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Abrasive, A hard and wear- res1stant ‘
material (commonly aceramic) that
‘is used to wear, gnnd or cut away :

- other material,
Absorptlon. ,

photon of hght is assu:mlated within

a substance, normally by electromc '
' polanzauon or. by an electron exci-

. tation event. -

- Acceptor leyel. For a semrconduc- :
tor or insulator, an. energylevellying -

" withinyet1 near the bottom of the en-

i '-pergy band gap that may accept elec-
trons from the valence band, leaving

behind holes. The level is normally
' introduced by an. impurity atom. *.

Actnvatlon energy. (Q). The energy
5 required to initiate a reactlon such
- as diffusion.

Activation polarlzatmn. The condi-
tion wherein the rate of an electro- .

chemical reaction is controlled by :

- the one slowest step in a sequence .
. of steps that occur in series. S
‘Addition: (or chain reactlon) poly--
vmenzatlon. The process by which
L monomer units'are’ attacﬂled one at-
 atime, in chain-like fashion, to form -
.- alinear polymer macromolecule,

Adhesgve. A substarice that bonds‘

together the surfaces of. two Other“
: perature at which residual stresses.

Age. hardemng See Preclpltatxon m a‘ glass are_ elnmnated within -

- materials (termed: adherends)

 hardening.

. -Allotropy. ‘The poss1b1hty of the ex— : 5
~istence- of two. or more different.
. ‘crystal structures for a substance 5

_(generally an elemental solid).

- Alloy. A metallic substance ‘that is
commsec\ Qtt\no o mote e\emer\.ts.-

The opt1cal phe— L
- nomenon Whereby the energy of‘a’ e

Alloy steel A ferrous (or 1ron-
based) alloy that contains ‘appre-. -
' ciable -concentrations " of alloying
i 'elements _(other than C and resid- -
‘ »:ual amounts of Mn; Si; S, and P).
These: alloying ‘elements are usu-

ally ‘added: to 1mprove imechani- -
cal and corros10n~resrstance proper-

- ties. .
‘Altematmg copolymer. A copoly- =
“'mer in which:two dlfferent repeat -
»units ‘alternate posmons along the -

: molecular chain. - ;
Amorphous. Havmg a noncrys-
. talline structure. - ‘
Anelastic deformatlon. Tlme--
- ‘dependent. elastrc (nonpermanent)
'[;deformatlon _ » :
- Anion, Anegatlvely charged non- :
. metallicion.

! ~Amsotroplc. Exhlbltmg dlfferent :
values- of a ‘property ‘in dlfferent ‘

crystallographic directions.
Annealmg A generic term used to

“denote a heat treatment wherein
* the microstructire and
l,quently, the propertles ofa matenal

COI]SG-

are altered. “Annealing” frequently

: 'refers to:a heat treatment whereby
“a prewously cold—worked metal is-
s ."softened by allowmg 1t to recrystal- e
lizes - 5

Annealmg pomt (glass) The tem<

“chain conﬁgurauon (steremsomer) .
- ‘wherein side groups. are. randomly
' positioned on one side: of the cham
~or the other. :

- vated,-and’ usually du"fusmnless as;
: \w1th the martensmc transformanon

.*w1th1n the atomicnucléus. -
- Atomic packmg factor (APF) The
S "fract1on of the volume of aunit cell -
- that is. occup1ed by “hard sphere” :
* atoms or joms. :
Atonuc Vlbratlon. 'Ihe v1brat1on of::
" -anatom about its normal pos1t1on &
Jna substance : '

_average of ‘the. atomm masses ‘of
‘an atom’s naturally occurrmg 180~

‘Antlferromagnetlsm.-«~ )
‘nomenon. observed in some maten— i o e
: i als (eg, MnO): complete magnetic: -
: moment cancellatlon occurs as.a.’
result of antiparallel coupling of .
= : adjacent atoms or ions. The macro-
8 scopic: sohd possesses no net mag- i
- netic moment. : R
Artificial agmg For prec1p1tat1on e
2 hardemng, aging above room: tem-- .
‘perature. -

Atactic. A type of polymer i

Athermal transformatlon. A reac— :
tion" that is’ not therma.lly acti

Normally, the transformat1on takes :

‘place with great speed (e is mde- ST
. pendent of time), and the extent of .~ i
" reaction depends on temperature. .
- ‘Atomncmassumt (amu). Ameasure G
Cof atomrc mass, one-twelfth of the

“'mass’of an atom of Q2 A
Atomlc number (Z) For a chem1- P
cal element ‘the number of protons’ -

Atomlc welght (A) The Welghted i S

topes It may “be expressed in terms-r L
ot atotmc mass umts (on an. atormc
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basis), or-'the mass per mole of

atoms.

Atom percent (at%). Concentra-
tion specification on the basis of the

number of moles (or atoms) of a par-
ticular element relative to the total

number of moles (or atoms):of all

elements within an alloy.

Austenite. Face- ceutered cubic iron;_
also iron and'steel alloys that have -

the FCC crystal structure.
Austenitizing. Forming austenite by

heating a ferrous alloy above its up-

per critical temperature—to within

the austenite phase region from the

phase diagram.
B

Bainite. An austenitic. transforma-

tion product found in some steels. -
and cast irons. Tt forms at tem-"
‘peratures between those at which ;
pearlite and martensite transforma-
tions occur. The microstructure con- -

sists of a-ferrite and a- ﬁne drsper—
sion of cementite. -

- Band gap energy (Eg) For semi-
conductors and msulators the en-

ergies that lie between the valence
and conduction bands; for intrinsic

materials, electrons are forbidden to
haye energies within this range.

Bifunctienal. Designating mono-
mers that may react to form two co-

valent bonds with other'monomers

to create a two-dimensional chain-

like molecular structure; ot

Block copolymer. A linear copoly-

mer in which identical repeat units -
are clustered in- blocks along the}

molecular chain;

Bedy-centered - cubic (BCC). A
commeon crystal structure found in
some elemental metals; Within the

cubic unit cell, atoms are located at , ~
- Carbon-carbon composrte. A com-
posite composed of:. contmuous :
fibers of carbon that are. 1mbedded e
~-.in a carbon matrix. The matrix was
-ongmally a polymer resin that was -
subsequently pyrolyzed to. form\car—

corner and cell center positions.

Bolr . atomic - model. An early
atomic ‘model, in which electrons
are assumed to- revolve around the

nucleus in discrete orbitals. ‘
Bohr magneten (pg). The most

fundamental magnetrc moment, of -

magnitude 9.27 X 10724 A-m?. .
Boltzmann’s constant (k). A ther-

‘mal" energy  constant having ' the

value of 138 x 10‘23 J/atom-Kfv- ,

(8:62 x 10~3 eV/atom-K) See also .

* Gas constant, i

* Bonding energy. The energy re-
quired to separate two atoms that =
~are . chemically bonded to -each.

: other It may be expressed onaper

atom basis; or per mole of atoms, -

Bragg’s law. A relationship (Equa: -
_tion'3.14) that stipulates the condi-
tion for diffraction by a’set of crys-"-
e tallographlc planes

- Branched polymer. A polymer hav-.

ing a molecular structure of sec-

ondary chains that extend-from the

primary main chains,
Brass. A. copper—rrch copper—zme al-

‘ Brazmg.A metalj ]ommg techmque :
- that uses a -molten- ﬁller metal al-

loy having a melting temperature

- greater than about 425°C (800°F).
- Brittle: fracture. Fracture that oc-

curs by rapid crack propagation and

without * appreciable . macroscoprc-

deformation. »
Bronze. A. copper-rich: copp,erwtin

alloy; aluminum, silicon; and nickel

bronzes are also possible:

" Burgers vector (b). A vector that de-
‘notes the magnitude and direction
~.of lattice distortion assocrated with

a drslocatron

C.

Calcmanon. A high-temperature -
-reaction whereby one solid mate-

rial d1ssoc1ates toforma gasandan- -
~* othier solid. It is one step in the pro- e

duction of cement

Capacrtance (C) The charge- v

storing ablhty of a capacitor, de-

fined. as the magmtude of charge
- stored . on_ either plate- drvrded by;

the applied voltage. -

bon.

Carburizing. The ; process by whlch g
the siirface-carbon concentratron of: e
4 ferrous alloy is lncreased by diffu- S

~:sion from the surroundmg envrron— v
“ment.
“Case hardemng. Hardemng of the‘ :
‘outer surface (or “case”) of a steel
- component by a carburrzmg or nij-
triding process;’ Jused: to rmprove ,
-wear and fatlgue resrstance L
-Cast iron.. Generically, a ferrous al-
loy, the carbon content of. which
is greater than the: ‘maximum’ §ol- |
ublhty in ‘austenite at the eutectic -

temperature Most commercial cast

~."irons :contain ‘between 3.0 and. 4.5
~wt% . C, and between 1 and 3 wt% :

Si.

Cathode. The electrode in an elec- "
- trochemical cell or galvanic. couple .
at which a.reduction reactron oc- -
. curs; thusthe electrode that rece1ves .
. electrons from an external circuit,
_Cathedic protectron. A means of
- corrosion prevention whereby elec—‘ :
~trons are supplied to the structure -

" “to be protected from an external -
source such’ as another more reac-
~ .tive metal or a dc power supply.

. Cation. A posrtlvely charged metal~

licion.

'Cement. A substance (often a ce-

ramic) that. by chemical reaction

‘binds particulate aggregates intoa -
- cohesive ‘structure. With hydraulic” .
}cements the chem1calreact10n1s one

of hydration, mvolvmg water,

- Cementite. Iron carbide (Fe;C).

Ceramic, A: compound of metallic
and nonmetalhc elements; for which

the interatomic bondmg is predom- :

inantly ionic.

- Ceramic-matrix composnte (€CMO). -

CUA composrte for which both’ matrix
- and dispersed phases are ceramic
.. materials, The d1spersed phase is
“normally added to improve fracture- .
“*toughness.
.~ Cermet. A composite matenal con- e
s1stmg ‘of a combination of . ce-

ramic and metalhc materials. The

. most commor cermets are the cé-
~-mented carbides, composed of an - -
- extremely hard ceramic-(e.g., WC,
~TiC), bonded together by a ductile -

metal such as cobalt or nickel.
Chain-folded model. For crystalline

polymers, a model that describes

.~ the struc
2 lites. Mol
- -, plished by
. atthe cry,
. Charpy t
+- :also Tzod
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the structure of platelet crystal— .
- Tites. Molecular alignment is accom- .
i plished by chain folding that- occurs: .
- atthe crystallite faces, - . .-
: Cllarpy test. One ‘of two tests (seeﬁ ;

- also Ized test) that’ may be used to -
measure the i Impact energy or notch - -
.~ toughness of a'standard notched

‘specimen. An impact blow is'im- .
~ parted to the specimen by : means of -

aweighted pendulum.

kCls. For polymers, a prefix denot— S
ing a type of molecular structure o
‘For some unsaturated carbon chain: -
--atoms w1th1n a repeat unit, a side
" atom or group may be situated on
~one side of the double bond or di- -
rectly opposite at a 180°rotation po- -
. sition, Ina cis structure, two such
- side groups within the same repeat.

unit reside on the ' same s1de (e g

cis-isoprene)..

Coarse pearlite. Pearlite for whwh

- thealternating ferrite and, cement1te '

~layers are relat1ve1y thick. -

Coemmy (or " coemve ﬁeld H,,-) w

The applied rnagnetlc field neces-

- sary to reduce to zero the magnetic.

~flux density of a magnet1zed ferro-

. magnetic or femmagneuc material;
- Cold working. The plastic deforma-
: tlon ofa metal at.a temperatire be-

- low that at Wthh it recrystallizes.

- Celor. Visual perception stimulated

by the combination of wavelengths

of light that are transmltted to the
-gye. :
o ’Colonmt. An add1t1ve that lmparts E
~ aspecific color to a polymer. - S
Compac!ed gmplnte iron. A cast -
irom that is alloyed" with silicon
and a small amount of magnesmm, E
cerium; or other additives, in which
the graph1te exrsts as worm-hke par-

ticles.

‘Component: _,A ' chem1cal ‘con-
stituent - (element or compound)
of an alloy that may be used to .

‘specify its composition.
Compaesition (C;). The relative con-

- tent of a particular élement or con- :
. stituent (1) within an alloy, usually.
- expressedin weight percent oratom:

percent.

T Com:entrahon. See Composntlon

_Copelymer.

Concentratmn gradlent (dC’/dx) 9
The slope of the concentratron pro= - -

file-ata specific position,

Concentrahon polanzatmn. The

cond1t10n wherem the rate of.:an

electrochetmcal reaction is limited -
by the rate of dtffusmn in the solu- .
- otionm. 7
Concentraﬁon proﬁle. The curve
_that results when the concentrauon i
ofa chermcal species is plotted ver-"
. Sus. posrtlon In a material. :

Concrete. A composrte matenal

k consrstmg of - aggregate ‘particles

bound. together ina. sohd body by

ia cement. .

- Condensahon (or step reachon)

—polymenzanon. The formation of
polymer’ macromolecules by an in-
termolecular reaction, usually with -
the productionofa byproductoflow

©  molecular weight, such as water.

Conduction band. For electrical in-
sulators: and semiconductors, the
lowest-lymg electron energy band
that is empty. of électrons: at 0 K.

Conduction electrons are those that .

have been excited to states w1thn1
this band:

Conﬂnctmty, e!ectncal (o). The
i ,proporuonahty constant. between
. current density and applied electric -
- field; also a measure of the easewith
which a material is capable of con-
 ducting an electric current. e
- Congruent { transformanon. A trans-
. formation of one phase to another -
. of the same composition.
- Continuous cooling. transformahon
; (CCT) diagram. A plot of temper-
~ature versus the. logarithm of time

for a steel alloy of definite com-

- position. Used to indicate “when
“transformations . occur - as. the ‘ini- -
~ tlally austenitized material is: ‘con-

tmuously cooled at a specified’ rate;

-in addition; the final microstructure
- and: mechamcal charactensucs may

be predrcted

B Coordmatlon numher. The number

of atomicorionic nearest neighbors.

sists ‘of: two ormore d1ss1m11ar re-

.. peat units in- combmatron along its
i molecular chams T ‘

AI polymer that con-

G'mary i3 4 1"’:

Corrosion. Detenoratlve loss of a '_ﬁ'. o
metal as-a result-of dlssolutron en—' 3

_ vironmental reactions. *

Corrosion fatigue. A type of failure o

" that results from the. s1multaneous’ -
action of a cychc stress and cheml- e
- cal attack.

Corrosion penetration rate. (CPR) .
Tlnckness loss of material per unit:"

of time asa result of corrosion; usy= s
ally expressed in terms of m)ls perj R

year or millimeters j per year.

: Coulomblc force. A force between i
i (charged partrcles such as ions; the

force is attractive when the part1cles“ B

.are of opposite charge. i
 Covalent bond. A primary inter-
~-atomic bond that is formed by the:
'~ sharing of electrons between nergh—
~boring atoms, :

Cl'eep. The time- dependent perma- e

nent deformation that occurs under - .
. stress; for most materjals it is im--
portant only at elevated tempera-

tures.

‘ Crevnce .corrosion. A form of cor-
- osion that occurs ‘within- narrow
 crevices and under deposits of dirt L
~or corrosion products (i.e.; in ‘e~
‘ grons of localized depletlon of oxy~

gen in the solution).. : oy
Critical resolved shear stress ( o)

The shear. stress, resolved ‘within-a'
slip plane and dtrectron that is re'_ o
quired to initiate slip.- :

‘Crosshnked polymer. A polymer ‘
in which adjacent linear. molecular SN

chains- are joined. at vanous pos1-

. tions by covalent bonds :
+ Crystafline. The state of a:s0lid mas, ..
terial characterized by a periodic - "

and repeating three- dimensional ar- * :

* 1ayof atoms, ions, or molecules, . k
- Crystallinity. For polymers, the state.
wherein a periodic:and repeatmg pA
_atomic atrangement is achieved by "

- molecular chain ahgnment s
Crystallite. A regron within a Crys= .o

~talline polymer. in which all the e

molecular chams are ordered and i

aligned.

‘Crystallization: (glasswemnncs) The a
" process: in which a glass: (noncrys- S
talline or-vitreous sohd) transforms iy
“toa crystalhne sohd ' :
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Crystal - structure. For- crystallme

materials,-the manner- :in- which
atoms or ions are arrayed in space,
It is defined in terms of the unit
cell geometry and the ‘atom posi-
tions:within the unit cell,

‘Crystal system. A scheme by which
crystal structures are. classified ac-
cording to unit cell geometry. This
‘geometry is  specified' in- terms

of the relationships between edge
lengths and interaxial angles. There .

are seven d1fferent crystal sys-
tems: ‘

Curie temperature (T;). The tem-
perature above which a ferromag-
netic or ferrimagnetic matenal be-
comes paramagnenc

D . .
Defect structure. Relating to' the
kinds and concentrations of vacan-:
cies and interstitials in a ‘ceramic
compound.
Degradation. A term used to denote
the deteriorative processes that oc-
cur with polymeric materials. These
. processes include swelhng, dissolu-
- tion, and chain scission.
Degree of polymerization.  (DP).

The average number of repeat units”

per polyimer chain molecule. -

. Design stress (o). Product of the
calculated stress level (on the ba-
sis of estimated maximum Joad) and
a design factor (which has a value
greater than unity). Used to'protect
against unanticipated failure.

Diamagnetism, A weak form of in-

duced or nonpermanent magnetism- N
for which the magnetic: susceptxbﬂ—-

ity is negative.
Die. Anindividualintegrated circuit

chip with a thickness on the order of .
0.4mm (0.015 in.) and with a square -
or rectangular geometry; each side .
measuring on the order of 6 mm-

(0.25 in.).

Dielectric. Any material that is elec-
" trically insulating,

Dielectric constant (¢,). The ratio of

the permittivity of a medium to that

of a vacuum. Often called the rel-

ative dielectric constant or relatlve _

permittivity.

Dle]ectnc dxsplacement D). The

‘magnitude of charge per unit. area

of capacitor plate.

. Dielectric (breakdown) strength._ :
The magnitude of an electric field

necessary to cause significant cur-

rent passage through a dlelectnc ,

material.: :
Diffraction (x-ray). Constructlve in-
terference of x-ray beams that are

‘scattered by atoms of a crystal. ,
Diffusion. Mass transport by atomic .

mot1on

, Dlﬂ'usron coefficient (D). The con-
- stant of proportjonality between the
diffusion flux and the concentration

gradient in Fick’s first law. Its mag-

. nitude is indicative of the rate of

atomic diffusion..
Diffusion flux (J). The quantlty of
mass dlffusmg through and perpen-

" dicular to a unit cross-sectional area

of material per unit time. :

"~ Diode. An electronic device that

rectifies an electrical current—that
is, allows current flow in one direc-
tion:only.

Dipole (electric). A Jpair of equal yet
opposite electrical charges that are
separated by a small distance.
Dislocation. A linear crystalline de-

- fect around which thereis atomic kS
- misalignment. Plastic deformation

corresponds to the motion of dis-

. -locations in response-to an applied

shear stress. Edge; screw, and mixed

. dislocations are possible. .
Dislocation density. The total dislo- -
cation length per unit volume of ma- -

terial; alternately, the number of dis-

-locations that intersect a unit areaof

a random surface section:

Dislocation line. The line that ex-

‘tends along the end of the extra half-

plane of atoms-for an edge disloca-
tion, and along the center of the spi-.

ral of a screw dislocation.
Dispersed phase. For compos1tes

and some two-phase alloys, the dis-

‘continuous phase thatis surrounded
by the matrix phase.-

Dispersion: strengthemng. A'means.
cof strengthenmg materials wherein::
'very small particles (usually less
~than 0.1 um) of a hard yet inert"

] e

phase are umformly ‘dispérsed.
“within a: load-bearing matrix phase.
Domain. A volume region of a fer- .
- romagnetic or ferrimagnetic mate-
rialin which all atomic or ionic mag- .
netic moments are aligned m the

same direction.

Donor level. For a semlconductorr
or insulator, an energy level lylng

within yet near the top of the energy

band ; gap, and from which electrons- . -

may be excited into the conductlon

- band. It is normally mtroduced by
_an 1mpur1ty atom.

Dopmg. The intentional alloying of
semlconductmg materials with.con-
trolled concentrations of donor or
acceptor impurities.

Drawmg (metals). A forming tech-‘ ,

nique: used to fabricate metal wire

~-and tubing. " Deformation is ac-~
complished by pulling the material':
- through & die by means of a tens1le :

force applied on the exit side.

Drawing (polymeérs). A deforma-

tion technique’ wherein polymer
fibers: are strengthened by elonga—
tion.

Drlvmg force. 'I'he 1mpetus beh1nd )
“a.reaction, such as diffusion, grain
. growth, or a. phase transformation.
. Usually attendant on the reaction is

a reduction in some type of energy
(e.g., free energy) s

“Duetile fracture. A mode of fracture
- that is attended by extensive gross.

plastic deformation. -

. Ductile iron. A cast iron that is
- alloyed with- silicon and a small
- concentration of magnesium and/or

cerium , and " in “which ‘the free

~ graphlte exists -in nodular form.

Sometimes called nodular iron.
Ductile-to-brittle  transition. The

transition from ductile to brittle be--
havior with a decrease in tempera- "
- ture exhibited by some low-strength

steel (BCC) alloys; the temperature

range over which the transition oc-
~curs s determined by Charpy and

Izod impact tests.

Ductility.: A measure of a mate- -
rial’s -ability to undergo apprecia-

ble plastic deformation before frac-

“ture; it may be expressed as percent»

©n oo
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Edge " dlslomtmn. A lmear crys-‘_*

talline defect associated with the lat-

tice distortion produced in the vicin- :
ity of the end of an extra half- -plane
ofatoms w1thm acrystal. The Burg-
. 'ers vector is. perpend1cular to. the
- dislocation line,
' Elastic deformation. Deformatron .
that is nonpermanent—that is, to-

tally recovered upon: release of an

*applied stress.” :
ElasncrecovemNonpermanent de- -

formatron that is. recovered or: Te-

~gained upon the release of a me-

chanical stress.’

~Elastomer. A polymenc matenal

- atomic’ systems It is equrvalent to
the energy acquired by an electron
. when it falls tln'ough an electnc po=

that may experience large and re-

versible elastic deformations: -
Electrical conductivity. Sce Con- -

ductivity, electrical.

;Electnc dlpole. See Dlpole (elec-

tnc)

| 5 Electncﬁeld ‘8. The gradlent of volt~ "
. age.

Electrolummeseence. The em1ss10n
of visible light by a_ p-n Jjunction

. *".across which'a forward-biased volt-
* . ageis‘applied.. :
'.Electrolyte. A solution through

which an electnc ‘current may be car-
ried by the motion of ions.

s Electmmohve force (emf) series.
. A ranking of metalhc elements ac-
cording to their standard electro-_
* chemical cell potentials. B
Electron - configaration. For  an
- atom;" the manner - in which pos- Er
" sible electron states are ﬁ]led wrth

electrons.:

‘ Electmnegahve. For an atom, hav--.
‘ing a tendency to accept valence -

electrons. Also, a term used to de- )
- scribe nonmetallic elements, . s
‘Electron energy band. A series. of -
electron energy states that are very\ )
- closely spaced with. respect to en-

“ergy. .
) Electroneutmllm The state: of hay-.

k Engmeenngstress.See Stress, engl- o

‘ Erosmn—cormsmn. A form of cor-\ '
“" rosion ‘that arises from' the com:

R charges (1on1c and electromc)—-that e

s, 0f being electncally neutral.

 Eléctronstate (level). ‘One ofaset of‘ G
discrete, quantlzed energies. that are’.
allowed for electrons Tn the atomic :

“case’ each state is spe: 1ﬁed by four‘f

: quantum numbers L ‘ .

. Electron voit (eV). A convement

unit of energy for: atomrc and 'sub-

tential of 1 volt..

Eleciroposmve.For an atom havrng
ca tendency to release valence elec-
trons. Also; a'term used fo. descnbe o

metalhc elements,
Endurance limit. See Fatlgue Timit;

neering.

neering.
Eqmlxbnnm (phase) The state of

-a’system: where the phase charac-
- teristics remain constant over indef-
Inite time penods At equlhbnum i

the free energy is a minimum;

bined action of chemlcal attack and

- mechanical wear.
~Eutectic' phase. One of the two

phases found i in the elitectic struc-

. ture.

Eutectic. ' reaction. A “reaction
- wherein, upon cooling, a liquid
phase transforms isothermally and-
_teversibly into two mtlmately mlxed‘ o

~solid phases.

b)

Eutectic slmclm-e A two—phase mi-

~.:Crostructure resulting from the so- -

hdlﬁcatlon of aliquid'having the eu-

tectic composition; the: phases exist.
as lamellae that alternate w1th one
. another. - . 5
’ .Eutectold _reaction. - A reactlon :
: wherem upon coolmg, one ‘solid-
-phase transforms 1sotherma.lly and
revers1bly into-two new solid phases "

‘ that are mtnnately mixed. -

ing .exactly " the - ‘same numbers :
of pos1t1ve and negatlve electncal i

Excited state. An electron energy'l' :
‘state, not normally occupied, to -
: whrchanelectronmay be ’romoted 7

w Face-centered cnlnc (FCC) A crys :
_tal structure found in some. of ‘the
- common elemental metals, Within'

: .G:essafy- . i-843‘._,_"» L

(from a Iower energy state) by the o

‘ absorption of some. type of energy
‘(e.g.; heat, rad1at1ve) : o
~ Extrinsic semlconductor. A ‘semi-

: conductmg matenal for ‘which the
“electrical behavlor is determmed by‘ e
: lmpuntles 5 :

- Extrusion. ‘A° formmg techmque
R whereby a material' is - forced,: by~ L

k compressron, through a dre onﬁce

F

the cubicunitcell, atomsare located

- atall corner and face- centered pos1- e
< tions. " ;

: Energy band gap. See Band gap en-
| ergy. .
: Engmeenngsiram See Stram, engl- -

Fatlgue. ‘Failure, at relatrvely Iow,“'?

+. stress levels, of structures that are -
‘subJected ‘to ﬂuctuatlng and cychc{
..’stresses;

Fatlgue life .. 'Ihe total number__j

. of stress’ cycles that will cause a fa- o
- trgue failure at some specrﬁed stress B -:.

amplitude.

,Fatlgue limit. For fatlgue, the max- "o
. imur' stress amphtude level: below
which a material can endure an es- -

- sentiallyinfinite number of stress c
“.clesand not fail. S
- Fatigue strength. The maxnnum S T

‘stress:level that a mater1a1 can Sus-i

* tain, without failing, for- some spe
-ified number ofcycles.” s

g ‘Fenm energy (Ep. For a metal the froa:

energy: correspondmg to the. hlghest Sl

filled electron state at 0K,

ermmagnehsm. Permanent and

- large magnetizations foundmsome P
~ceramic materials. It results. from';ﬁf‘i* '
,ant1parallel spin’ couphng andin-""
: complete magnetic rnoment cancel
lation, T T
‘Ferrite (ceramic). Cerarmc oxide | :

" materials- composed - of both. diva- "

“lent and trivalent cations (eg,Fe?t
“and Fe3+) some of Wthh are: fern-, o
‘magnetic. ‘ e

Ferrite (irom). Body—centered cubrc i

iron; also iron and steel alloys thatg ;
have the BCC crystal structure, .- S .
Fenroelectnc. A dielectric’ ‘material ;i

that may exhibit polarization in the o
. absence of an electnc ﬁeld ‘




844 « Glossary

. Ferromagnetxsm. Permanent and
large magnetizations foundi in some
metals (e.g., Fe, Ni, and Co) that re-

sult from the parallel alignment of ..

neighboring magneuc moments.’

.- Ferrous alloy A metal alloy for

~which iron is the prime’ constituent.
Fiber. Any polymer, metal, or ce-

' ramic ‘that has ‘been dravwn' into-a -

long and thin filament,
Fiber-reinforced composite, A: com-
p051te in Which the dispersed phase
is in the form of a fiber (ie., a fil-
ament that has a large length-to-
diameter ratio). '

Fiber remforcement. Strengthen—'

- ing .or reinforcement ' of - a - rela-
tively weak mater1a1 by embedding

a strong fiber phase w1th1n the weak

matrix material. s
Fick’s first Taw. The d1ffus1on ﬂux
is proportional to the concentration

gradient. This- relat1onsh1p isrem- .
‘ ployed for steady—state d1ffus1on sit-

uations.

Fick’s second law. The time raté of .

- change of concentration is propor-
tional to the second derivative of
concentration. . This- relationship is
employed in nonsteady-state dlffll-

- sion situations.

Filler. An inert fore1gn substance .

added to a polymer to 1mprove or

modify its properties.

- Fine pearlite. Pearlite in which the

alternating ferrite and cementite

layers are relatively thin.

Firing. A high-temperature “heat

treatment that increases the density

and strength of a ceramic piece.

Flame retardant. A polymer: addl—

tive that increases ﬂammablhty re-

sistance,

- Flexural strength (o7)- Stress at
fracture from a bend (or flexure)
test.

- Fluorescence. - Luminescence that
occurs for times much less than a

second after an electron. exc1tat10n :

event.

Foam. A polymer that has been

made porous (or sponge-like) by the

- incorporation of gas bubbles.
Forging. Mechanical forming of a

“metal by heatmg and hammermg

 Forward bias. The conductmg bras
forap-n Junctlon rectifier such that

electron flow i is to the n s1de of the
junction.

Fracture mechamcs. A techmque of
fracture’ analysis used to determ1ne-
~ the stress level at which preexrstmg :
cracks of known size will propagate ‘

leading to fracture;

Fracture toughness (K.). The. mea- s
+.sure ‘of a’ material’s’ resmtance to-

fracture when a crack is present.

- Free electron. An electron that has.
" been excited into an energy. state
- above the Fermi energy (or into the

* ‘conduction band for. semiconduc- -
* tors.and insulators) and may par-
ticipate in the electrlcal conduction .

process. :
Free emergy. A thermodynamic

_‘quantity that is a function of both

the internal energy and entropy (or

randomness) of a system At equ1~ L

hbnum the free energy is-at'a min-
imum.’

Frenkel defect. In an- ionic sohd
a catlon—vacancy and cation-inter-

- stitial pair. :
. Full ‘annealing. For ‘ferrous alloys

austenitizing, followed by cooling:
slowly to'room temperature.
Functionality. The number of co-

~valent bonds that a monomer can

form' when ‘reacting with other
monomers.

G

Galvanic corrosion. The preferen-

tial corrosion of the more chemi-
cally active of two metals that are.
: electnca]ly coupled and exposed to
~an electrolyte L -
‘Galvanic series. A ranking of met-
als and alloys as to their relative
electrochemical reactmty in. sea-’f

Water

- Gas constant (R). Boltzmann scon-
“stant per mole of atoms. R =8, 31

J/mol-K (1.987 cal/mol- -K). -

'Gibbs phase rule. For a. system at
equilibrium, an equation. ("Equatlonj
10.16) that expresses the relation- =
. ship between the number of. phases
_ present and the’ number -of
. nally- controllable van

: Glass—ceramxc. A ﬁne-gramed crys-. -

 talline ceramic material ‘that..was -
‘formed as a glass and subsequently :

- crystallized. 5

Glass fransifion temperature Tp):

The temperature at which, upon

cooling; a noncrystalline ceramic or
polymer .transforms. from a super-

“ “cooled: l1qu1d toarigid glass, o
Graft copolymer. A copolymer S

: wherein “homopolymer . side
‘branches  of ‘one” monomer ‘type .
are grafted to. homopolymer main

‘ chams of -a: dlfferent ‘monomer

Grain. An. md1v1dua1 crystal in a
polycrystallme metal or'ceramic..

Grain boundary. The interface sep-".
aratmg two' adjoining grains hav- -
“ing different crystallographlc orien-

tatlons

Grain growth. The increase in av- -
erage grain size of a polycrys-"
‘talline material; for most materials;’
an: elevated -temperature heat treat- ;.

ment-is necessary. -

Grain size. The average grain diam-
“eter as' determined from a: random
. ‘cross section:
Gray cast iron. A cast iron alloyed. .
with silicon in which the graphite ex-
istsin the form of flakes. A fractured
* surface appears gray. ; :
Green ceramic body. . A ceramic. ,
. piece, formed as a particulate ag--
-gregate, that has been dned but ‘not™

fired.

‘Ground state. A normally ﬁlled

‘electron energy state from which an
electron excitation may oceur,

-Growth (particle). During a phase ‘

transformation and subsequent to

nucleatron the increase in size of a }
. particle of a new phase. "

H

Hall effect. The phenomenon where— ;

by a force is‘brought to bear on

- a moving electron or hole by a

‘magnetic field that is apphed per-

: pend1cular to the direction of mo- .
tion. The force direction is- per--
pendlcular to" both the magnetic

- field and the part1cle motlon direc-

thnS

Ti¢
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‘Hardenablllty A measure of the

depth to which a specrﬁc ferrous al-

loy may be hardened by the forma:
- tion of martensite upon. quenching -
from & temperature above the up-

per critical temperature.

Hard magnetic material. A ferri- .
_“magnéetic or ferromagnenc material -
- thathas large coercive field and re~'} '
e manence- values, normally used in
- permanent magnet apphca'uons -
Hardness. The ‘measure of a ma—‘
terial’s; resistance to deformat1on '
‘by surface mdentatlon or. by abra— =
-sion. - : .
‘ 'Heatcapaclty (Cp, Gy). The quantlty." :
of heat required to produce a upit -
. temperature rise per mole of mate- "

rial.

. Hexagonal close-packed (HCP) A ‘

crystal structure found for some
metals. The HCP unit cell is .of

hexagonal geometry and is gener-
ated by the stacklng of. close-packeda i
~“planes of atoms. : ;
High polymer, A sohd polymenc ‘
material having a molecular welght‘i
. ‘greater than about 10,000 g/mol. -

. ‘High-strength, low-alloy (HSLA) s
 steels. Relatively strong, low-carbon
~ .steels, with less than about: 10 wt% -

total of alloying elements.

Hole (electron). For semiconduc- .
“torsand msulators, avacantelectron
_state in. the valence band that be- ¢
"~ haves asa pos1t1ve charge carner in

an electric field.

Homopolymer. A polymer havmg a
chain structure in which all repeat
“units are of the same type.

Hot working. Any metal-formmg

~ operation that is: ‘performed above
‘ametal’s recrystalhzatlon tempera- .

ture..

" 'Hybrid ‘composite.. A compos1te»»
‘that is fiber reinforced by two or
" more types_ of ﬁbers (e.g., glass and-

carbon).

Hydrogen . bond A strong “ sec-
- ondary interatomic bond thatexists -
between a bound hydrogen atom " ¢,

- (its . imscreened proton) and the

electrons-of adjacent atoms; -

Hydrogen embrittlement. The loss ‘
or reduction of ductlhty of a metal i

e alloy (often steel) ;
~_diffusion of atomic: hydrogen into
. the material: .
: Hydroplastlc formmg The moldrng,
“or shapmg of clay-base “ceramics
~ thathave been made plastlc and pli-
“able b adding water. © ‘
’Hypereutectoxd alloy. For an: alloy it
system’ dlsplaym' aeutectoid; an al- s
. loy for which the
- solute is: greater than the eutectotd
-composition. : o
;.Hypoeutectold alloy For an alloy-_,-;
system dlsplaymg a eutectold anal-:
- loy ‘for which the concentration of =
solute isless thantheeutect dcom— o ~
‘ o solution or phase havmg a compo—;: :
_sition‘range that does net extendto -
- either ofthe pure components of the,. P
. System. : s
.- Intermetallic compound A com-
_pound of two metals thathasadis-
‘tinct chemical formula. On a: phase'g ‘
. diagramit appears as an intermedi-
" ate phase that exists over a very: nar-. o
‘Tow range of: compositions. . .
Interstitial diffusion, = A dlffusmn

posmon

v,Hysteres:s (magnetxc) The jrre-
- versible - ‘magnetic flux: density- .-
_versus-magnetic ‘field “strength
- (B-versus-H) behavior: found for -
- ferromagnetic’ and - fernmaguetrcp
.. materials;  a -closed ‘B=H loop is -

formed upon ﬁeld reversal

P , o
’ Impact energy . (notch toughness)

A measure of the energy:absorbed
durmg the fracture of a specimen of
standard diménsions .and geometry

when subjected to very rapid: (im-.
-~ pact) loading. Charpy and Izod im- )
. pact tests are used to measure this

parameter, whichiis nnportant inas-

sessing the ductrle-to»bnttle trans1-‘
~tion behavior of a material, .
lmperfechon. A deviation £rom per-
fect1on normally applied to. crys-
‘talline- materials: wherein there is.
" a deviation from atomrc/molecular :
.order-and/or continuity: ;
-"Index of refraction (). The ratio of
the - velocity of hght in a vacuum to -
-the velocity in some medium.
Inhibitor. A chemrcal substance
' that, when added i in relatively low -
.»concentratrons retards a chemlcal;\
~-Teaction. : o
‘Insulator (electncal) A nonmetal-‘j
“licmaterial that has.a filled: »valence, v
band at 0 K and a relattvely wide
energy- band gap. Consequently, the‘
‘ room—temperature ‘electrical ‘con-
: ity is ver ss than about -

s.a result of the“- .

ncentration of
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i Integrated cxrcmt. Mﬂllons of elec~ i

tronic eircuit elements (transistors,

chip. -

E \dlodes, resistors, capac1t0rs, etc)m- R
-corporated on' a Very small s1hcony i

L lnterdlffusron. D1ffus1on of atoms of o o
" ‘one metal mto another metal :

Intergranular corrosion. Preferen-‘_f e

- tial corrosion along gram-boundaryf i
: reg1ons of. polycrystallme maten-”" i
el

‘Intergranular fractnre. Fracturé of
j polycrystalhne mater1als by crack B
: fpropagatlon along gram bound-_ »
- aries. "

Intermedlate solid solutmn. A solid SR

mechanism whereby atomic motion

“is from mterstmal s1te to mterstmal "

site.”

'Interstmal solid solutron‘ A sohd so‘ :

lution” wherein- relat1vely small SO

- ‘lute-atoms occupy: mterstttral pos1-. NN

tions between the. solvent or host:.

.atoms: ‘
E _Intrmsncsemlconductor.Asemlcon—_ s
" ductor material for which the elec- i
trical ‘behavior i characterlstlc of "
“the pure. matenal that is; in which

electrical conduct1v1ty depends only' i
on- temperature ‘and the: band gap‘ T

- energy. :

‘Invariant pomt. A po1nt ona bmary L
_ phase diagramat which three phases_i" .
are in equilibrium. ‘ S

Tonic bond. A coulombrc 1nter- L
- atomicbond that exists betweentwo S
-ad]acent and oppos1tely charged' L

ions..
Isomerlsm. @ The

phenomenon» N
. whereby . two or more: polymer
" molecules: or repeat units have i
the same composition but: differ- " SN
. ent - structural arrangements and L

: propert1es Bl :
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Isomorphous. Having - the same

structure, In the phase diagram
sense, isomorphicity means having'

the same crystal structure or com-

plete solid. solubility for all compo-

sitions (see Figure 10.34).

Isotactic. . A  type ' of polymer
chain, configuration (stere01somer)
wherein all side groups are posi-
tioned on the same side of the chain
molecule.. L _
Isothermal. At a c’onstant tempera-
ture.

Isothermal transformation (T—-T ~T)
diagram. A plot of temperature ver-

sus the logarithm of time for a steel

alloy of definite composition. Used
to determine when transformations
begin and end for an isothermal
(constant- temperature) heat treat-
mentofa prevrously austenitized al-
loy.

Isotopes. Atoms of the same el-
ement that have different atomic
masses.

Isotropic. Having identicalvalues of -

a property in all crysta]lographlc di-
rections,

Jzod test. One of two tests (see also
Charpy test) that may be used to
measure the impact energy of a stan-
dard notched specimen. An impact
blow is imparted to the specimen by
a weighted pendulum '

J

Jominy end-quench test. A stan-
dardized laboratory test that is used
to assess the hardenability of ferrous
alloys. »
Junction tramnsisior. A semiconduct-
ing device composed of appropri-
ately biased n—p-n or p—n-p junc-

tions, used to amphfy an electrical .

signal,
K

Kinetics. The study of reactionrates

and the factors that affect them.

L

Laminar composite. A series of two-
dimensional sheets, each having a
preferred high-strength' direction,
fastened one on top of the other

-at dlfferent onentatlons, strength in
the plane of the laminate is highly

isotropic:
Large-partncle composnte. A type

of particle-reinforced ‘composite
wherein - particle-matrix - interac- :

. tions cannot be treated on an atomic .
- level; the particles reinforce the ma- -

trix phase.

.- Laser. Acronym for light amplifi- -

cation: by stimulated emission " of

_radlauon—a source of light that is:

coherent;

Lattice. The regular geometrical
- .arrangement of points 1n crystal

space.

‘Lattice parameters. The combina-

tion of unit cell edge lengths and in-

‘teraxial angles that defines the umt

cell geometry.
Lattice strains. Slight displacements

of atoms relative to their normallat-.

tice positions, normally 1mposed by
crystalline defects such as disloca-
tions, and interstitial and impurity
atoms,

Lever rule. Mathematical expres-
sion, ‘such as Bquation 10.1b: or.
Equation :10.2b, whereby the rela-
tive phase amounts in a two-phase
alloy at equilibrium may be com-
puted.

Light-emitting - diode '(LED). A
diode composed of a semiconduct-
ing material that is p-type on one
side and n-type on the othér side,

. When a forward-biased potential i is

applied across the j junction between
thetwo s1des recombinationof elec-
trons and . ‘holes” occurs, - with the
emission of light radiation.
Linear coefficient of thermal expan-
sion: See Thermal expansmn coeffi-
cient, linear,

~-Linear polymer. A ponmer pro—_

duced from bifunctional monomers
in which each polymer molecule
consists of repeat units joined end
to end in.a single chain.

Liquid- crystal polymer (LCP) A
group of polymeric materials having
extended and rod—shaped molecules
that, structurally, do not:fall W1th1n

traditional liquid, amorphous, crys-

tallme or-. semlcrysta].lme classrﬁ-

cations. In the molten (or hquld) N

state” they can’ become aligned in

 highly ordered (crystal-like) confor-
- mations. They are usédi indigital dis-

plays and a variety of applications in

- electronics and medlcal equlpment
‘industries.
' ,qumdus Iine.On a bmary phase di- -
' agram, theline or boundary separat-

ing liquid and liquid + solid: phase
regions. .For an- alloy, the liguidus:
temperature is the temperature ‘at
which a solid phase first forms under
conditions of equilibrium cooling, *

‘Longltudmal direction. The length-

wise dimension. For a rod or ﬁber,

.in the direction of the long axis,
- Lower ‘critical temperature.. For a

steel alloy, the temperature  be-

lowwhich, under equilibrium condi- .
- tions; all austenite has transformed

to ferrite and cementite phases.

* Luminescence. The emission of visi-
-blelight as aresult of electron decay

from an excited state. .

M

Macromolecule. A huge molecule -
made up of thousands of atoms,

Magnetic field strength (H). The i in-
tensity of an extemally applied mag-
netic field.

Magnetic flux density (B). The mag—

~ netic field produced in a substance-

by-an external magnetic field.

Magnetic induction (B). See Mag-

netic flux density.

- - 'Magnetic -susceptibility.: (Xm)- The

- proportionality ‘constant: between

-+ the magnetization M and the mag-
-netic field strength H.

Magnetization (M). The total mag-

- netic.momient per unit volume of
- material. Also,ameasure of the con-
tribution to the magnetic flux: by

some material within an H field.

- Malleable cast iron. White cast i iron
. -thathasbeen heat treatedto convert ‘

the cementite into graph1te clusters;
arelatively ductlle cast iron.

‘Martensite. A metastable 1ron
~phase ‘supersaturated in- carbon
*that is ‘the product of a diffusion-
"~ less. (athermal) transfonnatlon from
" -austénite. ‘

R

TR
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Zl“ﬁlﬂ‘lx pllnse. The phase in a»
* compeosite or two-phase alloy mi-

crostructure that is contmuous or

~ completely s surrounds the other (or

dispersed) phase.’ -

Matthiessen’s rule. The total electri-:
cal resistivity of a metal is :equal to.
the sum of temperature-. impurity-, *
and cold-work dependent contnbu— o
- tions." .- o
Melting pomt (glass) ’Ihe tempera-
. ture at which the viscosity'of a glassa D
~materialis 10 Pa-s (100 P). -
‘Metal. The: electropositive elements S
~ and alloys based on these elements o

The electron band structure of met—

als is’ characterized by a partrally
~filled electron band. o
Metallic bond.. A pmnary mter- t
atomic. bond involving ‘the nondi- .
rectional sharing of nonlocahzed va-
lence electrons (“sea of electrons”) i
that are mutually shared by all the“
- _-atomsin the metallic solid, "~ .
o Metal-mamx composite (MMC). A
composite material that has a metal
_ or metal alloy as the matrix phase.
‘The dispersed phase may be. partic-
. ulates, ﬁbers, or whlskers that nor- .
< mally are stiffer, stronger and/or

harder than the matrix,

v Metastable. N, onequilibrium state -
that may persist for a very long time.

Mlcrut:onsmnent. An element . of

~ the mlcrostructure thathas aniden- s
‘ t1ﬁable and; charactenstlc structure.

It may consist: of more than one
phase, stich as with pearhte .

S Mlcmelectmmechamcal system ,

(MEMS). A large nuiber of minia-

 ture mechanical: devices that are -
integrated with electncal elements .
on a silicon substrate: Mechamcal» :
components act as microsensorsand
Jmicroactuators and are in the form

" of beams; gears, ‘motors; and. mem-
_ branes. In response to microsensor

. stimuli, the electrical elements rén=
©der decisions that direct. responses -

tothe mlcroactuator devices.
Mlcmscop\e. Thei lnvestlgatron of mi-

crostructural . elements usmg some
type of microscope. - )
Microstructure. The structural fea- -
tures of an alloy (eg gram and-‘ : f

phase structure) that are subJect to
observation under a Jicroscope.: .

Mliler indices. A set of three inte:’

Lo gers (four for hexagonal) that des1g— B
.+ nate. crystallographlc Pplanes, asde-
.termmed om Teci] 'rocals of frac— :

tional axial i mtercepts : :

- Mixed dlslocatlon.

: that has both edge ar

v (eleclron, .ue, and hole, o
Iz,,). ‘The proportronahty constant.
between the. carrier drift’ wvelocity
-and applied electric field: also; @
_ ;measure of the: ease of charge car--

rler motlon

one liter (10° ¢m®) of solution.

. Molding (plastics). Shaping a plas- i
- “ticmaterial by forcmg it,under pres- . -
.sure and atanelevated temperature :

into a mold. cavity.

Mole. The quantity- of a substance
vcorrespondmg 106.022 x 1023 atoms
~or molecules. g

Molecular che!mstry (polymer)_ o
. With regard only to comp031-
. tion, not the structure of: a repeat

unit. -
Molecular stmcmre (polymer).
With - regard ‘to atomic arrange-

ments ‘within and mterconnectlons :

between polymer molecules.

. Molecnlar weight. The sum of the
atomic weights of all. the atoms in 18-

molecule

which a polymer is synthesized.

MOSFET Metal-omde-sﬂlcon ﬁeld o
effect transistor, an mtegrated Cirs

cu1t element

'n-Tvpe semxconductm'. A semlcon- L

ductor for which the' predommant

- charge carriers: responsible for elec- .
“trical conductlon are eIectrons Nor-

- mally,” donor unpunty atoms glve L
rise to the:t excess electrons

A dlslocatron"_ :
screw com- +
~ - Nodular iron. See Ductlle iron
Noncrystalline. The - solid - statef- PP
- wherein - there 'is. no long—range B
atomic order Sometimes the. terms“ R
. ‘amorphous, glassy, and vitreous are.
used synonymously : o
: : - Nonferrous alloy. A metal alloy of -
‘Modulns of elashcltg (E) The ratlo ol _whlch 1ron is not the prlme con- A
of stress.to strain‘'when deformatron e : i
is totally. elastic; also a measure of, -
- the stiffness of a material, e
Molarity AM). Concentration. in a
hquld solution, in terms of the num-: -
“ber of moles of a solute dissolved in

;Nnnsteady-state dlffusron. fIhe d1f\ i

- fusion condition for which' there is »

: __some net: accumulatlon or depletlon‘ S

> of dlffusmg ‘species. The d1ffus1on{ .

- flux is dependent on time, S
~ Normalizing. For ferrous:: alloys, SRS
‘austenitizing above the upper criti+ -
cal temperature, then cooling in'air. . -
The. objectrve of this heat treatment e
is to enhance toughness by reﬁnmg S0

. the-grain size." ‘ L
Nucleation.’ The m1t1a1 stage ‘in

Glossary . 847‘ .

‘ Namral agmg. For pre01p1tat10n o SR
: hardemng, agmg at room tempera—‘j R
ture: - S
Network - polymer. A polymer'f, P

produced from - mulufunctlon

monomers having . three or more.
 active covalenit bonds, resultmg me
the formation of three d1mens1onal‘ca o

molecules

stituent,

a ‘phase transformation, It is’
denced: by the' formatlon of small

particles (nuclei) of the new phase e

that are capable of growmg

i Octahedralposmon.'l‘he vo1d space S

: -among close-packed hard- sphere IS

.+ atomsorionsfor which there aresix.
»nearest nelghbors An octahedron‘
- (double’ pyramid) is. cncumscnbed- :

.. by lines constructed from centers of‘ L

' Monomer. A stable molecile from e el

" Ohm’s law. The apphed voltage is
equal to the product of the’ current s

‘andres1stance equlvalently, thecur- -

_Tent dens1ty is equal to the product A

of the conductlvrty and electnc ﬁeld’,f :

adjacent: spheres

mtensrty e
Opagque.: Bemg 1mperv1ous to the',

- transmission of hght as'a result of RN
' absorption, reflection, and/or. scat- L
‘tering of incident light. S
Optical fiber. A thin (5-100 pm. d1- S

ameter) ultra—hlgh—punty s1l1ca ﬁber i3
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through which‘may be transmitted
information via photonic (light ra-
diation) signals.

Overaging.  During ‘precipitation' <
hardening, aging beyond the point "
at which strength and hardness are .

at their maxima.
Oxidation. The removal of one or

~ more electrons from an atom, ion,

or molécule.

P

Paramagnefism. A relatively Weak

form of magnetism that results

from the independent alignment of
atomic dipoles (magnetic) with an
‘applied magnetic field.

Particle-reinforced . -composite. A

composite for which: the dlspersed ﬁ

- phase is equiaxed.
Passivity. The loss of chemical re-

-activity, under pamcular environ--

mental - conditions, by some ' ac-
_tive metals and alloys, often due
to the formation of a protectwe

- film,

" Pauli exclusion prlnclple. The pos-
tulate that for an individual atom, at

most two electrons, which necessar-

ily have opposite spms, can occupy
the same state. . _

Pearlite. A two-phase microstruc-
ture found in some steels and cast
. irons;it results from the transforma-
tion of austenite of eutéctoid com-

position and consists of alternating .
~ layers (or lamellae) of a—femte and :

‘cementite.

_the chemical elements with increas-
ing atomic number accordlng to the
periodic varjation in electron struc-
ture, Nonmetallic elements are po-

sitioned at the far right-hand s1de of

the table..
- Peritectic ' reaction. A : reaction
‘wherein, upon cooling, a solid'and a

ing a different composition.
Permeability (magnetic, ). The

proportionality constant between’

B and H fields. The value of the

permeability of a vacuum (ug) is

1.257 x 106 H/m.

. Pemuttmty (e) The proportlonal-f
- ity:constant between the -dielectric:
~displacement D and the electricfield o
€. The value of the permittivity €,
for.a vacuum is 8.85 x 10~ F/m. *
Phase. A homogeneous portlon of -
a system that has uniform physmal i
- and chemical characteristics. ,
’Phase dlagram. A graphrcal rep- .-
Tesentation . of - the reIatlonshrps
. among envn'onmental constralnts o
(e.g, temperature and sometimes:
- pressure), composition, and regions
"of -phase stability, ordinarily under - -

conditions of equilibrium;
Phase equilibrium. See Equilibnum
(phase).

Phase transformation. A change k
‘in'theé number and/or character, of
“the phases that constitute the mi-

crostructure of an alloy.
Phonon. A single quantum of vibra-
tional or elastic energy.

. Phosphorescence. - Luminescence:

that occurs: attimes greater than
on.the order of a second after an
electron excitation event.

. Photoconductivity. Electrical con-’
ductivity that results from photon- :
“induced electron excitations in

which light is-absorbed.

Photomxcrograph. The photograph .
made ‘with--a: microscope thatr -

records a microstructural i image.
Photon. A quantum unit of e[ectro-

. magne’uc energy.

. Piezoelectric. A: dlelectnc material
* in which polarization is induced by
. Periodic table. The arrangement of -
g Piﬂing—Bedworth ratio (P-B ratio).
The ratio: of metal oxide volume -
* to metal volume; used to predict
- whether ornot ascale that forms will
protect a meta.l from further ox1da-» ;

the apphcat1on of external forces. -

tion:

Plttmg. Aform of very locahzed cor-
- “rosion wherein small pits or holes
liquid phase transform isothermally - -
and reversibly to a solid phase hay-

form, usnally in a vertical direction.

Plam carbon steel. A ferrous alloy ;

in which: carbon is the pnme alloy-

- ing element. -
" Planck’s constant (}1). A umversal

constant that’ has a value of 6: 63 X
1073 J-s. The energy of a photon

. of electromagnetlc radlamon is the ~

product of  and the radlatlon fre-(‘ .
* quency. .
- Plane strain. The cond1t10n, 1mpor- S
/ tantin fracture mechanical analyses, ..

wherem, for tensﬂe loadmg, there is

zero strain in a direction perpendrc— :
ular to both the stress axis and the
direction of crack propagatlon, this.

condition ‘is found in thick plates

and the zero-strain drrectlon isper-.
'.pen_dlcular_to theplate surface L A
- Plane : strain fracture tonghness .
 (Kic)- For. the condition of plane
 strain, the measure of a material’s -
_tesistance to fracture when a crack- i
..is present. ‘
‘Plastic. A solid organlc polymer of
. -high molecular weight that has some
- structural rigidity under load, and
is used in general-purpose apphca— o
tions, It may-also contain’, add1t1ves,. o
such as fillers, plasticizers, ﬂame re— L

tardants, and the like.

Plastic ‘deformation. Deformatlon\ :

- that is permanent or-nonrecover-

' able. after release of the applied
‘load. It is accompamed by perma- -

nent atomic displacements.

Plasticizer. A low-molecular-welghtj e

polymer additive that enhances flex-

ibility :and workab1hty and reduces L '

stiffness and brittleness, resultmg in

a decrease in the glass trans1t10n
‘temperature 7. \
. Point defect. Acrystallme defectas- .
- sociated with one or, at most several E
atomic sites.

Pmsson’s ratio (v). For elastlc defor— ~

mation, the negative ratio of lateral

and axial strains that result from an

-.apphed axial stress, : ;

 Polar molecle. A molecule :in . ..
which there exists apermanentelec- .

' tric dipole moment by virtue of the -

asymmetrical distribution of posi=

tively-and negatively . charged Te-

. gions;
' Polarization (P). The total’ electnc
: }dlpole moment per unit volume of
‘ :dlelectnc material. Also, a meastire.
" of the contribution to the total di- - ;
electnc dlsplacement bya d1e1ectr1c i
‘material. T

Polanzatmn (corrosmn) The dls-

: placement ofan electrode potent1a1
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fromits equlhbnum value asa result\ :
_“of current flow. :
.. Polarization (electromc) For an :
- atom, the d1splacement of the center -
-of ‘the negatively charged electron
cloudrelative to the positive hucleus

that is induced by an electric field.

Polarization (ienic). Polarization asl :
- aresult of the dlsplacement of -an-
. ions and cat1ons m oppos1te dnrec-

" tions.

Polarization (onentanon) Polanza— ‘

- tion resulting from the ahgnment

(by rotation). -of permanent elec-: -
tric dipole moments with an: apphed :

electric field.

P Polycrystalime.Refers to crystalhne‘

materials. that “are: composed of
more than one crystal.or grain. .

. Polymer. A compound of hrgh ‘
molecular We1ght (normally or-
.+ 'gani¢) the structure. of which is.com- -
. posedof chains of smallrepeat units.
Polymer-matnx composnte (PMC) =
A cornpos1te ‘material for which'the
matrix is a polymer resin, and hav- h
ing fibers (normally glass carbon or:

aramid) as the dlspersed phase.

Polymorpiusm. The ability of a solid :

~ material to exist in more than one
form or. crystal structure.
‘Powder metallurgy (P/M). The fab-
rication of metal pieces having intri-
“cate and precise shapes by the com-
- paction of metal powders, followed
by a densification heat- treatment.
‘Precipitation hardening. Hardenmg

and strengthening of a metal alloy -

by extremely small and ‘uniformly

- dispersed particles that. Pprecipitate . -
from a supersaturated solid solu- -
 tion; sometimes also called age hard- .

ening.”

 Precipitation  heat treatment. A

‘heat treatment used to precipitate
 a 'new phase from ‘a supersatu-

rated solid solution. For precipita-
: tron hardemng, 1t is termed artzﬁczal L

aging.

Prepreg. Contmuous ﬁber rein- -
forcement: prelmpregnated with a.
polymer resin that is then partrally‘

‘cured.

Prestressed concrete. Concrete mto gt
. ‘which" compressrve stresses have[

. that

Quantnm mechamcs. A branch of B

' been mtr _duced smg steel wrres or“ ;

anary bonds. Interatomrc bonds=‘ g
ely: strong and for-
‘which bondmg energ1es are rela- B
. t1ve1y large ‘Primary- bondmg types
.+ are jonic, covalent, and metallic.
: .anary phase. A phase that ex-
istsin: addrtron to the eutecuc struc— e
otures s e s
'Pnncrple of combmed actmn. ’I‘he L
' supposition, often valid, that new -
propertres, Jbetter propertres, bet-
“ter property combmatrons and/or |
- “a higher level of propertles can be
 fashioned by the judicious combina- -
Jtion’ of two or more dlstmct materi-

: rel i

als.

" Process ‘annealing. Annealmg of =
previously cold-worked products -
‘ '(commonly steel alloys in'sheet or .
- wire form) below the lower cr1t1cal .
(eutectoid) temperature.
‘Proeutectoid ' cementite. ana.ry ,
.cementite that exists in addition to

pearlite for hypereutectoid steels: .

Proeutectoid ferrite. Primary fetrite |
that exists in addition to pearlite for

hypoeutectoid steels,

Propem:.A material trait expressed :
in terms of the measured Tesponse.

to a specific imposed stimulus.

- Propertional. limit. The point on
*a stress—strain’ curve at which the
straight. line proportronahty be-
‘tween stress and strain ceases. .
p-Type semiconductor. A semicon-- -
- ductor for which the predominant:
" ‘charge carriers responsible for elec- -
trical conduction “are - holes Nor-
’ mally, acceptor impurity atoms give

rise to the excess holes.

physics that deals’ wrth atomic: and

_ subatomic systems; it allows’ onlyt_z
discrete values of energy that are
- separated from one another. By
. contrast, for classical - mechamcs
= contmuous energy. values are per—’
~ missible, : : ;
: Quanmm mlmbem. A set of four
~ numbers, the values’ of which- are..
: used to label possrble electron;' -

_direction.
. Reduction, The addltlon of one OF o
more: electrons to an atorn 1on, or;~ N
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- states. 'Ihree of the quantum num e
- bers are integers, which also specify
- the size, shape, and ‘spatial orienta-

- tion of anelectron’ sprobablhty den-\ v

. s1ty, the fourth number desrgnates- = S

spm or1entat10n

Random copolymer. A polymer i \
which - two - different ‘Tépeéat units:

are randomly d1str1buted along the~‘ N
~molecular chain, * . A
iRecnverv The relief of some of the» G
. internal strain: energy of a prev1—j KRR T
. ously cold-worked metal usually by S
- heat treatment. . Fo
. Recrystallrzahon. The formatlon of :

‘‘anew set of strain-free grains wrthm i

a previously cold-worked material;

-_normally an anneahng heat treat-”ti‘ i

ment is necessary..:

Recr;stalhzaﬁon temperatme. For‘ s
a partlcular alloy, the minimum tem: R

perature at wh1ch complete recrys-

tallization will occur within approx—? i
1mately one hour. . v,
Rectifying junction. A semrconduc~ sk
tor p-n junction that is conductrve,‘: RN
- for a ciirrent flow in one direction . .

and highly res1st1ve for the oppos1te o

molecule:

" Reflection. Deflection of a hght SR
~ beam at the J.nterface between two - .
‘media.” i
o Refraction. Bendmg ofa hght beam
- upon passmg from one meditm 1nto- L
" another; the velocrty of 11ght dlffers g
.. in the two media. ° B
' Refractory. A metal or ceramic that. . -
~_may be exposed to extremely high
S temperatures ‘without deterioratinig: -
- 1apidly or without melting.

Remforced concrete. Concrete that:"

-~ is "reinforced (or strengthened b
tension) by the mcorporatron ofb;_ S
- steel rods, wires, or mesh. . Ve
. Relative magnetic permeablllty
, '!(p,.) The ratio of the magnetic per-
;f;rneablhty of some medlum to that

of a vacuum:;

Relaxation freqnency. The recxpro-~ et
‘fcal of the ‘minimum: reonentatlon'.
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time for an electric dipole within an
alternating electric field.
Relaxation medulus [E.(f)]. For
viscoelastic polymers, the time-
dependent modulus of elasticity. It
is determined from stress relax-
ation measurements as the ratio of
stress (taken at some time after the
load application—normally 10's) to
strain. :
Remanence (remanent induction,
B;). For a ferromagnetic or ferri-
magnetic material, the magnitude
of residual flux density that re-
mains when a magnetic field is
removed. .

Residual stress. A stress that persists
in a material that is free of external
forces or temperature gradients.
Resilience. The capacity of a mate-
rial to absorb energy when it is elas-
tically deformed.

Resistivity (p). The reciprocal of
electrical conductivity, and a mea-
sure of a material’s resistance to the
passage of electric current. '
Resolved shear stress. An applied
tensile or compressive stress re-

solved into ashear componentalong .

a specific plane and direction within
that plane.

Reverse bias, The insulating bias for
a p-n junction rectifier; electrons
flow into the p side of the junction.

Relling. A metal-forming operation
that reduces the thickness of sheet
stock; also, elongated shapes may
be fashioned using grooved circular
rolls.

Rule of mixtares. The properties
of a multiphase alloy or compos-
ite material are a weighted average
(usually on the basis of volume) of
the properties of the individual con-
stituents,

Rupture. Failure that is accompa-
nied by significant plastic deforma-
tion; often associated with creep
failure.

S

Saerificial anode. An active metal
or alloy that preferentially corrodes
and protects another metal or alloy
to which it is electrically coupled.

Safe stress (0,,). A stress used for
design purposes; for ductile metals,
it is the yield strength divided by a
factor of safety.

Sandwich panel. A type of structural
composite consisting of two stiff and
strong outer faces that are separated
by a lightweight core material.
Saturated. A term describing a car-
bon atom that participates in only
single covalent bonds with four
other atoms,

Sataration magnetization, flux den-
sity (M, B;). The maximum magne-
tization (or flux density) for a ferro-
magnetic or ferrimagnetic material.
Scanning  electron microscope

(SEM). A microscope that produces

an image by using an electron beam
that scans the surface of a specimen;
an image is produced by reflected
electron beams. Examination of sur-
face and/or microstructural features
at high magnifications is possible.
Scanning probe microscope (SPM).
A microscope that does not pro-
duce an image using light radia-
tion. Rather, a very small and sharp
probe raster scans across the spec-
imen surface; out-of-surface plane
deflections in response to electronic
or other interactions with the probe
are monitored, from which a topo-
graphical map of the specimen sur-
face (on a nanometer scale) is pro-
duced.

Schottky defect. In an jonic solid,
a defect consisting of a cation-
vacancy and anion—vacancy pair.
Scission. A polymer degradation
process whereby molecular chain
bonds are ruptured by chemical re-
actions or by exposure to radiation
or heat.

Screw dislocation. A linear crys-
talline defect associated with the
lattice distortion created when nor-
mally parallel planes are joined to-
gether to form a helical ramp. The
Burgers vector is parallel to the dis-
location line.

Secondary bonds. Interatomic and
intermolecular bonds that are rela-
tively weak and for which bonding
energies are relatively small. Nor-

mally atomic or molecular dipoles
are involved. Examples of sec-
ondary bonding types are van der
Waals forces and hydrogen bonding,
Selective leaching. A form of cor-
rosion wherein one element or con-
stituent of an alloy is preferentially
dissolved.

Self-diffusion. Atomic migration in

' pure metals.

Self-interstitial. A host atom or jon
that is positioned on an interstitial
lattice site.

Semiconduactor. A nonmetallic ma-
terial that has a filled valence band’
at 0 K and a relatively narrow en-
ergy band gap. The room temper-
ature electrical conductivity ranges

between about 10~% and 10* (Q-

m)L,

Shear. A force applied so as to cause
or tend to cause two adjacent parts
of the same body to slide relative to
each other, in a direction parallel to
their plane of contact.

Shear strain (y). The tangent of the
shear angle that results from an ap-
plied shear load.

Shear stress (7). The instantaneous
applied shear load divided by the
original cross-sectional area across
which it is applied.

Single erystal. A crystalline solid
for which the periodic and repeated
atomic pattern extends throughout
its entirety without interruption.
Sintering. Particle coalescence of
a powdered aggregate by diffusion
that is accomplished by firing at an
elevated temperature.

Slip. Plastic deformation as the re-
sult of dislocation motion; also, the
shear displacement of two adjacent
planes of atoms.

Slip casting. A forming technique
used for some ceramic materials, A
slip, or suspension of solid particles
in water, is poured into a porous
mold. A solid layer forms on the in-
side wall as water is absorbed by the
mold, leaving a shell (or ultimately a
solid piece) having the shape of the
mold.

Stip system. The combination of a
crystallographic plane and, within

o

E s BT B oW

R e R e T T e N N a s T e R EE T



22

' that plane a crystallographrc direc-
tion along which shp (e, dlsloca- :

tion motion) occurs.

Softening point (glass). The maxi-
mum-temperature at which a glass |
piece may be handled without per- -
‘manent. deformatlon . this. . corre-
sponds to a viscosity of approx1- 5

mately:-4 x 10 Pa-s (4'x 107 P),

Soft magnetic material. Aferromag—, g
netic or fernmagnenc material hav-
- ing a small B versus H hysteresrs
 loop, which-may be magnetized and S

demagnetlzed with relative ease.’

Soldering. A technlque for j joining

metals using a filler metal- alloy that -

- has a melting temperature | less than
‘about 425°C (800°F). o
,Solld solution. - A homogeneous
crystalline phase that contains two .

~or more chemical species. Both siib-

- stitutional and interstitia] sohd solu- a
“tions are pos51b1e ‘ L

_ Solld-solutlon strengthemng. Hard—,
ening and strengthening of metals -
that result from alloymg in which a

solid solutron is formed. The pres-
ence of impurity atoms restrlcts drs-
location mobility, .

- Solidus line. On a.phase dlagram

‘the locus of pomts at which solidifi-
.. cation is complete upon equilibrium -
' cooling, or at which melting begins -
" 'upon equilibrium. heating.
\Solnbnhty limit, The maximum con-
centration of solute - that -may be-.
added without formmg anewphase, .

Solute, One component or element

ofa solutron present in a minoi con-:
centration. Iti is drssolved in the sol-'-
.vent,

~ Solutlon heat treatment. The pro-:

cess used:to form a solid solutlon

by dissolying prec1p1tate partrcles

Often, the solid solution is super-

saturated and metastable at ambi- .
~ent conditions as a result of Tapid -
cooling from an elevated tempera— L

ture.

Solvent. ’Ihe component of a solu- ’

tion present in the greatest amount;

Itis'the component that dlssolves a
~ solute. ‘ ’
‘Selvus line. The locus of pornts on
a phase d1agram representmg the -

ey

- -limit of sohd solublhty as a functlon
- of: temperature '

T Speclﬁc heat (cp, c,,) The heat ca-
. pacity per-unit mass of matenal

1 Speclﬁcmodulus (speclﬁc stxffness) :

The ratio of elastlc modulus to spe- :
cific grav1ty fora. matenal EONE e

Specxﬁc strength. The ra 1o'f of ten- -
. sile strength to specxﬁc gravrty fora*
material. - : o
: Spherondlte. Mrcrostruc , :
in'steel alloys consisting: of sphere-, '
like cementite particles withinan o~ i
ferrite matrix. It is produced by an
appropnate elevated-temperature
‘heat treatment of pearlite, banute,'

or martensite, and is relatlvely soft.

Spheroidizing. For steels, a heat
treatment normally carried out ata i
o temperature just below the eutec-
“'toid 'in which the spheroidite ‘mi-

crostructure is produced:

" Spherulite. An aggregate of nbbon— "

like polymer crystallites (lamellae)

radiating from a common ‘central
-nucleation site; the crystallites are’
- separated by amorphous regions,
: Spmmng. The' process by ::which: .

fibers are formed. A multitude of
fibers are spun as' molten or dlS~

. solved material is forced: through
many small orifices. . :
Stabilizer. A polymer additive that -

" counteracts deteriorative processes.:
Stainless steel. A steel alloy that is

, hlghly resistant to corrosron inava-
riety of environments. The predom- :

‘inant alloymg element is chromlum, .

which must be present in.a concen-
tration of at least 11 wt%j; other al-

“loy additions, to include nickel and -
» molybdenum are also possible. N

Standard half-cell. An electrochem-

ical cell consisting of a pure. metal';» -
4 1mmersed inal M aqueous solutron i .
of its jons, which is electrically cou-
-+ pled-to the standard hydrogen elec-: o

trode: .-

’Steady-state diffusion. The diffu-

sion cond1t10n for which" there is

nonet. accumulatlon or.depletion of -
» dlffusmg species. The diffusion. ﬂux

is independent of time,

"Stereoxsomensm. Polymer 1somer1— o
sm in- wh1ch S1de groups wrthm TE- o

" e found- X l

_-corrosion environment; it occurs 2]
. lower: stress levels than are requrred B
‘when the corros1on envtronment 1s B

" Stress, enginee
- taneous load apphed toa specrmen s
“divided by its' cross- sectronal areaf\ %
-before any deformatlon , S
Stress raiser.' A small- ﬂaw (mter—;f;» 0
nal-or surface) or a structural ‘'dis-" " .
contmurty at- which an applied ten-
. silestress will be amplified. and from -
‘which cracks may propagate. e
: Stress rehef A-heat’ treatment for.. .. ¥
“the removal of residual stresses i
Stress, true. See True stress. S
_Structural clay products. Ceramic - :
.- products made principally: of - clay
and used in applications ‘where = '
“structural . - Integrity 'is 1mportant
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~ peat units are bonded along the.
:molecular chain in ‘the same: or- . .
" der butin dlfferent spat1al arrange-‘ L

ments.

‘Stoichiometry. - For jonic - com- "
. pounds, the state of havmg exactly5 .
. theratio of cations to-anjons speci- o
fied by the chemical formula s
Stram, engmeenng (6) The change S
_in: gauge ‘length of a. spec1mens:

(in the ditection of an' applied
stress) d1V1ded by its ongmal gauge
length. g

Strain hardening. The increase in ‘
- ‘hardness and strength of a ductile
- metal as it is plastically deformed i

: below its: recrystalhzatlon tempera-

ture..

-~ Strain pomt (glass). The m‘aXImum",:
temperature at - which glass frac-.

tures without plastic deformauon

~this: corresponds 10 a v1scos1ty of
about3 x 10* Pa-s (3 x 104 P). '
: 3“-‘Stram, true. See True strain. O :
‘Stress: concentratlon. The concen- !
‘tratlon or. amplification of ‘an ap-- o
- plied stress. at the t1p of a notch or

small crack.

~ Stress corrosion (crackmg) A form T
" of failure that results from the com- -

bined action of 4'tensile stress and a’

absent,

(e.gs bncks tiles, pipes). -

’ Stmctutal composite. A compos-‘
- ite, the properties of wh1ch depend :
on the geometncal design of the
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structural elements Lammar com- -
posites.and sandwrch panels aretwo

- subclasses.

- Structure, The alrangement: of the
internal components of matter: elec-.

~ tron’. structure (on: a subatonnc
‘level) _crystal - structure (on- an

atomic level) and mlcrostructure 5

(on a microscopic level).

- -Substitutional solid solnnon. A solid -
solution wherein the solute- atoms
replace or substrtute for the host o

atoms,

: Superconductmty A phenomenon ‘

observed in some materials: the dis- -

- appearance of the electrical ‘resis- :

- tivity at temperatures approachmg )
OK. -

E 'Supercoolmg. Cooling to' below a

- phase transition temperature with-

out the occurrence of the transfor- -

mation..-

-Superheating. Heatmg 10 above a

phase transition temperature with-

S out the occurrence of the: transfork

matron

: 'Syndlotacnc. A type of polymer '

‘chain’ conﬁguratron (stereoisomer)

in which side groups regularly alter-
nate posrtrons on opposrte srdes of i

the chain. -

System. Two meanings are- possrble ‘
‘ (1) a specific body of material that
is being considered, and (2) a series .
of possible alloys consisting of the o

same components

Temper designation. A letter—dlgrt,

. code used to designate the mechan-

ical and/or ‘thermal treatment to.”

which a metal alloy has been stb-
jected.

Tempered martensrte. ‘The mi-
crostructural product resultmg from

a tempering: heat treatment of ‘a

‘- martensitic ‘steel. .The' microstruc-

.. ture consists:of extremely small and

‘ umformly dlspersed cementlte par-

ticles embedded within ‘a continu--. .
“ous a-ferrite‘matrix. Toughmess and”
ductility are enhanced significantly

by tempermg
Tempering (glass) See Thermal
atempermg :

‘copolymerrc j

: Tensﬂe strengtlx (TS). The ma.Xl- :
- mum engirieering stress, in- tensron &
* that may be sustained without frac-‘v
" ture. Often termed ultzmate (tenszle)~_'_ :
- strength. : :
Terminal solrd so]utmn. A solld $0-
- lution that existsovera composmoni' -
. range- extendmg to ¢ither composi="
o tion extrem1ty of a bmary phase d1- .
_agram.
Tetrahedral posmon. The - v01d,
‘space ‘among. close-packed ‘hard
- sphere atomsorions for which there - '+
-are four nearest neighbors. i

Thermal conducnﬂty %). - For

. steady-state heat flow, the ‘propor-
tionality constant between the heat-

flux and the temperature’ gradient.
Also, a parameter charactenzmg»

the ability of a matenal to conduct i
"heat
Thermal expansron coefﬁcxent, Iin-
ear (o). The fractional change in -

length divided by the change intem-

.. perature, * ‘
‘Thermal faﬁgue. A type of fatrgue

failure wherein the “cyclic stresses
are introduced: by ﬂuctuatmg ther—
mal stresses. '

Thermal sheck.. “The fracture of a

brittle material as a result of stresses
i that are introduced by a raprd tem- :
. perature change

. Thermal stress. A residual stress in-

troduced w1th1n a body resultmg‘

froma change in temperature;

Thermal: tempenng. Increasmg the:: .
strength of a glass piece by the in- -
- troduction of residual compress1ve5 :
stresses within the ‘outer surface us-
“ing an appropriate heat treatment,’ -
~ Thermally activated - transforma-
“tiom. ‘A reaction ‘that depends on
atomic thermal -fluctuations; the -
+ atoms havmg energ1es greater than .
‘an . activation: ‘energy will. sponta-,-”"

neously react T transform

. ‘Thermoplastlc (polymer) A serm-V

softens ‘when: heated and h‘rdens”‘
~-upon cooling. Whrle in the softened
state, -articles may be. formed by‘

molding orextrusion. S

. Thermoplastic elastomer (TPE). :
enal"’hat exhlbrts —

P elastomenc behavror yet is; thermo- ;
"'plastlc in nature. At the. ambient .
- ‘temperature domams of onerepeat
 unit type form at molecular chain'
" ends that crystalhze to act as phy51— L

cal crosshnks

:Themmsettmg (polymer) A poly-. -
.meric. material that, once having = .’
cured. (or hardened) by a chemi- -
- cal reaction, will not soften or melt\_'_
' when -subsequently heated. - :
* Tie line. ‘A ‘horizontal line " con-
~structed-across a two—phase region . i

ofa bmary ‘phase dlagram, itg'inter--
- sections with the phase boundaries
“on either end represent the equlhb-. ‘
“rium composmons of the respectrve* o

: phases at the temperature in ques-;_

thI]

Tnne-temperature—transformanon R

(T=T-T) diagram. See Isothermalf’-;"- G
- transformation diagram. =~ -
Toughness. © A measure . of - the' o
amount of energy absorbed bya ma- BN
terial ‘as it fractures. Toughness is
_mdlcated by the total .area; under-;
the matenal’s tensrle stress-stram; g
curve. : R 2

* Trams. For polymers a preﬁx denot—-‘_ o
ing-a type of molecular structure, .. -
For some: unsaturated carbon chain
atoms within a repeat unit, a. s1ngle‘;‘j Ay

. side atom or group may be s1tuateda L
on one side of the double bond o) MR
- directly opposrte at a 180° rotatlon;

- position, In a trans structure, two. .
- such side groups within the samere-: |
peat unit reside on opposue s1desﬂ :

e.g frans-isoprene).. :
‘Transformation rate. The recrprocalT
‘of the time necessary for a reaction’ :

" to’ proceed halfway to 1ts comples}‘f 2

thIl

Transnranular ﬁ'acture. Fracture of
'polycrystallme matenals by crackk e
. ‘propagation through the grams R
. Transhicent. Havmg the property of
 transmitting light only dlffusely, ob-

jects viewed through a ‘transhicent _‘

- medium are not. clearly d1st1ngu1sh-‘ :
“able. :

‘Transmxssron electmn nncroscope e
L (TEM) A ‘microscope : «that pro-

- “duces an image by using electron. .

beams that are: transmrtted (pass PRI

 w et aa s

- e s e s



- through) - the specimen. Examma-f
tion of infernal features at h1gh mag— e

nifications is possible.

"Transparent. Having the property
of transmitting light with relatively -
little absorption," reflection, and:

scattering, so that objects viewed

through a transparent medium can-"..  is missing,

. Vacancy dlﬁ’usmn. The d1ffus1ons
* mechanism wherein net atomic’ m1—f; :
- lgratlon is from lattrce 81te to an ad- S

‘be distinguished readily. -

- Transverse direction. A idlrectlon
that  crosses (usually perpendicu--
larly) the Iong1tudmal or 1engthw1se

direction: :
Trifunctional. Des1gnat1ng mono—«

mers that may react to form: three i
covalent bonds w1th other mono- s

mers.

~True strain (eT). The natural log-.
arithm of the ratio of instanta- -
neous gaugelengthto ongmal gauge -
-length of a specimen:, being de-.

formed by a uniaxial force.

True stress {o7). The mstantaneous ‘
applied load divided by 1 thei 1nstanta-s
Heous cross-sect1onal areaofa A spec-'

1men

. Ultimate - (tensrle) strength See
- Tensile strength. :
' Ultrahlgh molecular welght poly- ‘
- ethylene (UHMWPE). A polyethy- .

s lene polymer that has an extremely
, h1gh ‘molecular  weight (approxi-
. mately 4x10° g/mol). Distinctive

characteristics of ‘this- material in- -
- clude high impact and abrasion re-

srstance and a low coeﬁicrent of
friction.

 Unit cell. The ‘basic structural unit
- of a crystal structure. It is generally

defined in terms of atom (or ion)
. positions w1th1n a paralleleplped ’

volume.

Unsaturated. A term descnbmg car- - .
bon atoms that participate in double

or triple covalent bonds and, there-

fore, do not bond to a maxunum of .

_four other atoms. N

Upper critical: temperature. For a
. steel alloy, the minimum temper-

;~ature above whlch nnder equlhb- i
Tium- condltlons onl : austemte 1s’_; :
present ' ' :

: ‘.,trce 51te from whrch an atom or 1on‘ ‘

jacent vacancy.

.- Valence band. For sohd matenals -
- the electron energy band that con- -
. tains the valence electrons. '
- 'Valence elecirons. The electrons i
“in the outermost occupled electron -
shell, which participate m mter—_l,
’ atormc bonding. -
*. van der Waals bond. A secondary -
- interatomic bond between ad]acent FER
‘molecular dipoles that: may be per-: -

manent or induced:

“'Viscoelasticity. A type of deforma- =
-tion, exhrbltmg the mechanical char-

acteristics of viscous; ﬂow and elastic
deformation. :

Viscosxty (n).The ratio of the magni-

tude of an applied shear stress tothe "
: veloc1ty gradient that it produces;

thatis, a measure of a noncrystalline

material’s resistance to’ permanent
deformation,

. Vitrification. During firing, of a ce- :

ramic body, the formation of aliquid

" phase that upon cooling becomes a

glass-bonding matrix. -

Vulcanization. Nonrevers1b1e sche‘-f‘
mical - reaction " involving " sulfur
_or other suitable “agent wherein -
crosslinks are formed  between

" molecular . chains " in rubber ‘ma- -
" “terials. The rubber’s modulus. of

elasticity -and strength are en—

. hanced

"Wave-mechamcal model., Atomic
-.modelinwhich electrons are treated_ ~
as bemg wave-hke

Glossary . 853:‘ o

N

Wexgl\t percent (wt%) Concentra-i o

tion: specification on the basis of = -

o welght (or mass) of a particular. el-
. ement- relative to: the total alloy Ve

- weight (or mass). - : i
Weld decay Intergranular corrosr
-that oceurs. 'in some: welded: stain-" "
“ioless steels at regions. adjacent to the :
Cweld. :
n Weldmg. Al techmque for Jommg o
- metals in which actual melting of "

the ‘pieces to be- joined occurs: in"

‘the Vicinity of the' bond. ‘A filler*
Jmetal may be. used to: facrhtate the i

process.

~ Whisker. A very' thm smgle crys- |

tal of h1gh perfection’ that has an -

- extremely large: length—to-dlameterf‘ <

~ratio; Whiskers are uised as the TES

' mforcmg phase in some compo-

- sites, - o

‘White cast iron. A low—s1hcon and S
very. bnttle cast iron, in which: ‘the :

' carbon is-in’ ‘combined form as ce-

. mentlte afractured surface appears L

" white. vak ‘

Whlteware. A clay-based ceram1c e

product that becomes white ‘af-

ter high-temperature’ firing; white- _
wares include porcelam chma and'; i
_plumbing sanitary ware. . v

Working point (glass).’ 'Ihe temper-~

' ature at which a glass is easﬂy de-‘
formed, which corresponds to: a vis-: :

~cosity of 10° Pa:s (104 P). 4
“Wrought alloy A metal alloy that is:

relatively ductile and amenable to )

hot working or cold Workmg durmg‘ R
: fabncatron : SR

e Y'eldmg The onset of plastlc defor-"_, :
- mation; v I
. Yield. strength (o, ) The stress re-:
‘quired to produce a‘very slight. yet .
specified amount of plastlc strain;a '
strain ‘offset of- O 002 is commonlyf T
“ used. R
Young’s modulus. See Modulus of:
elasticity. - : :
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E his photograph shows a

white-hot cube of a silica fiber

insulation material that, only
seconds after having been removed
from a hot furnace, <an be held by
its edges with the bare hands.
Initially, the heat transfer from the
surface is refatively rapid; however,
the thermal conductivity of this
material is so small that heat
conduction from the interior
[maximum temperature
approximately 1250°C {2300°F)]
is extremely slow.

This material was developed
especiaily for the tiles that cover
the Space Shuttle Orbiters and
protect and insulate them during
their fiery reentry into the
atmosphere. Other attractive
features of this high-temperature
reusable surface insulation (HRSI}
include low density and a low
coefficient of thermal expansion.
{Photograph courtesy of Lockheed
Missiles & Space Company, .!nc.)

WHY STUDY the Thermal Properties of Materials?

Materials selection decisions for companents that are imposed on the thermal characteristics of the adhesive

exposed to elevated/subambient temperatures, material that attaches the integrated circuit chip to the
temperature changes, and/or thermal gradients require  leadframe plate. This adhesive must be thermally

the design engineer to have an understanding of the conductive so as to facilitate the dissipation of heat

thermal responses of materials, as well as access to the generated by the chip. In addition, its thermal

thermal properties of a wide variety of materials. For expansion/contraction on heating{cooling must match

example, in the discussion on materials that are used for  that of the chip so that the integrity of the

the leadframe component of an integrated circuit adhesive-chip bond is maintained during thermal b

package (Web Module E), we note restrictions that are  cycling.
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Learning Objectives -

After careful study of this chapter you should be able to do the following:

1. Define heat capacity and specific heat. potential energy-versus-interatomic separation represe
2. Note the primary mechanism by which thermal plot. gener:
energy is assimilated in solid materials. 5. Define thermal conductivity. waves
me
3. Determine the linear coefficient of thermal 6. Note the two principal mechanisms of heat vibrati
expansion given the length alteration that conduction in solids, and compare the relative from -
accompanies a specified temperature change. magnitudes of these contributions for each of
4. Briefly explain the phenomenon of thermal metals, ceramics, and polymeric materials. .
expansion from an atomic perspective using a J. Zim
© 196
Ame
rig
17.1 INTRODUCTION )

By “thermal property” is meant the response of a material to the application of heat.
As a solid absorbs energy in the form of heat, its temperature rises and its dimen-
sions increase. The energy may be transported to cooler regions of the specimen if
temperature gradients exist, and u.ltiinately, the specimen may melt. Heat capacity,
thermal expansion, and thermal conducthty are propertles that are often critical in
the practical utilization of solids.

17.2 HEAT CAPACITY

A solid material, when heated, experiences an increase in temperature signifying

heat capacity that some energy has been absorbed. Heat capacity is a property that is indicative
of a material’s ability to absorb heat from the external surroundings; it represents

Definition of heat the amount of energy required to produce a unit temperature rise. In mathematical
capacity--ratio of terms, the heat capacity C is expressed as follows: phonon
energy change 4

energy gained or i photon
gost) fmd the . C= % (17.1)
resulting
temperature change

where dQ is the energy required to produce a dT temperature change. Ordinarily,
specific heat heat capacity is specified per mole of material (e.g., I/mol-K, or cal/mol-K). Specific
heat (often denoted by a lowercase ¢) is sometimes used; this represents the heat
capacity per unit mass and has various units (J/kg-K, cal/g-K, Btuw/lby,-°F).

There are really two ways in which this property may be measured, according
to the environmental conditions accompanying the transfer of heat. One is the heat
capacity while maintaining the specimen volume constant, C,; the other is for con-
stant external pressure, which is denoted . The magnitude of G is almost always
greater than C,; however, this difference is very slight for most solid materials at _
room temperature and below. 1

Vibrational Heat Capacity

In most solids the principal mode of thermal energy assimilation is by the increase
in vibrational energy of the atoms. Again, atoms in solid materials are constantly
vibrating at very high frequencies and with relatively small amplitudes. Rather than
being independent of one another, the vibrations of adjacent atoms are coupled by
virtue of the atomic bonding. These vibrations are coordinated in such a way that
traveling lattice waves are produced, a phenomenon represented in Figure 17.1. These
may be thought of as elastic waves or simply sound waves, having short wavelengths
and very high frequencies, that propagate through the crystal at the velocity of sound.
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Figure 17.1
Schematic
representation of the
generation of lattice
waves in a crystal by
means of atomtic
vibrations. (Adapted
from “The Thermal
Properties of

Materials” by
J. Ziman. Copyright
© 1967 by Scientific
American, Inc. All
rights reserved.)
f heat.
Hmen-
men if
pacity,
ical in
&3 Nermal lattice positians for atoms
@ Positions displaced becausa of vibrations
lifying
icative The vibrational thermal energy for a material consists of a series of these elastic waves,
esents ‘ which have a range of distributions and frequencies. Only certain energy values are
~atical allowed (the energy is said to be quantized), and a single quantum of vibrational
phonon energy is called a phonon. (A phonon is analogous to the quantum of electromagnetic
radiation, the photon.} On occasion, the vibrational waves themselves are termed
photon phonons.
(17.1) The thermal scattering of free electrons during electronic conduction (Section
12.7) is by these vibrational waves, and these elastic waves also participate in the
narily, transport of energy during thermal conduction (see Section 17.4).
pecific
e heat Temperature Dependence of the Heat Capacity
The variation with temperature of the vibrational contribution to the heat capacity
ording at constant volume for many relatively simple crystalline solids is shown in Figure ‘
« heat . 17.2. The C, is zero at 0 K, but it rises rapidly with temperature; this corresponds
)T con- |
?:Flsazst 3R Figure 17.2 The temperature dependence |
' of the heat capacity at constant volume; fp |
is the Debye temperature. |
& i
crease £l |
stantly 8 %
;r than g '
led by !
1y that - ;
These 0 !
0 #p !
engths
Temparature (K} i
sound. .
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Dependence of heat
capacity (at constant
volume) on
temperature, at low
temperatures

(near 0K)

to an increased ability of the lattice waves to enhance their average energy with
ascending temperature. At low temperatures the relationship between C, and the
absolute temperature T is .

C,=AT? A (17.2)

where A is a temperature-independent constant. Above what is called the Debye
temperature 6, C, levels off and becomes essentially independent of temperature
at a value of approximately 3R, R being the gas constant. Thus, even though the
total energy of the material is increasing with temperature, the quantity of energy
required to produce a one-degree temperature change is constant. The value of fp
is below room temperature for many solid materials, and 25 ¥/mol-K is a reasonable
room-temperature approximation for C,. Table 17.1 presents experimental specific
heats for a number of materials; ¢, values for still more materials are tabulated in
Table B.8 of Appendix B.

Other Heat Capacity Contributions

Other energy-absorptive mechanisms also exist that can add to the total heat capacity
of a solid. In most instances, however, these are minor relative to the magnitude of
the vibrational contribution. There is an electronic contribution in that electrons
absorb energy by increasing their kinetic energy. However, this is possible only for
free electrons—those that have been excited from filled states to empty states above
the Fermi energy (Section 12.6). In metals, only electrons at states near the Fermi
energy are capable of such transitions, and these represent only a very small fraction
of the total number. An even smaller proportion of electrons experiences excitations
in insulating and semiconducting materials. Hence, this electronic contribution is
ordinarily insignificant, except at temperatures near 0 K.

Furthermore, in some materials other energy-absorptive processes occur at spe-
cific temperatares—for example, the randomization of electron spins in a ferromag-
netic material as it is heated through its Curie temperature. A large spike is produced
on the heat capacity-versus-temperature curve at the temperature of this transfor-
mation.

17.3 THERMAL EXPANSION

For thermal
expansion,
dependence of
fractional length
change on the linear
coefficient of thermal
expansion and the
temperature change

Hinear coefficient of
thermal expansion

Most solid materials expand upon heating and contract when cooled. The change in
length with temperature for a solid material may be expressed as follows:

I — 1l
Iy

= (MI(Tf — T[}) (17.33.)

or

A
Tl — & AT (17.3b)
o

where [y and I represent, respectively, initial and final lengths with the temperatare
change from Ty to Ty. The parameter a; is called the linear coefficient of thermal
expansion; it is a material property that is indicative of the extent to which a material
expands upon heating, and has units of reciprocal temperature [(°C)~! or (E)y1.

Table

Mater:

Alumi
Coppe
Gold
Tron
Nickel
Silver
Tungst
10258
316 St:
Brass i
Kovar
Invar {
Super

Alumi
Magne
Spinel
Fused
Soda-]
Borosi

Polyet
Polypr
Polysty
Polyte:
Pheno.
Nylon
Polyist
“Toec
PToec
‘Tocc
4 Yahu
¢ Mear

For the
exparns
depen
fractio
change
volunm
therms
and the
change
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1y with Table 17.1 Tabulation of the Thermal Properties for a Variety of Materials ]
lnd the CF ul k L .
Material (J/kg-K)* [CCy 1 x 10-57 (W/m-K)* [R-WIKY x 107%]
(17.2) . . Metals
Aluminum 900 236 247 2.20
Copper 386 17.0 398 225
Debye Gold 128 142 315 250
erature Iron 448 11.8 80 271
1gh the Nickel 443 13.3 90 2.08
energy Silver 235 19.7 428 213 . .
e of fp Tungsten 138 4.5 178 3.20 .
ionable 1025 Steel 486 12.0 51.9 — i
specific 316 Stainless steel 302 16.0 15.9 — o
ated in Brass (70Cu-30Zn) 375 20.0 120 — .
Kovar (54Fe~-29Ni-17Co) 460 51 17 2.80 Ol
Invar (64Fe-36Ni) 500 1.6 10 275 y
Super Invar {63Fe-32Ni-5Co) 500 0.72 10 2.68 ) '
apacity _ Ceramics ’ ~
tude of Alumina (Al Os) 775 7.6 39 —
Magnesia (MgO) T 940 13.5¢ 377 —
ectrons Spinel (MgAl,04) 790 7.64 15.0¢ —
iy for Fused silica (Si0,) ' 740 0.4 14 —
s above Soda-lime glass 840 9.0 ' 1.7 —
s Fermi Borosilicate (Pyrex™) glass 850 : 33 14 —
,r achon Polymers
tations Polyethylene (high density) 1850 106-198 0.46-0.50 —
ition 1s Polypropylene 1925 - 145-180 0.12 —
Polystyrene 1170 90-150 0.13 —
‘at spe- Polytetrafluoroethylene (Teflon™) 1050 126-216 0.25 —
romag- Phenol-formaldehyde, phenolic 15901769 122 0.15 — o
oduced Nylon 6,6 1670 144 024 — |
-ansfor- Polyisoprene — 220 0.14 — !
¢ To convert to cal/g-K, multiply by 2.39 x 107%; to convert to Btu/lb,,-°F, multiply by 2.39 x 10~%. b
¥ To convert to (°F)~%, multiply by 0.56. '
¢ To convert to cal/s-cm-K, multiply by 2.39 x 1077 to convert to Btw/ft-h-°F, multiply by 0.578.
ange in # Value measured at 100°C. o K
¢ Mean value taken over the temperature range 0-1000°C. ;
- |
For thermal Of course, heating or cooling affects all the dimensions of a body, with a resultant a
(173a) expansion, change in volume. Volume changes with temperature may be computed from o
dependence of |
fractional volume AV
change on the : — =a, AT (17.4) L
volumne coefficient of Vo v
thermal expansion ' ' I
(17.3b) and the temperature ~ where AV and V are the volume change and the original volume, respectively, and ! !
change o, symbolizes the volume coefficient of thermal expansion, In many materials, the |
value of o, is anisotropic; that is, it depends on the crystallographic direction along j
erature which it is measured. For materials in which the thermal expansion is isotropic, o, is b
hermal : approximately 3. B
1aterial From an atomic perspective, thermal expansion is reflected by an increase in
“F)y~1. the average distance between the atoms. This phenomenon can best be understood 5
i
|
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. .—'~M~> . ‘—'—%3-
T a Interatomic distance T 0 Interatomic distance
& B
[T [
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t X t 9
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§ E; =
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Figure 17.3  (a} Plot of potential energy versus interatomic distance, demonstrating the ~
increase in interatomic separation with rising temperature. With heating, the interatomic
separation increases from 7y to 1y to r,, and so on. (b) For a symmetric potential energy-
versus-interatomic distance curve, there is no increase in interatomic separation with rising
temperature (i.e., 7y = rp = ;). {Adapted from R. M. Rose, L. A. Shepard, and J. Wulff, The
Structure and Properties of Materials, Vol. IV, Electronic Properties, Copyright © 1966 by
John Wiley & Sons, New York. Reprinted by permission of John Wiley & Sons, Inc.)

by consultation of the potential energy-versus-interatomic spacing curve for a solid
material introduced previously (Figure 2.8b) and reproduced in Figure 17.34. The
curve is in the form of a potential energy trough, and the equilibrium interatomic
spacing at 0 K, #o, corresponds to the trough minimum. Heating to successively higher
temperatures (T, T3, T3, etc.) raises the vibrational energy from Ej to E, to Es, and
so on. The average vibrational amplitude of an atom corresponds to the trough width
ateach temperature, and the average interatomic distance is represented by the mean
position, which increases with temperature from ry to r; to r, and so on.

Thermal expansion is really due to the asymmetric curvature of this potential
energy trough, rather than the increased atomic vibrational amplitudes with rising
temperature. If the potential energy curve were symmetric (Figure 17.3b), there
would be no net change in interatomic separation and, consequently, no thermal
expansion. '

For each class of materials (metals, ceramics, and polymers), the greater the
atomic bonding energy, the deeper and more narrow this potential energy trough.
As a result, the increase in interatomic separation with a given rise in temperature
will be lower, yielding a smaller value of «;. Table 17.1 lists the linear coefficients of
thermal expansion for several materials. With regard to temperature dependence,
the magnitude of the coefficient of expansion increases with rising temperature. The
values in Table 17.1 are taken at room temperature unless indicated otherwise. A
more comprehensive list of coefficients of thermal expansion is provided in Table
B.6 of Appendix B.

Metals

As noted in Table 17.1, linear coefficients of thermal expansion for some of the
common metals range between about 5 x 107% and 25 x 1078 (°C)™; these values
are intermediate in magnitude between those for ceramic and polymeric materials.
As the following Materials of Importance piece explains, several low-expansion and
controlled-expansion metal alloys have been developed that are used in applications
requiring dimensional stability with temperature variations,

thermai
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Ceramics

Relatively strong interatomic bonding forces are found in many ceramic materials
as refiected in comparatively low coefficients of thermal expansion; values typically
range between about 0.5 x 107 and 15 x 10~¢ (°C)~ . For noncrystalline ceramics and,
also those having cubic crystal structures, o; is isotropic. Otherwise, it is anisotropic;
in fact, some ceramic materials, upon heating, contract in some crystallographic di-
rections while expanding in others. For inorganic glasses, the coefficient of expansion
is dependent on composition. Fused silica (high-purity SiO; glass) has a small expan-
sion coefficient, 0.4 x 1076 (°C)~L. This is explained by a low atomic packing density
such that interatomic expansion produces relatively small macroscopic dimensional
changes.

Ceramic materials that are to be subjected to temperature changes must have co-
efficients of thermal expansion that are relatively low, and in addition, isotropic. Oth-
erwise, these brittle materials may experience fracture as a consequence of nonuni-
form dimensional changes in what is fermed theinal shock, as discussed later in the
chapter.

Polymers

Some polymeric materials experience very large thermal expansions upon heating
as indicated by coefficients that range from approximately 50 x 107% to 400 x 1078
(°C)~. The highest o; values are found in linear and branched polymers because the
secondary intermolecular bonds are weak, and there is a minimum of crosslinking.
With increased crosslinking, the magnitude of the expansion coefficient diminishes;
the lowest coefficients are found in the thermosetting network polymers such as
phenol-formaldehyde, in which the bonding is almost entirely covalent.

Concept Chack 17.7

{a) Explain why a brass lid ring on a glass canning jar will loosen when heated.

{b) Suppose the ring is made of tungsten instead of brass. What will be the effect of
heating the lid and jar? Why?

[The answer may be found at www.wiley.com/college/callister (Student Companion Site).]

17.4 THERMAL CONDUCTIVITY

thermal conductivity

For steady-state heat
flow, dependence of
heat flux on the
thermal conductivity
and the temperature
gradient

Thermal conduction is the phenomenon by which heat is transported from high- to
low-temperature regions of a substance. The property that characterizes the ability
of a material to transfer heat is the thernal conductivity. It is best defined in terms
of the expression ~

q=-k—

— (17.5)

where g denotes the heat flux, or heat flow, per unit time per unit area (area.being
taken as that perpendicular to the flow direction), k is the thermal conductivity, and
dT/dx is the temperature gradient through the conducting medium.
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Invar and Other Low-'E‘xpansion Alloys

In 1896, Charles-Edouard Guillaume of France

made an interesting and important discovery
that earned him the 1920 Nobel Prize in Physics;
his discovery: an iron—nickel alloy that has & very
low {near-zero) coefficient of thermal expansion
between room temperature and approximately
230°C. This material became the forerunner of a
family of “low-cxpansion” (also sometimes called
“controlled-expansion™) metal alloys. Its compo-
sition is 64 wt% Fe—36 wt% Ni, and it has been
given the trade-name of “Invar” since the length
of a specimen of this material is virtually invari-
ant with changes in temperature. Its coefficient of
thermal expansion near room temperature is 1.6 x
1078 (°C)~L.

One might surmise that this near-zero ex-
pansion is explained by a symmetrical potential
energy-versus-interatomic distance curve [Fgure
17.3(b)}. Such is not so; rather, this behavior re-
lates to the magnetic characteristics of Invar. Both
iron and nickel are ferromagnetic materials (Sec-
tion 18.4). A ferromagnetic material may be made
to form a permanent and strong magnet; upon heat-
ing, this property disappears at a specific temper-
ature, called the “Curie temperature,” which tem-
perature varies-from one ferromagnetic material
to another (Section 18.6). As a specimen of Invar
is heated, its tendency to expand is counteracted
by a contraction phenomenon that is associated
with its ferromagnetic properties (which is termed
“magnetostriction”). Above its Curie temperature
(approximately 230°C), Invar expands in a normal
manner, and its coefficient of thermal expansion
assumes a much greater value.

Heat treating and processing of Invar will also
affect its thermal expansion characteristics. The
lowest o; values result for specimens quenched
from elevated temperatures (near 800°C) that are
then cold worked. Annealing leads to an increase
in g

Other low-expansion alloys have been devel-
oped. One of these is called “Super-Invar” be-
cause its thermal expansion coefficient [0.72 x 106

" (°C)71] is lower than the value for Invar. How-
ever, the temperature range over which its low
expansion characteristics persist is relatively nar-
row. Compositionally, for Super-Invar some of the
nickel in Invar is replaced by another ferromag-

netic metal, cobalt: Super—Invar contains 63 wt%
Fe, 32 wt% Ni, and 5 wt% Co.

Another such alloy, with the trade-name
“Kovar,” has been designed to have expansion
characteristics close to those of borosilicate (or
Pyrex) glass; when joined to Pyrex and subjected to
temperature variations, thermal stresses and possi-
ble fracture at the junction are avoided. The com-
position of Kovar is 54 wt% Fe, 29 wt% Ni, and 17
wit% Co. B

These low-expansion alloys are employved in
applications that require dimensional stability with
temperature fluctnations; these include the follow-
ing:

» Compensating pendulums and balance wheels
for mechanical clocks and watches.

» Structural components in optical and laser
measuring systems that require dimensional
stabilities on the order of a wavelength of light.

* Bimetallic strips that are used to actuate mi-
croswitches in water heating systems.

+ Shadow masks on cathode ray tubes that are
used for television and display screens; higher
contrast, improved brightness, and sharper
definition are possible using low-expansion
materials. )

* Vessels and piping for the storage and piping
of liquefied natural gas.

Photograph showing tubular products that have
glass-to-metal junctions. The thermal expansion
coefficient of the metal alloy (Kovar) is approximately
the same as that of the Pyrex glass. Thus, with changes
in temperature, the likelihood of the establishment of
thermal stresses and fracture at the junction are
minimized. [Photograph courtesy of Moozes (EVIC)
Glassworks, Ltd., Walton-on-Thames, England.]
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The units of g and k are W/m? (Btu/ft*>-h) and W/m-K (Btu/ft-h-°F), respectively.
Equation 17.5 is valid only for steady-state heat flow—that is, for situations in which
the heat flux does not change with time. Also, the minus sign in the expression
indicates that the direction of heat flow is from hot to cold, or down the temperature
gradient.

Equation 17.5 is similar in form to Fick’s first law (Equation 6.3) for steady-state
diffusion. For these expressions, & is analogous to the diffusion coefficient D, and the
temperature gradient parallels the concentration gradient, dC/dx.

Mechanisms of Heat Conduction

Heat is transported in solid materials by both lattice vibration waves (phonons) and
free electrons. A thermal conductivity is associated with each of these mechanisms,
and the total conductivity is the sum of the two contributions, or

k=k +k (17.6)

where k; and k, represent the lattice vibration and electron thermal conductivities,
respectively; usually one or the other predominates. The thermal energy associated
with phonons or lattice waves is transported in the direction of their motion. The k;
contribution results from a net movement of phonons from high- to low-temperature
regions of a body across which a temperature gradient exists,

Free or conducting electrons participate in electronic thermal conduction. To
the free electrons in a hot region of the specimen is imparted a gain in kinetic en-
ergy. They then migrate to colder areas, where some of this kinetic energy is trans-
ferred to the atoms themselves (as vibrational energy) as a consequence of collisions
with phonons or other imperfections in the crystal. The relative contribution of k.
to the total thermal conductivity increases with increasing free electron concen-
trations, since more electrons are available to participate in this heat transference
process.

Metals

In high-purity metals, the electron mechanism of heat transport is much more ef-
ficient than the phonon contribution because electrons are not as easily scattered
as phonons and have higher velocities. Furthermore, metals are extremely good
conductors of heat because relatively large numbers of free electrons exist that par-
ticipate in thermal conduction. The thermal conduetivities of several of the com-
mon metals are given in Table 17.1; values generally range between about 20 and
400 W/m-K.

Since free electrons are responsible for both electrical and thermal conduction
in pure metals, theoretical treatments suggest that the two conductivities should be
related according to the Wiedemann—Franz law:

= ' 177
L=-= )

where o is the electrical conductivity, 7" is the absolute temperature, and L is a
constant. The theoretical value of L, 2.44 x 10~® Q-W/(K)?, should be independent
of temperature and the same for all metals if the heat energy is transported entirely
by free electrons. Included in Table 17.1 are the experimental L values for these
several metals; note that the agreement between these and the theoretical value is
quite reasonable (well within a factor of 2).
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Figure 174 Thermal
conductivity versus
composition for copper—zine
alioys. [Adapted from Metals
Handbook: Properties and
Selection: Nonferrous Alloys
and Pure Metals, Vol. 2, 9th
edition, H. Baker (Managing
Editor), American Society
for Metals, 1979, p. 315.]

Alloying metals with impurities results in a reduction in the thermal conductivity,
for the same reason that the electrical conductivity is diminished (Section 12.8):
namely, the impurity atoms, especially if in solid solution, act as scattering centers,
lowering the efficiency of electron motion. A plot of thermal conductivity versus
composition for copper—zinc alloys (Figure 17 .4) displays this effect.

Concept Chech 17.2

The thermal conductivity of a plain carbon steel is greater than for a stainless steel.
Why is this so? Hint: you may want to consult Section 13.2.

[ The answer may be found ar www.wiley.com/college/callister (Student Companion Site).]

Ceramics

Nonmetallic materials are thermal insulators inasmuch as they lack large numbers of
free electrons. Thus the phonons are primarily responsible for thermal conduction:
k. is much smaller than k;. Again, the phonons are not as effective as free electrons
in the transport of heat energy as a result of the very efficient phonon scattering by
lattice imperfections.

Thermal conductivity values for 2 number of ceramic materials are contained in
Table 17.1; room-temperature thermal conductivities range between approximately
2 and 50 W/m-K. Glass and other amorphous ceramics have lower conductivities
than crystalline ceramics, since the phonon scattering is much more effective when
the atomic structure is highly disordered and irregular.

The scattering of lattice vibrations becomes more pronounced with rising temper-
ature; hence, the thermal conductivity of most ceramic materials normally diminishes
with increasing temperature, at least at relatively low temperatures (Figure 17.5). As
Figure 17.5 indicates, the conductivity begins to increase at higher temperatures, be-
cause of radiant heat transfer: significant quantities of infrared radiant heat may be
transported through a transparent ceramic material. The efficiency of this process
increases with temperature,
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Porosity in ceramic materials may have a dramatic influence on thermal conduc-
tivity: increasing the pore volume will, under most circumstances, result in a reduction
of the thermal conductivity. In fact, many ceramics that are used for thermal insula-
tion are porous. Heat transfer across pores is ordinarily slow and inefficient. Internal
pores normally contain still air, which has an extremely low thermal conductivity—
approximately 0.02 W/m-K. Furthermore, gaseous convection within the pores is also
comparatively ineffective,

Concept Check 17.3

The thermal conductivity of a single-crystal ceramic specimen is slightly greater than
a polycrystalline one of the same material. Why is this so0?

[The answer may be found at www. wz'lej. com/college/callister (Student Companion Site). )

Polymers

As noted in Table 17.1, thermal conductivities for most polymers are on the order
of 0.3 W/m-K. For these materials, energy transfer is accomplished by the vibration
and rotation of the chain molecules. The magnitude of the thermal conductivity
depends on the degree of crystallinity: a polymer with a highly crystalline and ordered
structure will have a greater conductivity than the equivalent amorphous material.
This is due to the more effective coordinated vibration of the molecular chains for
the crystalline state.
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Polymers are often utilized as thermal insulators because of their low thermal
conductivities. Like ceramjcs, their insulative propertics may be further enhanced by
the introduction of small pores, which are ordinarily introduced by foaming during
polymerization (Section 13.15). Foamed polystyrene (Styrofoam™) is commonly
used for drinking cups and insulating chests.

- Concept Check 17.4

Which of a linear polyeth&lene (M, = 450,000 g/mol) and a lightly branched poly-
ethylene (M, = 650,000 g/mol) has the higher thermal conductivity? Why? Hint: you
may want to consult Section 4.11.

[ The answer may be found at www, wiley.com/college/callister (Student Companion Site).]

- Concept Chech 17.5

Explain why, on a cold day, the metal door handle of an automobile feels colder to the
tonch than a plastic steering wheel, even though both are at the same temperature,

[The answer may be found ar www.wiley.com/college/callister (Student Companion Site).]

17.5 THERMAL STRESSES

thermal stress

Dependence of
thermal stress on
elastic modujus,
linear coefficient of
thermal expansion,
and temperature
change

Thermal stresses are stresses induced in a body as a result of changes in temperature.
An understanding of the origins and nature of thermal stresses is important because
these stresses can lead to fracture or undesirable plastic deformation.

Stresses Resulting From Restrained Thermal Expansion
and Contraction

Let us first consider a homogeneous and isotropic solid rod that is heated or cooled
uniformly; that is, no temperature gradients are imposed. For free expansion or
contraction, the rod will be stress free. If, however, axial motion of the rod is restrained
by rigid end supports, thermal stresses will be introduced. The magnitude of the stress
o resulting from a temperature change from T to T; is

o = Eq(Ty — Ty) = Eoy AT (17.8)

where E is the modulus of elasticity and «; is the linear coefficient of thermal expan-
sion. Upon heating (T > T), the stress is compressive (o < 0), since rod expansion
has been constrained. Of course, if the rod specimen is cooled (T < T), a tensile
stress will be imposed (¢ > 0). Also, the stress in Equation 17.8 is the same as the

-stress that would be required to elastically compress (or elongate) the rod specimen

back to its original length after it had been allowed to freely expand (or contract)
with the Ty - Ty temperature change.




r thermal
anced by
1g during
ymmonly

1ed poly-
Hint: you

Site).]

S —

jertothe
yerature.

Site).}

perature.
t because

or cooled
mnsion or
estrained
the stress

(17.8)

al expan-
Xpausion
a tensile
ne as the
specimen
contract)
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EXAMPLE PROBLEM 17.1

Thermal Stress Created Upon Heating

A brassrodis to be used in an application requiring its ends to be held rigid. If the
rod is stress free at room temperature [20°C (68°F))], what is the maximum tem-
perature to which the rod may be heated without exceeding a compressive stress
of 172 MPa (25,000 psi)? Assume a modulus of elasticity of 100 GPa (14.6 x
108 psi) for brass.

Solution

Use Equation 17.8 to solve this problem, where the stress of 172 MPa is taken
to be negative. Also, the initial temperature Ty is 20°C, and the magnitude of
the linear coefficient of thermal expansion from Table 17.1is 20.0 x 1078(°C)~1.
Thus, solving for the final temperature 7f yields

(=8
Tf:TD_E_aI

—20°C — —172 MPa

(100 x 10° MPa)[20 x 10-5 (°C)~1]
= 20°C + 86°C = 106°C (223°F)

Stresses Resulting From Temperature Gradients

When a solid body is heated or cooled, the internal temperature distribution will
depend on its size and shape, the thermal conductivity of the material, and the rate of
temperature change. Thermal stresses may be established as a result of temperature
gradients across a body, which are frequently caused by rapid heating or cooling,
in that the outside changes temperature more rapidly than the interior; differential
dimensional changes serve to restrain the free expansion or contraction of adjacent
volume elements within the piece. For example, upon heating, the exterior of a
specimen is hotter and, therefore, will have expanded more than the interior regions.
Hence, compressive surface stresses are induced and are balanced by tensile interior
stresses. The interior-exterior stress conditions are reversed for rapid cooling, so that
the surface is put into a state of tension.

Thermal Shock of Brittle Materials

For ductile metals and polymers, alleviation of thermally induced stresses may be
accomplished by plastic deformation. However, the nonductility of most ceramics
enhances the possibility of brittle fracture from these stresses, Rapid cooling of a
brittle body is more likely to inflict such thermal shock than heating, since the induced
surface stresses are tensile. Crack formation and propagation from surface flaws are
more probable when an imposed stress is tensile {Section 9.6).

The capacity of a material to withstand this kind of failure is termed its thermal
shock resistance. For a ceramic body that is rapidly cooled, the resistance to thermal
shock depends not only on the magnitude of the temperature change, but also on the

‘mechanical and thermal properties of the material. The thermal shock resistance is

best for ceramics that have high fracture strengths oy and high thermal conductivities,
as well as low moduli of elasticity and low coefficients of thermal expansion. The
resistance of many materials to this type of failure may be approximated by a thermal
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Definition of thermal
shock resistance
parameter

shock resistance parameter TSR:

O'fk

TSR = (17.9)

]

Thermal shock may be prevented by altering the external conditions to the de-
gree that cooling or heating rates are reduced and temperature gradients across a
body are minimized. Modification of the thermal and/or mechanical characteristics in
Equation 17.9 may also enhance the thermal shock resistance of a material. Of these
parameters, the coefficient of thermal expansion is probably most easily changed and
controlled. For example, common soda-lime glasses, which have an a; of approxi-
mately 9 x 10~ (°C)~3, are particularly susceptible to thermal shock, as anyone who
has baked can probably attest. Reducing the CaO and Na,O contents while at the
same time adding B,0s in sufficient quantities to form borosilicate (or Pyrex) glass
will reduce the coefficient of expansion to about 3 x 1076 (°C)™"; this material is
entirely suitable for kitchen oven heating and cooling cycles. The introduction of
some relatively large pores or a ductile second phase may also improve the thermal
shock characteristics of a material; both serve to impede the propagation of thermally
induced cracks.

It is often necessary to remove thermal stresses in ceramic materials as a
means of improving their mechanical strengths and optical characteristics, This may

be accomplished by an annealing heat treatment, as discussed for glasses in Sec-
tion 14.7.

SUMMARY

Heat Capacity

This chapter discussed heat absorption, thermal expansion, and thermal
conduction—three important thermal phenomena. Heat capacity Tepresents the
quantity of heat required to produce a unit rise in temperature for one mole of
a substance; on a per-unit mass basis, it is termed specific heat. Most of the energy
assimilated by many solid materials is associated with increasing the vibrational en-
ergy of the atoms; contributions to the total heat capacity by other energy-absorptive
mechanisms (i.e., increased free-electron kinetic energies) are normally insignifi-
cant.

For many crystalline solids and at temperatures within the vicinity of 0K, the heat
capacity measured at constant volume varies as the cube of the absolute temperature;
in excess of the Debye temperature, C, becomes temperature independent, assuming
a value of approximately 3R.

Thermal Expansion

Solid materials expand when heated and contract when cooled. The fractional change
in length is proportional to the temperature change, the constant of proportional-
ity being the coefficicnt of thermal expansion. Thermal expansion is reflected by
an increase in the average interatomic separation, which is a comsequence of the
asymmetric nature of the potential energy versus interatomic spacing curve trough.
The larger the interatomic bonding energy, the lower is the coefficient of thermal
expansion.
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Thermal Conductivity

The transport of thermal energy from high- to low-temperature regions of a material

(17.9) is termed therma! conduction. For steady-state heat transport, the flux is proportional
to the temperature gradient along the direction of flow; the proportionality constant ;
is the thermal conductivity. i
the de- For solid materials, heat is transported by free electrons and by vibrational lat-
\Cross a tice waves, or phonons. The high thermal conductivities for relatively pure metals
istics in are due to the large numbers of free electrons, and also the efficiency with which
¥ these these electrons transport thermal energy. By way of contrast, ceramics and poly-
ged and mers are poor thermal conductors because free-electron concentrations are low and
PPTOXi- phonon conduction predominates.
me who :
s at the Thermal Stresses '
X) glaS}S Thermal stresses, which are introduced in a body as a consequence of temperature
terial i changes, may lead to fracture or undesirable plastic deformation. The two prime
stion of sources of thermal stresses are restrained thermal expansion (or contraction) and
thermal temperature gradients established during heating or cooling. ,
ermally Thermal shock is the fracture of a body resulting from thermal stresses induced
by rapid temperature changes. Because ceramic materials are brittle, they are es-
s as a pecially susceptible to this type of failure. The thermal shock resistance of many
}:fls may materials is proportional to the fracture strength and thermal conductivity, and in-
in Sec- versely proportional to both the modulus of elasticity and the coefficient of thermal
expansion.
IMPORTANT TERMS AND CONCEPTS
Heat capacity Phonon Thermal conductivity
Linear coefficient of thermal Photon Thermal shock
thermal expansion Specific heat . Thermal stress
mts the
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QUESTIONS AND PROBLEMS -
Additional problems and questions for this chapter may be found on both Student and
Instructor Companion Sites at www.wiley.com/college/callister.
{change .
nrtionfl- Heat Capacity 17.2 (a) Determine the room temperature heat
cted by 17.1 Estimate the energy required to raise the capacities at constant pressure for the fol-
s of the temperature of 5 kg (11.0 lby,) of the follow- lowing materials: copper, iron, gold, and
trough. ing materials from 20 to 150°C (68 to 300°F): nickel, (bh) How do these values compare
thermal aluminum, brass, aluminum oxide (alumina), with one another? How do you explain
and polypropylene. - this? '






