout; readers are given understandable
explanations without excessive detail

Online Learning Center

Web support is provided for the book at the website. Visit this site for book and
supplement information, errata, author information, and resources for further study
or reference.
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Gregk Alphabet
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Zeta 14 z Sigma Iod z
Eta 7 H Tau T T
Theta a ® Upsilon v Y
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Lambda A A Psi o R4
Mu e M Omega w 0

S Unit Prefixes

Mouitiple ; - Prefix Symbaol
10712 pico D
1077 1ano n
1076 micro o
103 milli m
1072 centi c
1671 deci d
10! Deca Da
10% Hecto H
i kila k
10% Mega M
107 Giga G
1012 Tera T

Exampie: | kilometer = 1 km = 10° meters.
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GLOSSARY

A

absorptivity  the fraction of (ke inciden light that is absorbed by & ma-

terial,

accepior levels
lence band.

activation energy  the additonal eneray required above the AvVerage en-
ergy for a thermally activated reaction 10 take place.

advanced ceramics new goneration of ceramics with improved
strength, corrosion resistance, and thermai shock properties, also called
engincering or structural ceramics.

aggregate  inert material mixed with portland cement and wazer 1 pro-
duce concrete. Larger particies are called coarse aggregate {e.g., gravel),
and smaller particles are called fine aggreaate {e.g., sand).

air-entrained concrete  concrete in which there exists a uniform dis-
persion of small air bubbles. About 90 pereent of the air bubbles are
100 pm or fess.

alloy a mixture of two or more melals or & metal (melals) and a non-
melal (nonmwelals).

alnice (aluminum-nickel-cobalt) alloys  a family of permanert mag-
netic alioys having the basic compesilion of Al, Ni, and Co, and about 25
1o 50 percent Fe. A small amount of Cu and Ti is added 10 some of these
alloys. ¢

a ferrite (@ phase in Uie Fe-FesC phase diagram)  an interstitial solid
solution of carbon in BCC iron; maximum solid solubility of carbon in
BCC fron is (102 percent.

amorphous

amorphots metal  metals with a nencrystalline structure also called
glassy metal. These alloys have high elastic strain threshoid.

anion

in the band theory, local energy leveis elose w the va-

tacking in long range alomic order

an jon with a negative charge,

annealing  a heat reatment given o a metal Lo soften L.

annealing  a heal treatment process applied to a cold worked metal to
soflen i

annealing point wt (his temperature stresses in the glass can be re-
ligved,

anode the metal clectrode in an electrolylic cell that dissoives as jons

and supplies electrons (o the external circuil.

anodic protection  the protection of & metal that forms a passive film by
the application of an externally impressed anodic current.

antiferromagnetism  a type of magnetism in which magnelic dipoles
of atoms are aligned in opposite dircetions by an applied magnetic feld
so thal there is no net magnetization,

aramid fibers  fibers produced by chemical synthesis and nsed for fiber-
reinforced plastics. Aramid fibers have an aromatic {benzene ring type)
poiyamide linear siructure and are produced cemmercially by the T
Pont Co. under the trade name of Kevlar.
Arrhenius rate equation  ar empirical equation that deseribes (he rate of
a reaction as a function of temperature and an aclivation energy barrier.
asphalt  a biwmen consisting mainly of hydrocarbons having a wide
range of molecular weights. Most asphalt is obtained from petroleum re-
fining,

asphalt mixes  mixwres of asphalt and aggregate that are used nainly
for road paving.

atactic steresisomer (his isomer has pendant groups of atoms ran-
domiy arvanged along a vinyl polymer chain. Example: atactic
polypropyiene,

atom  the basic unit of an clement that can underge chemical change.

atomic mass unit (1) mass unit based on the mass of exacily 12
for 12C,

atemic number
clement.

atomic orbital  the region in space about the nucieus of an atom in
which an electron with a given set of quantum numbers is most likely 1o
be found. An alomic orbital is also asseciated with a certain energy
level.

atomic packing facter (APE)  the valume of atoms in a selected unit
cell divided by the volume of the unit cell.

austempering  a quenching process whereby o steel in the acstenitic
condilion is quenched in a hot liquid (saly) bath at a temperature just
abave the M, of the steel, held in the bath until the ausienite of the steel
is fully transformed, and then eooled 1o reom lemperatire. With this
process a phain-carbon eutectoid steel can be produced in the fully
bainitic condition,

austenite (y phase in Fe-FeqC phase diagram)  an interstitial solid solu-
tion of carbion in FCC iron; (he maximum solid solubility of carbon in
austenite is 2.0 percent.

austenifizing  heating @ steel into the austenite temperalure range so
that its structure becomes austenite. The austenitizing temperatuze will
vary depending on (e composition of the steel.

Avogadro’s nimmber  6.023 * 10% aoms/mol; the number of atoms in
one relative gram-mole or mole of an element.

the number of protons in the nuclens of an alom of an

hainite 2 mixture of « ferrite and very smalt pariicles of Fo;C patticles
produced by the decomposilion of austenite; a nonlamellar suleeioid de-
composition product of austenite.

bias  voltage applied to two clectrodes of an electronic device.

biodegradable polymer  a type of polymer that is absorbed by the hu-
man body alter it serves its purpose; for instance, absorbable sutures.

biopolymer polymers that are used inside the human body for various
surgical applications.

hipolar junction transistor  a threc-element, two-iunction semiconduct-
ing device. The three basic elements of the (ransistor are the emitier, base,
and coliector. Bipolay junction transistors can be of the npn or pnp types.
The emiter-base junction is forward-biased and the collector-base junction
is reverse-biased so that (the transistor can act as a current amplification de-
vice.

blends  mixture of two or more polymers, also called polymer alloys.

Blistering  atype of damage due to diffusion of atomic hydrogen into ia-
ternal pores in a metal creating high internal pressure resulting in rupture,

blow molding & method of fabricating plastics in which a holow tube
{parison) is forced into the shape of & mold cavity by intemal air pressupe.

body-centered cubie (BCC) unit cell  aunit cell with an atomic pack-
ing arrangement in which onc atem is in contact with cight identical
atoms lecated al the comers of an imaginary cube,
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Behr magneton  the magnetic moment produced in a ferro- or ferri-
magneiic malerial by one unpaired electron withowt interaction from
any others; the Bolr magneton is a fundamental uwnit. 1 Bohr

-3 &
magueton = 9.27 X 1075 A - m,

Bone  the structeral material of the buman body.

bone remodelling  the ability of bone 1o alter its size and structure
hased on external stress.

brittle fracture a mode of fracture charsclerized by rapid crack
propagation. Britde fracture surfaces of metals are usually shiny and
have a granular appearvance,

buckyball alse called Buckminister Fullerene is soccer ball shaped
molecule of carbon atoms {Cgg).

buckytube
together,

bulk polymerization the direct pelymerization of liquid monomer 10
polymer in a reaction system in which the polymer remains soluble in its
OWIL INONOIME.

a tubular structure made of carbon atoms covalently honded

C

cambium  the tissue that is ocated between the wood and bark and is
capabie of repeated cell division.

cancellous (trabecular) bone  the bone material that is porous and soft
comprising the intersal structure of the bone.

capacitance  a measure of the ability of a capaciter 0 store electric
charge. Capacitance is measured in farads; the units commonly used in
electrical eiveuitry are the picofarad () pFf = 107 2Fy and the micro-
farad ¢} P = 107% P

capacitor an electric device consisting of conducting plates or foils sep-
arated by lavers of dielectric naterial and capable of storing electric
charge.

carbon fibers {for a composite material) carbon fibers produced
mainly from palyacryloniwile {PAN) or pitch that are streiched to afign
the fibritlar network swructure within each carbon fiber and which are
heated to remove oxygen, nitrogen, and hydrogen from the starting or
precursor fibers.

cathede  the metal clectrode in an electrolytic eell that accepts electrons.

cathodic polarization  the slowing down or the stopping of cathodic
reactions at a cathode of an electrochemical cell ducta (1) a slow slep in
the reaction sequence i the-metal-clectrolyte interface {ecrivation po-
farization) or (2) a shortage of reactant or accumulation of reaction
products al the metal-electrolyte interlace (concentration polarization).

cathodic protection  {he prolection of ametal by conneeling it 10 a sacri-
figial anode or by impressing a DC vollage to make it a vathode.

cation  an ion with a positive charge.
cementite  the intermetatlic compound FesCr a hard and brinde sub-
stance.

ceramic materials  inorganic, nonmetallic materialy that consist of
melallic and nomnetailic clements bonded together primasily by jonic
and/or covalent bonds.

ceramic materials  materials consisting of compounds of metals and nen-
metals. Ceramic materials ave wsually hard and riude. Examples are clay
products, glass, and pure afuminum oxide that bas been compacted and
densified.

chain polymer @ high-molecular-mass compound whose structure con-
sists of a large number of small repeating units called mers. Carbon atoms
make up most of the mainchain atoms in mest polymess.

chain polvmerization e polymerization mechanism whereby cach
potymer molecule increases in size at a rapid rate once growth has
started. This type of reaction ocewrs in three steps: (1) chain initiation,

(2) chain propagation, and (3) chain wrnination. The name implics a
chain reaction and is nsually initiated by some external source. Exam-
ple: the chain polymerization of ethylene into polbyethylene.

chemically tempered glass  glass that has been given a chemical wreat-
ment 1o inroduce large ions inlo Hs surface o cause compressive
stresses at its swlace.

¢is=1,4 polyisoprene the isomer of 1.4 polyisoprene that has the methyl
group and hydrogen on the same side of the cenal double bond of its
mer. Natural rubber consists mainty of this isomer.

coercive force H, the applicd magnetic field required w decrease the
magnetic induction of & magnetized ferro- or ferrimagnetic material o
Zero.

cold working of metals permanent deformation of metals and alioys
below the temperature at which a strain-free microstructure is produced
continuously {recrystaliization temperature). Celd working causes a
metal 1o be strain-hardened.

collagen  the organic component of the bone.

columnar grains  long, thin graing in « solidified polycrystalline suue-
wre. These grains are fermed in (he inerior of selidified metal ingots
when heat flow is slow and uniaxial during solidification.

composite material  a materials system composed of a mixture or coni-
Bination of two or more micro- or macroconstiluents that differ in form
and chemical composition and are essentially insoluble in each other.

composite materials materials that are mixtures of two or more mate-
rials. Examples are fiberglass-reinforcing material in & polyester or
cpoxy malrix.

compression molding  a thermoset molding process in which a mold-
ing compound (whiclt is usually heated) is firsi placed in a molding cav-
ity. Then the mold is closed and heat and pressure are applied uniit (he
materiad is cured.

concrete {portland cement type)  a mixture of portland cement, fine
aggregale, coarse aggregate, and water.

conduction band  the unfilled energy levels into which elections can be
excited 1 become conductive electrons. In semiconductors and insula-
Lors there is an energy gap between (e fitled lower valence band and the
upper emply conduction band,

continnous-cooling transfermation (CCT) diagram a time-
temperature-transformation diagram that indicates the time for a phase
to decompese into other phases continueusly al different rates of cool-
ing.

cooling curve plols of temp. vs time acquired during solidification of a
imetal, 1t provides plrase change information ag temperataie is Jowered.

coordination number (CN) the nunber of equidistant nearest neigh-
bors to an atem or ion in & unit cell of a crystal structure, Foy example, in
NaCl, CN = 6 since six equidistant C17 anions surround a central Na”
calion.

copolymer a polymer chain consisting of two or more ypes of
menomeric units.

copolymerization the chemical reaction in which high-molecular-
mass molecules are formed from two or more menemers,

cored structure  alype of microstructure that coeurs duving rapid solid-
ification or nonequilibrium cooling of a metal,

corrosion  the deterioration of a material resulting from: chemical attack
by its environment.

corticat (compact) hone

covalent bond  a primary bond resulting from the sharing of electrons.
in most cases the covalent bond involves the overlapping of half-filled
orbitals of twe atoms, It s a directional bond. An example of a cova-
lently bonded material is diamond.

dense bone comprising the outer structure,



ereep  time-dependent deformation of a maierial when subjected 10
constant load or stess.

creep rate  the slope of the creep-time curve at a given time.

critical current density J,  ihe current deasity above witich Supereon-
ductivity disappears.

critical field H, the magnetic field above which superconductivity dis-
appears.

critical radius r* of nucleus  the minimum radivs that a particle of a
new phase formed by aucleation must have to become a stable nucieus,

critical (minimum) radivs ratio  the ratio of the cemral cation 1o that
of the surrcunding anions when ail the surroanding anions just ouch
each other and the central cation.

creep {stress)-rupture strength  the stress that will cause fraclure in a
creep (stress-ruplure) Lest at a given Lime and in a specific environment at
a particular temperature.

critical temperature 7, the temperaure below which a solid shows no
clectrical resistance.

cross-linking  the fermation of primary valence bonds between poelymer
chain molecales. When extensive cross-linking oceurs as in the case of
thermosetting resins. cross-linking makes one supermelecule of all the
aloms.

crystal  asolid composed of aloms, jons, or molecules arranged in o pat-
terns that is repeated in three dimensions.

crystal structure
in space.

crystallinity (in polymers) the packing of molecular chains into a
stereoregular arrangement with a high degree of compaciness. Crys-
tallinity in polymeric materials is never 106 percent and is favored in
polymeric malerials whose polymer chains are symmetrical, Example:
Righ-density pobyethylene can be 95 percent crystalline.

curie temperature  the emperature al which a ferromagnetic material
when heated completely loses its ferromagnetism and becomes para-
magnetic,

curie temperature {(of a ferrocleetric material}  the lemperature at
which a ferroelectric material on cooling underpoes a crystal siructure
change that produces spontancous pelarization in the material. For ex-
ample, the Curie temperature of BaTiQ is 120°C.

a regular three-dimensional pattern of atoms or ions

D

deformation twinning = plastic deformation process that vecurs in
some metals and under certain conditions. In this process @ farge aroup
of atoms are displaced togesher 1o form a region of a melat crystal lai-
tice that is a mirror image of a similar region atong a twinning plane.

degree of polymerization the molecular mass of a polymer chain di-
vided by the molecuiar mass of its mer.

degrees of freedom ¥ the number of variables (lemperature, pressure,
and composition) that can be changed independently without changing
the phase or phases of the system.

diamagnetism  a weak, negative, repulsive reaction of a material 1o an
applied magnetic field; a diamagnetic material has a smal negative
magnelic susceptibility.

dielectric  an elecwrical insulator material.

dielectric constant  the ratio of the expacitance of a capacitor using a
material between (he plates of @ capacitor compared to that of the ca-
pacitor when there is a vacuum between the plates.

dielectric strength  the voltage per unit Jength {electric ficld) al wiich
a dielectric material allows conduclion, that is, the maximum electric
field that a dielectric can withstand willout electrical breakdown.
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diffustvity  amcasure of the rate of diffusion in solids al a constant tem-
perare. Diffusivity D can be  expressed by the  cquation
D= Dge O where O is the activation energy and 7y the tempera-
ture in Kelvins, Dy and £ are constants.

dislocation 4 crystalline imperfection in which a lattice distortion is
centered around a tine. The displacement distance of the atoms wround
the dislocation is cailed the sliv or Burgers vector b, For an edye dislo-
cation the slip vecior is perpendicular (o the dislocation line, while fora
serew distocation the stip vector is parailel 10 the dislocation line. A
mixed disfocation has both edge and screw components,

domain wall energy  the potential energy associated with the disorder
of dipole moments in the wall volune between magnetic demains.

donor levels
band.

dry pressing ihe simultaneous umiaxial compaction and shaping of ce-
ramsic granular particies (znd binder) in a dic.

ductile castirens  iron-carhon-silicon allays with 3.0 10 4.0 percent C and
1.8 10 2.8 percent §i. Duetile cast irons contain large ameunts of carbon in
the form of graphite nodules (spheres) instead of Qakes as in the case of
gray cast iron. The addition of magnesium (about 0,05 percent) before the
tiquid cast iron is poured enables the nodules 1o form. Ductile irons are in
general more ductile (han gray cast irons.

ductile fracture s mode of fracture characterized by slow crack propa-
gation. Ductie fracture surfaces of metals are usually dull with a Gbrous
appearance.

ductile to brittle transition (DBT)  observed reduced ductility and
Tracture resistance of a material when temperasure is low,

in (he band (heary, local energy levels near the conduction

cddy-current energy losses  cieray losses in magnetic materials while
asing alternating Helds; the losses are duee (0 induced currents in the ma-
ierial.

e-glass fibers  fibers made from I (electrical) glass, which is a borosili-
cate ghass and which is the most commonly used glass for fibers for fiber-
glass-reinforced plastics.

clastic deformation i a metal deformed by a force returns to its origi-
nal dimensions after the force is removed, the meal is said 10 be elasli-
cally deformed.

elastomer  « material that at room temperature siretches under a low
slress 1o &l Jeast Lwice its Jength and then quickly returns o almost s
original fength upon removal of the stress.

clectric current the time rale passage of charge through material;
electric current ¢ is the number of coulombs per second that passes a
point in a material. The S unit for electric cwrent is the ampere
(1A = 1 Cfs)

clectric current density J

2 2

amperes/meter® (A/m=).

electrical conductivity o, a measure of the ease with which electric
eurrent passes through a wnit volume of material. Units: (8 mi ™% o,
is the inverse of g,

electrical conductor & material with a high elecirical conduciivity. Sii-
ver is a good conductor and has 2 o, = 6.3 X 1078 - ).

electrical insulator  a material with 2 Jow electrical conductivily. Poly-
cthylene is a poor conductorand has a o = 107 ¥ 1010747 (03 - my~ L

clectrical vesistance B (he measure of the difficuity of clectic cur-
rent’s passage througl a volume of material. Resislance increases with
the length and increases with decreasing cross-sectional area of the ma-
terial through which the current passes. SI unitz o ((2).

the electric current per unit avea. SEamics:
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elecirical resistivity p.  a measure of the difficulty of electric current’s
passage through a wait volume of material. For a volume of material,
pe = RA[I, where R = yesistance of material, ;7 = its length, m;
A = its cross-seclional area, m. in Sl uails, p. o= ohm-meters
{1 - ).

electromotive force series  an arrangement of mesallic elements ac-
cording 10 their stangdard electrochemical potentials,

electron  anegative charge carrier with a charge of 1.60 X 107 e,

electron configuration the distribution of all the electrons in an alom
according 10 their atomic orbitals.

electron shell
nurnber .

electrenic materials  materials used in electronics, especiatly microciee-
trenics. Examples are silicon and gallium arsenide.

embryes  small panicles of a new phase formed by a phase change (e.g.,
solidification) that are noL of eritical sive and that can redissolve.

energy-band model in this model the energies of the bonding valence
electrons of the atoms of a solid form a band of encrgies. For example, the
35 valence electrons in & piece of sodiun form a 3y energy band. Since
there is only one 3s electron (the 3s orbital can cortain twe electrons), the
3senergy band in sodium metal is half-filled.

engineering strain ¢  change in length of sample divided by the origi-
nal length of sample (6 = Al/ly).

engincering stress ¢ average uniaxial force divided by origimal cross-
sectional area (o = F/Ag).

engineering stress-sirain diagram  experimental plot of engincering
stress versus engincering strain; o is normaily plotted as the y axis and
€ as the v axis.

equiaxed grains  grasns that are approximately equal in all directions and
have randon: crystallographic orientations.

equilibrium  a system is said 10 be in equilibrium if no macroscopic
changes take place with time.

equilibrium phase diagram  a graphical representation of the pres-
sures, temperatures, and compositions for which various phases are sta-
ble at equilibrium. It materials science the most commoen phase dia-
grams involve temperalure versus composition.

emectic compesition  (he composition of the liquid phase that reacts to
form two new selid phases al the entectic teniperature.

eutectic point
emperature.

entectic reaction (in a hinary phase diagram}  a phase vansforma-
tion in which all the liguid phase transforms on cocling into two solid
phases isothermally.

entectic lomperature
place. ;

entectold (plain-carbon steel)  u steel with 0.8 percent C.

eutectoid w ferrite o ferrite that forms during the cutecloid decom-
position of austenite; the/ e lerrite in peartite.

cutectoid cementite (FefC) cementile that forms during the eulectoid
decomposition of austetite; the cementite in pearlite.

exchange energy  (he energy assoctaled with the coupling of individual
magnelic dipoles into a single magnetic domain. The exchange energy
can be posilive or negative.

exfrusion  aplastic forming process in which a materiat under high pres-
sure is reduced in cross section by forcing it throngh an opering in a die.

extrusion  (he foreing of softened plastic material through an anifice, pro-
ducing a continucus product, Example: plastic pipe is extruded.

a group of electrons with the same prineipal guantum

the point determined by the eutectic composition and

the temperature at whicl: 2 entectic reaction takes

F

face-centered cabic (FCC) unit cell & unit cell with an atomic pack-
ing arrangement in which 12 atoms surround a central alom. The stack-
ing sequence of layers of close-packed planes in the FCC cryslal strue-
ture is ABCABC. . ..

fatigue Uhe phenomenon leading o fracture under repeated stresses hav-
ing a maximum value less than the ullimate sirengih of the material.

fatigue crack growth rate de/dN  the rate of crack growth extension
caused by constant-amplitude fatigue loading.

fatigue fallure  failure that oceurs when a specimen undergoing fatigue
fraclures into {(wo parls or otherwise has been significanty reduced in
stiffness.

fatigue life  the number of eycles of stress or strain of a specific charac-
ter that a sample sustains befere failure.

ferrimagnetism  a type of magnetism in which the magnetic dipole
moments of different jons of an ionically bonded selid are aligned by a
magneltic leld in an aniparallel manper so that there is a net magnetic
monment.

ferroelectrie material
clectric field.

ferromagnetic material one that is capable of being highly magnet-
ized. Elemental iron, cobalt, and nickel are ferromagnetic materials.

ferromagnefism  the creation of a very large magnetization in a mate-
rial when subjected to an applied magnetic field. After the applied field
is removed, the ferromagnetic material retains much of the magnetiza-
tion.

ferrous metals and alloys melals and alloys that contain a large per-
centage of iron such as steels and cast irons.

fiber-reinforced plastics composite materials consisting of a mix-
wre of a matrix of a plastic material such as a pelyester or epoxy
sirengthened by fibers of high sirength such as glass, carbon, or
aramid, The fibers provide (he high strength and stiffness, and the
plastic matrix bonds the fibers together and supports them.

Fick’s first law of diffusion in solids  the flux of a diffusing species is
proportional ko the concenration gradient al constant lemperature.

Fick’s second law of diffuston in solids  the rate of change of com-
position is cqual 1o the diffusivity times the rate of change of the con-
celilraiion gradient al constanl emperature.

filament winding a process for producing fiber-reinforced plastics
by winding continuous reinforcement previously impregnated with a
plastic resin on a revating mandrel. When a sufficient number of lay-
ers have been applied, the wound Term is cured and the mandrel re-
moved.

filier a low-cost inert substance added Lo plastics o make them less
costly. Fillers may also improve some physical properties such as lensile
strength, bnpact strenglh, hardness, wear resistance, ele.

firing {of a eeramic material} heating a ceramic material (o & high
enough temperature Lo cause a chemical bond 1o form between the par-
licles.

float glass st glass that is produced by having a ribbon ol molten glass
cool 1o the glass-britlle state while floating on the wp of a fa batk of
melten tin and under a reducing atmosphere,

fluorescence  absorplion of light or other energy by s material and the
subseguent emission of light within 1078 5 of excitation.

fluxoid  a microscopic region swrounded by circulating supercurrents in
atype [1 superconductor at ields between M and H,y.

forging a primary processing method for working metals into useful
shapes in which the metal is hanmmered or pressed inte shape.

a material that can be polarized by applying an



forward bias  bias applied to a pn Junction in the conducting direction; in
apn junction under forward bias, majority-carrier electrons and holes flow
toward the junction so that a large current {fows.

frenkel imperfection  a point imperfection in an ionic crystal in which
a cation vacancy is associated wilh an interstitial cation.

functionality the cumber of active bonding sites in a monomer. If the
monomer has two bonding sites, it is said to be bifuncrional.

G

galvanic cell  two dissimilar metals in electrical contact witl an elec-
trofyte.

galvanic (seawater) series an arangement of metallic clements ac-
cording to their elecrochemical potentials in seawater with reference 1o
a standard electrade.

Gibbs phase rule (e statement that at equilibrium the pumber of
phases plus the degrees of freedom equals the number of components
plus 2. P F=C+2 In the condensed form with
pressure == | alm, P+ F = O+ |,

glass  a ceramic material that is made from incrganic materials at high
temperatures and is distinguished from other ceramics in that its con-
stituents are heated 1o fusion and then cooled 1o the rigid condition with-
oul crystalfization.

glass enamel  a plass coating applied (o o glass substrate.

glass-forming oxide an oxide tiat forms a glass casily: also an oxide
that contributes (o the network of silica glass when added to it, such as
3203.

glass reference points (femperatores)

glass transition temperatare (e center of the lesperature range
where a healed thermoplastic upon cocling changes from a rubbery,
leathery staze to that of briltle glass.

glass transition temperature the center of the temperature Fange in
which a noncrystalline sofid changes from being glass-briule 1o being
viscous.

glaze

grain

grain boundary  a surface imperfection that separales crystals (grains)
of different orientations in a polyerystalling aggregate.

grain growth  (he third stage in which new arains start to grow in an
equiaxed manner.

grain-size number a nominal {average) number of grains per unit arca
at a particular magailication.

graphite  alayered streture of carbon atons covalenily bonded to (hree
others nside the layer. Various layers are the bonded through secondary
bonds.

gray castirons iron-carbon-silicon alioys with 2.5 10 4.0 percent C and
1.0 1o 3.0 percent Si. Gray cast irons contain large amounts of carbon in
the form of graphite fiakes. They are easy to machine and have good
Wear resistance.

ground state  the quantum state with the lowest cnergy.

a glass coating applied 1o a ceramic substre.
asingle crystal in a polycrystaliine nggregale.

Hall-petch relationship Yan empirical cquation that relates the
strength of a metal 1o its grain size,

hand lay-up he process of placing (and working) successive layers
of reinforcing material in a mold by hand 10 produce a fiber-rein-
foreed composite material.
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hard ferrites  ceramic permanent magnetic materials. The most impor-
tant family of these materials has (he basic composition MO - Fe,0s,
where M is a barium (Ba) ion or a stomiwm (81} ion, These materials
have a hexagonal strueture and are low in cost and density.

hard magnetic material 2 magnetic material with a high coercive
foree and a high saturation induction.

hardenability  the case of forming martensite in a steel upon quenching
from the austenitic condition. A highly hardenable steel is one that wil)
form maviensite throughout in thick sections. Hardenability should not
be confused with hardness. Hardness is the resistance of a material to
penetration. The hardenability of a steel is mainly a function of its com-
position and grain size.

havdness a measure of the resistance of & material to permanent
deformation.

hardwoed frees  trees that have covered seeds and broad leaves, Exan-
pies are oak, maple, and ash.

heartwood  (he innermost part of (he tee stem thal in the living tree
contains only dead cells.

Heisenberg’s uncertainty principle  (he stazement that it s impossi-
ble o determine acewrately at the same time the position and momentum
of a small panicle such as an elecron.

heterogeneous nucleation {as pertains 1o ke selidification of metals)
the formation of very smail regions (called nueled) of a new solid
phase at the interfaces of solid impurities. These impurities lower the
critical size at a particular lemperatare of stable solid nucled.

hexagonal close-packed (HCP) unit cell  a unil cell with an atomic
packing arrangement in which 12 atoms surround a central identical
aom. The stacking sequence of layers of close-packed planes in the
HCP crystal suractare is ABABAR. . ..

high resolution transmission electron microscope (HRTEM) a
Technigue based on TEM bat with significantly higher resolution by us-
ing significantly thinner samples.

hole

homogeneous nucleation (as pertains (o (ke solidification of metals)
the formation of very small regions of a new solid phase (calied nuclel)
ina pure metal that can grow until sokidilication is complete. The pure
homogeneons metal itself provides the atoms that make up the nuclei,

homogenization  a heat weatment process given W a metal 10 remove
undesirable cored struciures.

homopolymer
unit.

hot working of metals permanent deformation of metals and alloys
abeve the temperature al which a strain-free micrestructure is produced
contineously reerysiallization twemperature).

hybrid orbital  an atomic orbital abtained when two or more nonequiv-
alent orbitals of an atom cembine, The process of the rearrangement of
the orbiwals is cailed hybridizarion.

Irydration reaction  reaction of water with another compound. The re-
action of water with portland eement is 2 hydration reaction.

hydrogel a sofl polymeric material that absorbs water and swells 1o a
specific level.

hydrogen bond  a special type of intermolecndar permanent dipole at-
traction that occurs between a hydrogen atom bonded o a highly clec-
tronegative element (F, G, N, or CI) and ancther atom of a highly clee-
tronegative element.

hydrogen embritement  loss of ductility in a metal due o interac-
tien of (he alloying element in the metal with alomic or molecular
hydrogen.

a positive chazge carrier with a charge of 1.60 x 1071 C.

a polymer consisting of only one type of mononeric
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hydrophilic polymer

hydroxyapatiie the inorganic constituent of the bone.

hypereutectic composition  one that is to the right of the culectic point.

hypereutectoid (plain-carbon steel)  asteel with 0.8 to0 2.0 percent C.

hypoeutectic composition  one that is wo the lelt of the eutectic peint,

hrypoeutectoid (plain-carbon steel)

hysteresis energy loss  the work or energy lost in racing cut a B-/7 hys-
teresis loop. Most of the energy lost is expended in moving the domain
boundaries during magnetization.

hysteresis loop  the B versus ff or M versus A graph traced out by the
magnetization and demagnetization of a forro- or ferringnetic material,

polymers the absorb water; like water.

i steel with less than 0.8 percent C.

index of refraction (he ratio of the velecily of light in vacuum Lo hat
through another medium of imerest.
indices for cabic crystal planes (Miller indices)  the reciprocals of
the iniercepts fwith fractions cleared) of a crysial plane with (he .y, y, and
z axes of a unit eube are called the Miller indices of that plane. They are
designated b, &, and { for the x, ¥, and z axes, respectively, and are en-
closed in parentheses as (hk ). Note that the selected crystal plane must
net pass drrough the origin of the v, y. and = axes.
indices of direction i a cubic erystal  a direction in a cubic unit cell
is indicated by & vector drawn from the origin at one point in a unit cell
through the surface of the unit cell; the posilicn coordinales (x, ¥, and z)
of the vector where it Jeaves the surlace of the unit cell {with fractions
cleaved) are he indices of direction, These indices, designated w, v, and
woare enclosed in brackets as frevw]. Negative indices are indicated by a
bar over the index.
injection molding  a melding process whereby a heat-seflencd plastic
-material s forced by a screw-drive cylinder into a relatively cool mold
cavily that gives (he plastic the desired shape.
intergranular corrosion preferential corosion oceurring at grain
boundarics or al regions adiacent Lo (he griin boundavies.
intermediate oxides  an oxide that may act cither as a giags former or
as a glass modilier, depending on the composition of the glass. Example,
Al05.
intermediate phase a phase whose compositien range is between
thase of the werminal phases.
intermetallics  stochiomenic compounds of metallic elements with
high hardness and high temp sirength, but britde,
interstitial diffusion  the migration of interstitial atoms in a mawix lauice.
inferstitiat solid selution & solid solution formed in which (he schute
aloms can enter the interstices or holes in the solvent-ulom latlice.
interstitialey (self-interstitial) 2 point imperfection in a crystal ladice
where an atom of the sime kind as those of the matrix lattice is posi-
toned in an imerstitial site between the matiix atoms.
fntrinsic semiconductor  a semiconducting material that is essentially
pure and for which the energy gap is small enough {about 1 eV} 1o be
surmounted by thermal excitation; current carriers are electrons in the
conduction band and holes in the valence band,
invariant reactions
degrees of freedom.

equilibrium phase ransformations involving zero

invariant reactions those reactions in which the reacting phases have
fixed temperatuye aid composition. The degree of freedom, #y is zero
at these reaction peints.

inverse spinaf stroctare  a ceramic compound having the general {or-
mula MO - M3Oq. The exygen ions in this compound form an FCC Jat-

tice, with the M ™ jons accupying octahedral sites and the M jons oc-
cupying both cctahedral and tetrahedral sites.

ion-concentration cetl  galvanic cell formed when two picces of the
same metal are elecrrically connected by an electrolyte but are in solu-
tions of different ion concentrations.

ionic bond  a primary bond resuiting Irom the elecirostatic auraction of
oppositely charged ions. 1t i a nondircctional bond. An example of an
ionically bonded material is a NaCl crystal.

ionization energy the cnergy required lo remove an electron from its
ground slate in an atom te infinity.

iren-chromium-cobalt alloys & family of permanent magnetic alioys
containing about 30% Cr-10 to 23% Co and the balance iron. These al-
loys have the advantage of being cold-formable at room temperature.

iron-silicon alloyvs  Fe-3 10 4% Si alloys that ave solt mapnetic materi-
als with high sawration inductions. These alloys e used in motors and
low-[requency power transformers and generators.

isomorphous system  a phase diagram in which there is only one solid
phase, i.c., there is only one solid-stale straclure.

isostatic pressing  the simultancous compaction and shaping of a ce-
ramic powder (and binder) by pressure applied uniformly in uil dirce-
lions.

Bsolactic isomer  this isomer has pendant groups of atows all on the same
sidde of a vinyl polymer chain, Example: isotactic polypropylene.

isothermal transformation (IT) diagram a dme-lemperature-
ransformation diagram that indicales the time Tor a phase to decompose
into other phases isothermally at different temperatures.

J

jominy hardenability fest  atestin whicha 1 in. {2.54 cm) diameter bar
43, (10.2 em) long is austenitized and then water-guenched al one end.
Hardness s neasured atong the side of the bar up to about 2.5 in. (6.35
cm) Irom the quenched end. A plot called the Jominy hardenability
curve is made by plotting the hardness of the bar against the distance
from the guenched end.

L

laminate  a product made by bonding sheets of a material 1ogether, usu-
ally sith heat and pressure.

laminage ply (lamina)

Larsen Miller parameter  a lime-lemperature pavameler used to pre-
dict stress rupture due to creep.

laser acronym for fight emplification by stimulated emission of
radiation.

laser beam  abeam of monochromatic, coherent optical radiation generated
by the stimulated emission of photons.

Lattice point
surroundings.

lever rade  1he weight percentlages of the phases in any two-phase re-
gion of a binary phase diagram can be caleulated using this rule if
cquilibrium conditions prevail.

light attenuation

lignin & very complex cross-linked (hrec-dimensionat polymeric mate-
rial lormed from phenolic units.

linear density p; (e number of atoms whose cenlers lie on a specific
direction on a specific length of line in a unit cube.

ligidus  the iemperature at which lguid starts 1o solidify under equilib-
rium conditions.

ome layer of a muliilayer laminate,

one peint it an aray in which all the points have identical

decrease in iniensity of the fight.



fow angle boundary (Tilt)
misntaich inside a crystal,

lower critical field H
atype H superconduetor.

an array of dislocations {orming anguiar
the field at which magnetic flux first penetrates
lumen

luminescence  absorption of light or other encray by @ materiat and the
subsequent emission of light of Jonger wavelength.

the cavity in the center of a wood cell.

My the emperature al which the austenite in a steel finishes transforming
Lo martensile.

M, the temperatire at which the austenite in a steel starts o tansform o
marlensite.

magnetic anneal  the heat veaiment of a magnetic material in 3 mag-
netic ficld that aligns part of the aloy in the direction of the applied
field. For exampie, the o' precipitate in alnico 5 alioy is elongated and
aligned by this type of heal treatment.

magnetic domain  a region in a ferro- or lerrimagnetic matesiat in which
all magnetic dipole moments are aligned.

magnetic field H  the magaetic feld produced by an external applied
magnetic field or (he magnetic lield produced by a current passing
througl a conducting whre or coil of wire {solenoid).

magnetic induction B the sum of the applied ficld 1 and the magneti-
zation M due to the insertion of a given material inte tie applied fietd. In
Slunits, # = puglH + M),

magnetic permeability 12 the ratio of the magnetic induction B 10 the
applied magnetic field H for a material; o = B/H.

magnretic susceptibility y, the ratio of M (magnetization} to #
{applied magnetic ficld); x,, = M/H.

magnetization A/ ameasure of the increase in magnetic Mux due to the
insertion of & given material into a magnetic feld of stength &, In 8]
units the magnetization is equal to the permeability of a vacuum (i)
times the magnelization, or ugAd. (ue = 47 X 1075 T - m/A)

magneiocrystalline anisotropy energy  (he energy required during the
magnetization of a ferromagnetic material to rolate the magnetic domains
because of crystalline anisotropy. For example, the dilfercnce in magnet-
izing energy between the hard {111] direction of magnetization and the
{100] easy direction in Fe is about 1.4 % 10* )/’

magnetostatic energy  the magnetic poteniial energy due to the external
magnetic field surrowmnding & sample of a ferromagnetic material.

magnetostriction  the change in length of a ferromagnetic material in
the direclion of magnetization due 1o an applicd magnetic Reld.

magnetostrictive cnergy  the cnergy due (o the mechanical stress
caused by magnetostriction in a lerromagnetic material.

majority carviers ihe type of charge carrier most prevaient in a semi-
conduclor; the majority cariers in an n-lype senticonductor are condue-
tion electrons, and in a p-iype semiconductor they are conduction hotes.

malleable cast irons  iron-carbon-silicon alloys with 2.0 to 2.6 percent
Cand 1.1 to 1.6 pereent Si. Malleable cast irens are first cast as white
cast irons and then are heat-treated at about 940°C (1720°F) and held
about 310 20 1, The iron carbide in the white iror is decomposed it ir-
regularly shaped nodules or graplite,

martempering {marquenching) &« quenching process whereby a steel
in the austenilic condition is hot-gquenched in a lquid (sall) bath at above
the M temperawse, heid for a time interval short enough 1o provent the
austenite from ransforming, and then allowed 10 cool siowly o toom
temperaitire. After this reatment the steel will be in the martensitic condi-
tion, but the interrupted quench ailows stresses in the stecl o be relieved.

Giossary 929

martensite & supersaturated imerstitial solid solution of carben in
bady-centered weiagonal iron.

materials  substances of which something is composed or made. The
lerm engineering materials s sometines used 1o refer specitically
materiats used to produee technical products. However, there is no clear
demarcation line  between the wwo terms, and they are used |
imerchangeably.

materials engineering  an engineering discipline that is primarily con-
cerned with the use of Tundamental and applicd knowledge of malerials
s0 that they can be converted into products needed or desired by society.

materials seience  a sciemtific discipline that is primarily concerned
witl the search for basic knowledge ahout the tnemal structure, prop-
eriies, and processing of materials.

maximum energy product (BH),,.. e maximum vahie of & times H
in the demagnetization cwrve ol a hard magnetic material. The (BA ).
vajue has SEunits of .

Meissner effect

mer

metallic hond  a primary bond resulting from the sharing of delocalized
ouler electrons in the form of an eleetron charge cloud by an aggregaice
of metal atoms. Us a nondirectional bond. An example of a metallically
boended material is elemental soditm.

metalic Glass

metallic materials Gmetals and metal alloys)  imorganic materials that are
characterized by high thermal and electrical conductivities. Examples are
iron, steek, aluminum, and copper.

microclectromechanical systems (MEMs)  any minfaturized device
that performs sensing and/or actuating function.

microfibrils  clementary cellulose-containing structures that Form the
wood cell walls.

micromachine  MEMs (hat perform a specific function or task.

minority carriers  the type of charge carrier in the lowest concentration
inasemicondector, The ninarity carriers in n-lype semiconductors are
holes, and in p-type semiconductors they are eiectrons,

modulus of elasticity £
gion of an enginecring suress

the expulsioi of the magnetic ficld by a superconductor.
arepeating unit in a chain palymer molecule,

metals with an amorphous atomic structure,

stress divided by strain {o/€) in the clastic re-
ratn diagram (or a metal {£ = o /e).

monomer  asimple molecular compound that can be covalently bonded 1o-
gether o form long moelecular chains (polyimers). Example: ethylene.

monotectic reaction (in a binary phase diagram)  a phase wranstor-
mation in which, upen cooling, a lquid phase ranslforms into a solid
phase and a new Youid phase (of different composition than the first lig-
uid phase).

molif’  a group of atoms that or (basis) are organized relative to cach
ather and are associated with corresponding tattice points.

multidirectional laminate  a fiber-reinforced-plastic lavinate produced
by bending ogether layers of fiber-reinforced sheets with seme of the di-
rections of the continuous fibers of the sheets being at different angles.

N

nanocrystalline metals  metals with grain size smaller than 100 am,

nanomaterials
100 nm.

network modifiers  an oxide that breaks up the silica network when
added to silica glass; modifiers Jower the viseosity of silica glass and
promote crystallization. Examples are NagQ, KO, CaQ, and MgO.

nickel-iron altoys  high-permeability soft magnetic alloys used for clec-
trical applications where a high sensitivity is required such as for audio

materiads with a chavacteristic length scale smaiier than
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and instument wansfermers. Two commonly used basic compositions
are 504 Ni-50% Fe and 79% Ni-21% Fe.

nonferrous metals and alloys  metals and alloys thal do not contain
iron, or il they do contain iron, itig only in a relatively small percentage.
Exainples of nonferrous metals are aluminum, copper, zing, lilapiam,
and nickel.

non-steady-state conditions  for a diffusing system the concentration of
the dilTusing speeies changes with lime at different places in the system.

normal spinel structure  a coramic compound having the general for-
muta MO - MaG4. The oxygen jons in this compound form an FCC lat-
tice, with the M7 jons occupying tetrahedral interstitial siles and the
MY jons oceupying octahedral siles.

n-iype extringic semiconductor  a semiconducting material that has
been doped with an a-type element (e.g., silicon doped with phospho-
rus). The n-type impuritics donate elecirons that have energies elese o
the conduction band.

nuclei  small particles of a new phase formed by a phase change (e.g., 50-
lidification} that can grow until the phase change is complete.

number of components of a phase diagram  the number of elements
or compounds that make up the phase-diagram syslem. For exampie, the
Fe-Te;C system is a two-component system; the Fe-Ni systein is also a
IWO-COIPOneNt system.

o

octahedral interstitial site  the space enclosed when the nuclei of six
surrounding aloms (ions) form an octabedron.

optical-fiber commuication o method of wansmitting nformation
by the use of light.

opiical waveguide  a thin-clad fiber along whicly light can propagate by
toial internal reliection and refraction.

oxygen-concentration cell  galvanic ceil formed when two pleces of
the same metal are clectrically connected by an electrolyle but are in so-
Jutions ol different oxygen concentration.

paramagnetism  a weak, positive, awractive reaction of 2 material 1o an
applicd magnetic field; a paramagnetic material has a small positive
magnctic susceptibility.

parenchyma food-stering cells of wees that are shert with relatively
thin walls.
passivation the formation of a filim of aloms or molecnies on the sur-

face of an anode so that corrosion is slowed down or stopped.

pavli exclusion principle  the statement that no two elecirons can have
the same four guantum numbers,

pearfite @ mixtare of o ferrite and cementite (Fe,C) phases in parallel
plates {lamellar stracture) produced by the eutectoid decomposition of
ausienite.

percent cold reduction

change i cross-sectional area

S cold redusiion = % 100%

original cross-sectional arca

peritectic reaction (in a binary phase diagram) 2 phase wansfor-
mation in which, upon cooling, a liguid phase combines with a solid
phase 10 produce a new solid phase.

permanent dipole bond  a secondary bond created by the atraction of
molecules that have permanent dipeles. That is, eacl molecule has pes-
itive and negative charge centers separated by a distance,

phase aphysically homogeneous and distinet portion of a material system.

phosphorescence  absorption of light by a phosphor and Hs subsequent
emission at times fonger than 10775,

photon  a particle of radiation with an associated wavelength and fre-
quency. Also referred 10 as a guaniun of radiation.

piezoelectric ceramics  materials that produce an electric field when sub-
Jjected 1o mechanical force (and vice versa),

piezoeleetric effect  an electiromechanical effeet by which mechanieal
forces on a ferroclectric material ean produce an electrical response and
clectrical forces produce a mechanical response.

pilling-Bedwerth (PB.) ratio  the ratio of the volume of oxide formed
1o the volume of metat consumed by exidation.

pitting corresion local corrosion attack resulting from the formation of
small anodes on a metal surface,

plain-carbon steel  an iron-carben alloy with €.02 to 2 percent C. All
comtercial plain-carbon steels contain about .3 1o 0.9 percent man-
ganese along with suifuz, phosphorus, and silicon impurities.

planar density p, the equivalent number of atoms whose centers arc in-
tersegted by a selected arca divided by the selected area.

plasticizers  chemical agents added to plastic compounds to improve
flow and processibility and to reduce britieness. Exampler plaglicized
polyvinyl cliloride.

pn juenction  an abrupt junction or bowdary between p- and n-type re-
aions within a single crystal of a semiconducting material,

polarization he alighment of sial electric dipoles in a dielectric ma-
lerial 1o produce a net dipole moement in the material.

polycrystalline structure
orains.

polymeric materials materials consisting of long molecuiar chains or
networks of low-weight elements such as carbon, hydrogen, oxygen, and
uitrogen. Most polymeric materiais have low electrical conductivities. Ix-
amples are potyethylene and pelyvvinyd chiaride (PYC).

polymerization 1the chemical reaction in which high-molecular-mass
maolecules are formed from moenomers.

polymorphism (as pertains to metals}  the ability of a metal 1o cxist in
Lwo or more crystal structures. For example, ivon can have a BCC or an
FFCC crystal structure, depending on the temperature.

population inversion  condition ins whick more atems exist in a higher-
energy state than in a lower one. This condition is necessary for laser ac-
tion.

porcelain enamel  a glass coaling applied 0 a metal substrate.

porttand cement a cement consisting predominantly of calciw silicates
that react with water to form a hard mass.

positive-ion core

prepreg  a ready-w-mokd plastic resin-impregnated cloth or mat that
may comtain reinforcing fibers, The resinis partially cured 10 a "B stage
and is supplied 10 a fabricator who uses the material as the layers for a
laminated product, After the layers are laid up 1o produce 2 final shape,
the layers are bonded wgether, vsually with heal and pressure, by the
curing of the kuninae.

prestressed conerete  reinforced concrete in which imernal compres-
sive stresses have been inlroduced Lo counteract Lensile stresses resull-
ing from severe Joads.

pretensioned (prestressed) concrele  presuressed concrete in which
the conerete is poured over pretensioned steel wires or rods.

primary phase a solid phase that forms al a tlemperature above that of
an invariant reaction and is still present afier the invariant reaction is
_completed.

a crystalline structure (hat containg muany

an atom without its valence electrons.



proeuatectic phase
tic lemperature.

a phase that forms at a wmperatire above the eutee-

proeutectoid  ferrite  a forrite that forms by (he decomposilion of

austenite al lemperalures above the eulecloid temperature.

proeutectoid cementite (FeyC)  cementite that forms by he decom-
position of austenite at lemperatures above (he cutecloid lemperature.

p-type extrinsic semiconductor 2 semiconducting material that has
been doped with a p-type element {e.g., silicon doped with aluminum}.
The p-lype impurities provide eleciron holes close 1o the upper energy
level of the valence band,

pultrusion
constant cross section continnously. The pultruded pars is made by
drawing a collection of resin-dipped fibers through a heated dic.

Q

quantum mechanics & branch of physics in which systems under in-
vostigation ean have only discrete aliowed energy values th are sepa-
rated by forbidden regions.

quantum numbers  the set of four numbers necessary (o characterize
each election in an atom. These are the principal quaitum rumber », the
orbital quantum number /, the magnetic quanium pumber g, and the
spin guantum number mr,

radius ratio (for an ionic solid)  the ratic of the radivs of the central
cation 1o that of the surrcunding anions.

rare earth alleys a family of permanent magnetic alloys with ex-
tremely high energy products. SmCos and Sm{Co, Cu), 4 are the two
most important commercial compositions of these alloys.

recovery
residual stresses and formation of low energy dislocation configurations.

recrystallization  the second stage of the anncaling process in which
new grains siart (0 grow and dislocation density decreases significantly.

rectifier diode a pn junction diode that converis alternating current 1o
dircet current (AC 1o DO).

refractory {ceramic) material
lien of a hat environment.

reinforced concrete
lensile forces.

relative permeability «, the ratio of the permeabilily of a material to
the permeability of a vacuum; p, = i

remanent induction B, the valuc of Bor M ina lerromaguetic material
after M is decreased (o zera.

reverse bias  bias applicd 10 a pn junction so that linde current fows; in
i@ pn junction under reverse bias, majority-carrier clectrons and holes
flew away from the junction.

@ material that can withstand the ac-

concrete containing steel wires or bais 1o resist

roving  acollection of bundles of continucus fibers twisted or untwisted.
sapwood  the ouler part of the tree stem of a Iiving tree that contains

some Iiving cells that store foed for the ree.

saturation induction B, the waximum value of induction B, or mag-
netization M, for a ferromagnetic material.

scanning electron microscope (SEM)  an instrument used 1o exain-
ine the surface of a material at very high magnifications by impinging
electrons.

a process lor producing a iber-reinforced-plastic part of

the first stage in the anneating process tat results in removal 6!
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scanning probe wiicroscopy (SPM)  microscopy techniques such as
STM and AI'M . ailow mapping of the surface of a material a1 the
alomic level,

schottky Bmperfection  a point imperfection in an ionic crystal in
which a cation vacancy is associated with an anion VACANCY.

selective leaching  the preferemial removal of one element of a solid al-
loy by corrosion processes.

self-diffusion  (he migralion of atoms in a puve material.

semiconductor o material whose ciectiical conductivity is approxi-
maltely midway between the values for good conductors and insulators.
For example, pure silicon is a semiconducting clement and has
o= 43 X 107 (@ m) ! at 300 K.

semicrystalline  materials with regions of erystalline structure dispersed
in the surrounding, amorphous region; for instance some polymers.

s-glass fibers  fivbers made from $ glass, which is @ magnesia-alumina-
silicale glass and which is used for fibers for fiberelass-reinforced plas-
tics when extra-high-strength fibers are required.

shape memory alloys  metal alloys that recover a previously defined
shape when subjected 10 an appropriate heat treatiment process.

shape-memory alloys  mazerials that can be deformed but retwrn o
their original shape upon an increase in emperature,

shear strain ¥ shear displacement « divided by the distance h over
which the shear sets (y = a/k).

shear siress T shear lorce § divided by the arca A over which the shear
force acts (v = 5/A).

sheet-molding compound (SMC)  a compound of plastic resin, fitler,
and reinforcing fiber used 1 make fiber-reinforced-plasic composite
materials. SMC s usually made with about 25 10 30 percent libers about
I in. {2.54 cm) tong, of which fiberglass is the most commonly used
fiber. SMC material is usvally pre-aged to a state so that it can support
izsell and then eut 10 size and placed in a compression moid. Lipon hot
pressing. the SMC cures (o produce a rigid parl.

sintering {of a ceramic material) the process in which fine particles
of a ceramie material become chemically bonded ogether ata wmiperi-
wre high enough for alomic diffusion (o occur between the particics.

slip  the process of aloms moving over cach ather during the permanem
deformation of a melal,

slip casting & ceramic shape-forming process in which a suspension of
ceramic particles and water are poured o a porous mold and then
some of the watey from the cast material diffuses into the mold, leaving
a solid shape in the mold. Sometimes cxcess liquid within the cast solid
is poured from the mold, leaving a cast shell.

ship syslem

slipbands  line markings on the surlace of a metat due 1o slipr cavsed by
permanent deformation,

smart materials  materials with the ability (0 sense i respond 1o ex-
ternal stimuli.

soft ferrites ceramic compounds with the  general  formula

2 . . " 2+ 2 ;-

MG - FeaOq, where M is a divalent jon such as Fe? ™ Mn?™ 21" or
Ni*", These materials are ferrimagnetic and are insulators and so can be
used for high-frequency wansformer cores.

soft magnetic material
and low coercive force.

softening point  atthis temperature the glass Rows at an appreciable rate.

softwood trees irees lhat have exposed seeds and arrow leaves (zce-
dles). Examples are pine, fir, and spruce.

solid solution  an alloy of two or more metals or a metal(s) and a non-
meial(s) that is a single-phase atomic mixiure,

a combination of a slip plane and a slip direction.

@ magnetic mareriai with a high permeability
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solid-sohition hardening {strengthening) strengthening a metal by
alloying additions that Torm solid selutions. islocations have more dif-
ficulty moving through & meta} lanice when the moms are different in
size and electrical characteristics, as s the case with solid solutions.

solidus  he temperature during the selidification of an alloy at which the
last of the liquid phase solidifics.

solution polymerization  in this process a solvent is used that dissolves
the monemer, the polymer, and the pelymerization initiator. Diluting the
moenomer with the solvent reduces the yate of polymerization, and the
heat released by the polymerization resction is absorbed by the selvent.

soivs  aphase boundary below (he isothermal liquid 4 proentectic solid
phase boundary and between the erminal solid selution and two-phase
regions in & binary eutectic phase diagram.

space lattice  a threc-dimensional array of points cach of which has
identical surroundings.

specific tensile modulus
its density.

specific tensile strength
its densily.

spheroidite
malrix.

spray lay-tp  a process in which a spray gun is used to produce a fiber-
reinforced product. In one type of spray-up process, chopped {ibers are
mixed with plastic resin and sprayed into a mold 1o form a composite
material part.

stacking fault o surface defect formed due to improper (out of piace)
stacking of atomic planes.

steady-state conditions  for a diffusing svstem there is no change in
the conrcentration ol the diffusing species with time at different places in
the system.

stepwise polymerization  the polymerization mechanism whereby the
arowth of the polymer molecule proceeds by a stepwise intermoleculay
reaction. Only one type of reaction is involved. Monomer units can re-
act with each other or with any size polymer molecule, The active group
on the end of a monomer is assumced 1o have the same reactivity 1o mal-
ter what the polymer fength is. Often a by-product such as water is
condensed off in the polymerizdion process. Example: the polyimeriza-
tion of nylon 6,6 fron adipic acid and hexamaethylene diamine.

steregisomers  molecules that have the same chemical compesition but
different sirnctural arrangemens,

stereospecific catalyst  w camalyst thal creates mostly @ specific type of
stereoisomer during polymerization, Example: the Ziegler catalyst used
10 polymerize propyiene w mainty the isotactic polypropylene isomer.

strain hardening (strengthening)  the hardening of & metal or alloy
by cotd working. During cold working, dislocations mulliply and imer-
act, leading o an increase in (he strength of the metal.

strain poind

stress corrosion  preferential corrosive attack of a metal under stress in
a coLTosive environment.

stress shielding  a condition in which the applied implant is carrying a
significant pontion of load carried by a [ractured bone. It has negative
side effects.

substitutional diffusion  the migration of solute atoms in a selvent lat-
tice in which the solute and solvent aloms are approximaltely the same
stze. The presence of vacancies makes the diffusion possible.

substitutional solid soletion  a solid solution in which selne atoms of
one element can replace those of solvent atoms of another element. For
example, in a Cu=Ni solid solution the copper atoms ¢an replace the
nicked atoms in e solid-solution crysial lattice.

the tensile modulus of a malerial divided by
the (ensile streng(l of a material divided by

a mixtare of particles of cementite (FesC) in an o forrile

at this lemperature the glass is rigid.

superalioys  metal alloys with improved performance al elevated lem-
peratures and high stress levels.

supercenducting state
no clectrical resistance.

superplasticity the ability of some metals te deform plastically by
1000-2000% a high wemperawres wid low foading rates.

suspenston pelymerization  in this process water is used as the reaction
medium, ad the reonomer is dispersed rather than being disselved in the
medium, The polymer products are obtained in the form of smali beads
that are filtered, washed, and dricd in the form of molding powders,

syndiotactic isomer  his isomer has pendant groups of atoms regrdlarly
afternating fn positions on both sides of a vieyl polymer chain. Exam-
ple: syndiotactic polypropylenc.

system o portion of the wniverse that has been isolated so that its prop-
erties can be studied.

asolid in the superconducting state (hat shows

T

tempering (of 2 steel}  the process of reheating a quenched steel (o in-
erease ils toughness and ductility. In this process marensite is trans-
fermed into wmpered martensite.

terminal phase  asolid solution of one compoenent in ancther for which
one boundary of the phase field is a pure component.

tetrahedral interstitial site  the space enclosed when e nuclei of four
survounding atoms (ions) form a weirahedron.

thermal arrest  a region of the cooling curve for a pure metal where
wemperature does not change witlh tme (plaleave) representing the
lreezing temperae.

thermally tempered glass  glass that has been reheated to near its sofi-
ening temperature and then rapidly cooled in air 1o introduce compres-
sive stresses near ity surface.

thermistor  a ceramic semiconductor device that changes in resistivity as
the remperature changes and is used o measure and control lemperature,

thermoplastic (noun}  a plastic material that requires heat to make it
formable (plastic) and upen cooling, retains its shape. Thermoplastics
are composed of chain polymers with the bonds between the chains be-
ing of the secondary permanent dipole type. Thermoplastics can be re-
peatedly soliened when heated and harden when cooled, Typical ther-
moplastics are polyethylenes, vinyls, acrylics, cellulosics, and nylons.

thermosetting plastic (thermoset)  a plastic material that has under-
gone a chermical reaction by the action of heal, catalysis, ele., leading 1o
a cross-linked network macromelecular siructure. Thermoset plastics
sannot be remelled and reprocessed since when they are heated they de-
grade and decompose. Typical thermoset plastics are phenotics, unsat-
rated polyesters, and cpoxies.

tie line & horizontal working Hne drawn al & particular temperatuze be-
tween two plase boendaries (in a binary phase diagram) 1o be used 10
apply the lever rule, Vertical lines are drawn from the intersection of the
tie fine with the phase houndaries to the horizontal composilion line. A
vertical line is also drawn from the tie line 10 the horizontal line a1 the
intersection point of the tie line with the alloy of interest to use with the
lever rule.

tow (of fibers)  acellection of numierous fibers in a swaight-laid bundie,
specified according to the number of fibers it contains-—e.g., 6000
fibersfiow.

tracheids (longitudinal) he predominating celt found in softwoods; ’
tracheids have the funclion of conduction and support.

frans-1,4 polyisoprene (he isomer of 1.4 polyisoprene thal has (he
melhyl group and hydrogen on opposiie sides of the centrai double bond
of is mer.



transducer a device that is actuated by power from one source and
ransmits power in another form 1o a second system. For example, a
transducer can convert input sound energy inlo an oulput electrical re-
sponse.

transfer molding & thermoset molding process in which the melding
compeund is frst softened by heat in 2 wansfer chamber and then is
forced under high pressure into one or more moid cavities for final cur-
ing.

transmission electron micrescope (TEM)  an instrument used to
study, the internal defect structures based on passage of electron through
athin fitms of materials.

twin boundary a mirror image misorientation of the erystal structure
which is considered @ surface defect,

twist boundary an aray of screw disioeations creating mismateh in-
side a crystal.

type I superconductor one that exhibits complete magnetic-fux re-
pulsion between the normal and superconducting states.

type Il superconductior  one in which the negnetic fux gradually pen-
etrates between the normal and supercongducting slates.

u

ultimate tensile strength (UTS}  (he maxinwem stress in the enginecr-
ing stress-strain diagram.

unidirectional faminate a fiber-reinforced-plastic faminate produced
by bonding ogether layers of liber-reinforced sheels that all have con-
tinuous fibers in the same direetion in the laminate.

unit cell  a convenient repeating unil of a space lattice. The axial lengihs
and axial angles are the lattice constants of the unit cell.

upper critical field H,, the field at which supercongductivity disappears
for a type 1l superconductor.

v

Yacancy  apoint imperfection in a crystal lattice where an atom is migs-
ing from an alomic site.

vacuum bag molding  aprocessof molding a fibez-reinforced-plastic part
i which sheets of ransparent flexible material are placed over a taminated
part that has not been cured. The sheets and the partare seaked, and a vac-
uum is then applied between the cover sheets and (he laminated part so that
entrapped air is mechanically worked out of the lainate. Then the VAC-
uum-bagged past is cured.

valence band  the energy band containing the valence electrons. In a
conductor the valence band is also the conduction bangd. The valence
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band in a conducting metal is not full, @i 50 some electrans can be en-
ergized to levels within the valence band aid become conductive elec-
lrons.

valence electrons  clectrons in the outermost shells (hat are most efien
involved in bonding.

viscoelasticity  the (ype of mechanical response i @ material that de-
pends on loading rate or strain rate.

vitrification  meling or formation of a glass; the vitrification process is
used to produce a viscous liquid alass in a ceramic mixiure upon firing.
Lipon cooling, the Hauid phase solidifies and forms a vitreous or glassy
matrix that bonds the unmelted particles of the ceramic material (o
gether.

volume density p.  mass per voit volume: this quantity is usuatly
expressed in Ma/m® or gleny,

voleanization  a chemical reaction that causes cross-linking of polymer
chains. Vulcanization usually refers to the cross-linking of rubber mo-
lecular chaing with sulfer, bul the word is alse used for other cross-link-
ing reactions of polymers such s those that oceur in some silicone rub-
hers.

weld decay  corrosion atack at or adjacent to a weld a5 the resalt of gal-
vanic action resalting from structural differences in the weld.

white cast irons  iren-carbon-silicon alloys whl 1.8 to 3.6 percent C
and 0.5 t0 1.9 percent Si. White cast irons contain targe amounts of iron
carbide that make them hasg and brivle.

wire drawing  a process in which wire stock drawn {hrough one or more
tapered dies to the desired cross section.

wood  anateral composite material consisting mainly of a complex array
of ceilulose fibers in a polymeric material matrix made up primarily of
lignin.

wood ray  a ribbonlike aggregate of cells extending radially in the wee
steny; the tissue of the ray is prinarily composed of food-storing
parenchyma cells,

wood vessel  a (ubular structure formed by the union of simaller cell cle-
ments in a longitedinal row.

working peint  al this temperature the glass can casily be woerked.

yield strength  the stress ar which a specific amount of strain oceurs in
the engineering tensile test. In the 1.S. the yield strength is determined
for 0.2 percent strain.



ANSWERS TO SELECTED PROBLEMS

Ghaptér 2
2.6, 1.82 % 10* atoms Au
2.8, 6.27 % 10 atoms Mo
2.9, Atomic % Sn = 65.4 al%
Atomic % Pb = 34.6 at%

212, CuAu

215, AE =656 X 107 =41 eV

217, a. AE = 066eV = 1.06 % 107
b, v=1.6x 10" Hz e. A = 1876 nm

219, E=930%1071]
v=1.40x 10" Hz

2.30. b. Mo [Kr}4d® 55!

Mo | Kr] 4d?
Mot [Kr] 4d2
Mob* |Kr] 4d°

238 F e = 210 X 107N

239, Egop- = —626 X 1077]

242, ree = 0135 nm

2.53. % covalent bonding = 47.75%

%% metallic bonding = 52.25%

2.64. While a2 — 6 compound typically has a higher
ioni¢ character than 4 3 - 5, the relatively high
electronegativity of phospherous causes inP 1o be
more ionic in nature.

Chapter 3

311, ¢330 nm

3.13. (186 nm

316, 0.144 nm

3.18. 0.387 nm

325, 0.106 nm?

326, (.273am

3.31. a. Position Coordinates: (¢, 0, 0), (1,0, 0)
h. Position Coordinates: (0, ¢, 0), (i, 1, ()
¢. Position Coordinates: (0,6, 03, (1, 1, 1)

3.35. (141

3.46. (100), (010), (Q01), (100), (010), (VO1)

934

3.48.

3.49.
3.51.
3.52.
3.54.
3.57.

3.58,
3.63.

3.65.

3.67.

371

3.74.

3.76.

3.80.
3.86.
3.89.

391,

a. (10,00, (3,0, 13, (1, 1,03 (1, L, (1, Y ')
e (1,0,00, (1,0, ), (0, 1,0, (0, }, 1),

(4, 1A, 0), (A, 14, 1)
e (1,0,00, (0,0, 1), (0, 1,0), (*A, 0,14,

(4, V4, 0), (0, 14, 14)
(634)
(234)
(112)
(122)
a. 0.224 nm
¢. 0.100 nm
a. 0.502 nn b, 0237 nm
Miller-Bravais Indices for Planes Shown in
Figure P3.63(a).
The Miller indices of plane & are (0110).
The Mitler indices of plane & are (1012}
The Miiler indices of plane ¢ are (2200).
Miller-Bravais Indices for the Planes Shown in
Figure P3.63(b).
The Miller indices of plane & are (()lTO).
The Miller indices of plane b are (1101).
The Miller indices of plane ¢ are (1101).
(1721), 21117, [1211],
[1121], (21 71], {1211}
For Fig. P3.67{«), the Milier-Bravais direction
indices indicated are [2111] and [1121]. Those
associated with Fig. PI.67{H) are {1101] and
[1011].
180.0% g/mo}
. 1.20 % 10" atoms/mm?

b. 0.112 nm

a

b. 8.50 X 10* atoms/mm?

¢. 1,963 » 10" atoms/mm?

a. 3.29 ® 10° mm b. 2.33 X 10° mm
¢ 3.80 % 10% mm

—4.94%

0.3303 nm

a. 0.50 = BCC . 0.3296 nm
c. niohium (Nb}
a. 0.75 = FCC

¢. iridium (Ir)

b. 0.38397 nm



Chapter 4

4.7.
4.10.
4.19.
4.21.
4.28.
4.31.

P =111 X 1077 em
327 atoms
a. low
0.036 nm
10.23
9.64

¢. moderate e. low

Chapter 5

5.3,

5.13.
5.16.
5.17.
519,
5.20,
5.23,
5.25,
5.26.
5.29.

a. 2.77 % 10% vacancies/m?
b. 2.02 X 107 % vacancies/atom
56.6 min.

0.394 wt %

340 min, = 5.67 h

1.03 mm

1.98 X 10 *em

0.707 pm

D =171 X 10" m¥s
D= 864 X 10~ 4 m¥s
139.3 kJ/mol

Chapter 6

6.6.
6.13.
6,19,
6.20,
6.23.
6.39.

6.46.
6.48.
6.49,

6.52.

0.0669 cm

80.8%

o= 962 MPa

o= 954 MPa

Engineering strain £ = (.175

The four principal slip planes are:  (1113; (111);
(111% (111).

The three slip directions

are:  [110]; {O11]; [101].

a. 30.6 MPa b. O

o =208 MPa
a. 1.94 MPa
¢ 0

a. 34.7 MPa b. 0
¢. 34.7 MPa

b. 1.94 MPa

Chapter 7

712,
7.13.
7.19.

7.24.
7.31.

0.76 mm
3.90 mm

a. (199.8 MP}
¢ (72.3 MP)

o = 149 MPa
1419 h

b. (99.9 MP)
d. —0.16

Answers to Selected Problems

835

7,33, the stress is approximately 96 MPa
7.34, 186.2h
Chapter 8
8.16. a. Weight of liquid phase = 364 g
Weight of procutectic e = 136 g
b. Weight of liquid phase = 251 g
Weight of proeutectic o = 249 g
c. 307.5g
d. 1925¢g
8.17. 83.3% Snand 16.7% Pb
8.24, 66.7%
8.26. Wt % liquid = 14.3%
Wt % & = 85.7%
829, a. Wt% o = 47.4%
Wt % L, = 52.6%
b, Wt % o« = 72.2%
Wt % L, = 27.8%
¢ Wt% o = 88.5%
Wt % L, = 11.5%
d. Wt % a = 90%
Wt % 8 = 10%
8.31. 10.8% Pb and 89.2% Cu
Chapter 9
9.12. Wt % austenite = 80.8%
Wt % proeutectoid ferrite = 19.2%
9.14. 0.49%C
9.17. Wi % austenite = 98.3%
Wt % cementite = 1.7%
9.19, 1.08%C
9.20. 1.32%C
924, 0.232%C
9.68. about 53 RC
9.69. a. 40RC b. 34 RC
9.73. 12°C/sec
9.80. The constituents of the microstructure will be
bainite, martensite and austenite.
9.96. 9.2%
Chapter 10
10.1. 14,643 mers
10.4. 98 mers
10.6. Mole fraction of polystyrene = (0.54]
Moie fraction of polyacrylonitrite = 0.459
10.7. Moie fraction of polyacrylonitrite = (1.324
Mole fraction of polybutadiene = 0.382
Mole fraction of polystyrene = 0.294
109. 1.24g8
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10.13.
10.17.
10.18.
10.20.
10.22,

Answers 1o Selected Problems

1.69%

Wi% § = 6.56%
a. 01.7 days
37.65 kl/mol

a. 35.7 days

b, 4.0 MPa

b, 65.95 days

Chapter 11

11.7.
11.10.

11.13.
11.14.
11.16.
11.18.
11.21.
11.27.
11.93.

0414
4.87 glom?

a. 496 gfem® b, 7.27 g/em?
a. 0.577 b, 0.524

2.95 glem?

6.32 gfem®

18.1 0% or 9.1°Th** ions/mm?
6.03 gfem? -

736.7°C

Chapter 12

12.20.

12.23.
12.26.

12.29,
12.81,
12.82.

a. Wt % carbon fibers = 76.0%
Wt % epoxy resin = 24.0%

b. 1.60 g/em?

239.6 GPa

The strength of the composite material
= 30.48 GPa

The fraction of the load carried by the Kevlar
49 fibers = (1.988

9.40 GPa
0.306
222.2 GPa

Chapter 13 /

13.12.
13.13.
13.17.
13.19.
13.26.

13.28.

13.31.
13.34.
13.64.
13.75.

0314V
0403V
0.07 M
—0.046 V
23.5 min

1.07 % 10‘2“%“
min

4.52 % 1077 Afem?
£.34 % 1077 Afcm?
23.6h
0.65A

Chapter 14

14.7.
14.14.
14,15,
14.29.
14.32,
14.39,
14.44.

14.70.

14.78,

0.127m

2.36 X 10754} X cm

—146.5°C

04580 - m

17.4 () m)~!

a. 7.51 cm® b 661 X 10730 m

a. 6.17 x 10'8 electronsfem?
b. 1.24 x 107*
a. i InSb = 0.994
i, InP = (0.979
b. i InSb = 0.006
1. InP = (0.021
3675



