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Introduction — Nature and Properties of Pure Metals

Metals achive engineering importance because of thbimdanceyariety, and unique properties as

conferred by metallic bondingwenty-four of the 26 mostbandant elements in the Edstcrust are
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12-2 Section 12

metals, with onlywo nonmetallic elements, oxygen and silicexceeding metals in frequeyn The

two most dundant metallic elements, iron (5.0%) and aluminum (8.1%), are also the most commonly
used structural metals. Iron is the most-used metal, in part because itxtradied from its frequently
occurring, enriched ores with considerably lesgg@npenalty than aluminuniout also because of the

very wide range of mechanical properties it®yalcan povide (as will be seen bel). The rext 15
elements in frequew, found at least in parts per thousand, include most common engineering metals
and albys: calcium (3.6%), magnesium (2.1%), titanium (0.63%), ganase (0.10), chromium
(0.037%), zirconium (0.026%), rkel (0.020%),vanadium (0.017%), copper (0.010%), uranium
(0.008%), tungsten (0.005%), zinc (0.004%), lead (0.002%), cobalt (0.001%), and beryllium (0.001%).
The cost of metals is stronglyffected by stragic ébundance as well as seconddagtors such as
extraction/processing cost and paveslvalue. Plain carbon steels and cast irons, iraysivith carbon,

are usually most cosffective for ordinary mechanical applicatiofhese albys increase in cost with
alloying additions.

A variety of metal properties are unique among materials and of importance technglobiede
properties are conferred by metallic bonding, in which #x&d” outervalence electrons are “shared”
among all metal ion core$his bonding is dferent from other types of solids in that the electrons are
free to acquire emgy, and the metallic ions are relagly mobile, and quite interchangeable wighard
to their positions in the crystal lattice, the three-dimensional repeating arrangement of atoms in a solid.
This section of the chapter will concentrate on the mechanical properties of metals, for which metallic
bonding povides ductile deformation, i.e., @hs substantial permanent shape change under mechanical
load prior to fractureThe ductility of metals ablv and moderate temperature kaa them formable as
solids and also confers safety (fracture toughness) in mechanical applications, in that under impact
loading the metal will absorb emyy rather than break catastrophigall

Metals are good conductors of heat and electricity because thermal and electrigalcanebe
transferred by the free electroiiiese wo properties tend to parallel each otfi®r example, the pure
noble metals (e.g., coppsilver, gold, platinum) are among the best electrical and thermal conductors.
As a broad generalization, metallic elements with an odd numbaiesfce electrons tend to be better
conductors than those with ewen numbe These betwiors can be seenTable C.6A of te Appendix.
Thermal condudtity and electrical resistity (inverse condudtity) have a reciprocal relationship and
follow the indicted trendsAs metals are alyed with other elements, are deformed, contain multiple
phases, and contain crystalline imperfections, their electrical and thermal eaibdustially decreases
significantly from that of the pure, perfect, uog#d metal The specifiozalues of thermal condueity
and electrical resistity for several common engineering eys is gven n Table C.6B of te Appendix.
Electrical and thermal condunties tend to decrease proportionately to each other with increasing
temperature for a specific met@ihese condudtities may be altered if heating introduces metgital
change during annealing (see subsection on mechanical forming).

Metals are opaque to andflecive of light and most of the electromagnetic spectrum, because
electromagnetic emngy is transferred to the free electrons and immediately retransniitiesdlgves
most metals a characteristidlezive “metallic color” or sheen, which if the metalMisry smooth yields
a mirror suface At very shortwavelengths (high emgies) of the electromagnetic spectrum, such as X
rays, the radiant engy will penetrate the materiarhis is applied in radiographic analysis of metals
for flaws such as cracks, casting pomgsind inclusions.

Metals are almostlaays crystalline solids with eegular repeating pattern of ion& number of
atomic-kevel defects occur in this periodic ayré large number of atomic sites areatancies” (point
defects) not occupied by atontsdure 12.1.1 The number and mobility afacant sites increase rapidly
with temperatureThe number and mobility ofacancies in metals are quite high compared with other
materials because there are norghabalance or local electron bond consideratidhgss means that
solid metal can undgo significant changes with only moderate theraxaltation asvacarty motion
(diffusion) povides atom-by-atom reconstruction of the mateviatancies atlw solid metals to homog-
enize in a “soaking pit” after casting and permit dissimilar metals ffastin bond at moderate
temperatures and within short times. In the process, substitutional metallic atoms @amsingfigure
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FIGURE 12.1.1 Point defectxist in the metal crystal structureacancies, substitutional atoms (ions), ions, and
interstitial atoms (ions)A dislocation {J) line moves under an applied shear force until a surface step of plastic
deformation is produced on the surface.

12.1.1move viavacary jumps while small interstitial atoms such as carl¥@gure 12.1.) move from
interstice to intersticeVacarty mobility gives rise to major changes in mechanical properties during
annealing (see subsection on mechanical forming) and is an important mechanism in creep deformation
under load at elated temperature (see subsection on corrosion rvi@mMental &ects).

At a slightly lager level, linear atomic packing defectsdam as dislocations,ige rise to the ability
of metallic materials to deform substantially under Io&tien a plane of atoms in the lattice ends, it
gives rise to an edge “dislocation” such as thatvshin Figure 12.1.1aSuch a dislocation can break
and remee bonds rel@gely easily in a metal and thereby shift an atomic distalficeie 12.1.1p The
process can continue until a fage step results. Mg dislocations raving in thisfashion can ige rise
to significant shape change in the material at moderate stréhsesnset of such mass dislocation
motion in a metal is termegleld and occurs at the “yield stress” or “elastic limit” (see subsection on
strength and deformation). Dislocatioalain why the yield stress can be aw las about 10®a (10
psi) in a pure, pristine, single crystal of metal. Dislocationsexisiain how a fine-grained polycrystalline
metal containing may microstructural features which interfere with dislocation motion neag & yield
stress as great as 1®ag(1000 ksi). Dislocations interact with each other in three dimensions and
multiply. Therefore, dislocation motion can cause a major increase in dislocation density and yield stress,
termedcold work Vacancies can rearrange these dislocation tangles, restoring the metal to a condition
closer to its original state, therebgwering the yield stressThis can occur at moderate annealing
temperatures (see subsection on mechanical forming).

The interaction of deformation, ajling elements, temperature, and time can cause avaiggy of
microstructures in a solid metadwin to near atomicaels with mechanical (and other) properties which

© 1999 by CRC Press LLC



12-4 Section 12

canvary over avery wide range. It is possible to manipulate the properties of a single metal composition
over avery wide range in the solid state — a &ebr which can be used to mechanically form a
particular metal and then use it in a demanding load-bearing applicatieruse of minor adlying
additions can mvide a yet wider range of properties with appropriate thermal and mechanical treatment.

Casting

One of the important technologicahaatages of metals is their ability to incorporate a wilgety of
secondary elements in a particular metal and thereby creage aflthe metalAll oying can increase

the strength of a metal byweral orders of magnitude and permit the strength and ductility varied

over a wide range by thermal and/or mechanical treatment, resulting in ease of mechanical forming or
resistance to deformation.

Several metal phases magxist together in the solid as grains (crystals), or secondary phases may
occur as smaller entities on grain (intercrystal) boundaries or within grains. Often the strengthening
phase is submicroscopic and cannot be detected by optical metdilofgedfection optical microsqgy).

The size and distiution of secondary phases is manipulated by thermomechanical (thermal and/or
mechanical) treatment of the solid metal as well as the original casting procedure.

Casting methods includexpendable mold castingnfiestment/precision, plaster mold, dry sand, and
wet sand casting), permanent mold casting (ingot, permanent mold, gahtréfod die casting), and
continuous casting (direct chill and “splat” castinghese are listed in approximate order of cooling
rate inFigure 12.1.2As cooling rate increases, the grain (crystal) size tends to be smaller and the
strength increases while compositioragregation decreases,giding more uniform propertiest the
extremely high casting rates (l@o 1G/sec) of continuous splat casting, it is possible to produce
homogeneous metals not possible in terms of phase diagrams, mndhetals lave been produced in
the amorphous state, yielding unusual metallic glasses. Ingot casting and continuous direct chill casting
are primarily used to produce solid metal which willdggengvely mechanically formed ttinal shape.

The other casting methods are used to produce shapdfmaédimensionshut to varyingextends may
recaeve extengve machining, forming, ofinishing prior to usefor the latter group, grain fieers are
frequently added to reduce sofidation grain size. Metal tends to solidify directiopalvith grains
elongated in the direction of hefldw. This gves rise to directional mechanical properties which should
be accounted for in design.

Comparison of Casting Methods

Solidification Rate  Grain Size  Strength  Segegation

Expendable mold Slow Coarse Low Most
Investment
Plaster mold A A
Dry sand
Green sand

Reusable mold
Ingot
Permanent mold
Centrifugal

Die cast
Continuous — direct chill v v
Continuous — splat cast Fast Fine High Least

FIGURE 12.1.2 The dfects of casting speed (solidification rate) are compared.
To obtain optimum properties andepent flews which may causkilure, the casting procedure must

avoid or control compositionalegregation, shrinkageavities, porosiy, improper éxture (grain direc-
tionality), residual (internal) stresses, dfai/slag inclusionsThis can be accomplished with good
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casting practiceWith the exception of hvestment (lostvax, precision) casting and to a leseetent
die casting, it is dficult to acheve very exacting tolerances and fine e finish without postfinishing
or forming of a casting.

Strength and Deformation, Fracture Toughness

Figure 12.1.3hows a typical stress—strain diagram for a méthae first portion is a lineaspring-type
betavior, termedelastic and attitutable to stretching of atomic bondshe slope of the cue is the
“stiffness” (dgven for various metalsn Table C.3 of tk Appendix) The relaive stffness is dw for
metals as contrasted with ceramics because atomic bonding is less strong.yShigitarhelting-point
metals tend to be §fier than those with wéar atomic bonds andwer melting bebvior. The stffness
behavior is frequently @zen quantitavely for uniaxial loading by the simfiied expressions of Hoke's

law:
e, =0,/E e, =¢,=-U0,/E (12.1.1)
G Necking
begins
(Ultimate)

tensile strength

Yield

o strength

Fracture

Norminal Stress (F/Ao)

% elongation

(at fracture) \

Nominal Strain, (/-lo)/lo

FIGURE 12.1.3 Typical engineering stress—strain curve for a metal.

Whereao, is the stress (force per unit area, pgPayin thex direction of applied unidirectional tensile
load,¢, is the strain (length per unit length or percent) in the same diregtimule, are the contracting
strains in the lateral directionE, is Younds modulus (the modulus of elasticity), amds Poissots
ratio. Values of the modulus of elasticity and Poissoatio are iyen n Table C.6A of tle Appendix
for pure metals and in C.6B for common engineeringyslllt may be noted that another property which
depends on atomic bond strength is thermpansionAs the elastic modulus (fftiess) increases with
atomic bond strength, the déieient of linearexpansion tends to decrease, as sacrable C.6.

The relationship of Equation (12.1.1) is for an isotropic matdsislmost engineering metalsue
some directionality of elastic properties and other structure-insengibperties such as therneapan-
sion coéficient The directionality results from directional efgation or preferred crystal orientation,
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which result from both directional solftiation and mechanical forming of metals. In most cases t
elastic moduli and a Poisssrratio are required to fully specify eefor. A principal modulus might

be dven in the rolling direction of sheet or plate with a secondary modulus in theerseslirection.

A difference of 2 to 5% should ordinarily leepected,but some metals can @l an elastic modulus
difference as great agactor of 2 in the principal directions ofdwdly formed material. Such directional
differences should be accounted for when spring force or dimensional tolerance under load (or change
of temperature) is critical in a design.

At a critical stress the metakdins to deform permaneptlas seen as a break in the straight-line
behavior in the stress-strain diagramfeijure 12.1.3The stress for this onset is termed the yield stress
or elastic limit.For engineering purposes it is usuallkea at 0.2% plastic strain in order toyide a
predictable, identifiablealue An extensve table of yieldvalues and usual applications for commercial
metals and atlys is dven in Appendix C.5. In the case of steel a small yield dropaalifor clear
identification of the yield stress and thiedue is usedlhe onset of yield is a structure-seivgitpropety.

It canvary over mayy orders of magnitude and depends on dachors as grain size and structure,
phases presentegtee of coldwork, and secondary phases in grains or on grain boundarifecsd

by the thermal and mechanical treatment of they.alheextension tdailure, the ductiliy, and maximum

in the stress—strain ote, the “ultimate stress” or “tensile strength’gé@pendix C.5) are also structure-
sensiive propertiesThe strength and specific strength (strength-to-weight ratio) generally decrease with
temperature.

The ductility usually decreases as the strength (yield or ultimate) increases for a particular metal.
Reduction in the grain size of the metal will usually increase yield stress while decreasing ductility
(Figure 12.1.% Either yield or ultimate strength are used for engineering design with an appropriate
safetyfacta, although the former may be more obijeetbecause it measures the onset of permanent
deformation. Ductility after yield pwides safet, in that, rather than abrupt, catastroptaiture, the
metal deforms.

- | 70
Yield stress Elongation

15 —-\_.\
. . 65
g \ / .
z o
= k.( :
10 = < 60 5
A / \ _g
= 55
2 e
=

5}m

0 0.02 0.04 0.06 0.08 0.10

Grain Diameter, mm

FIGURE 12.1.4 The dfect of grain (crystal) size on yield stress and elongation to failure (ductility) for cartridge
brass (Cu-30 Zn) in tension.

A different, independent measure is needed for impact loads — “tougjhft@sss often treated in

design, materials selection, aftdv evaluation byextending Grffith’s theory of critical #w size in a
brittle material:

o, =K, /yc*? (12.1.2)
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wherea; is the failure stres¥,. is a structure-sensitive materials property, the “fracture toughness” or
“stress intensity factor” for a normal loaglis a constant depending on orientation, amnsl the depth

of a long, narrow surface flaw or crack (or half that of an internal flaw). This is a separate design issue
from that of strength. It is of particular importance when a metal shows limited ductility and catastrophic
failure must be avoided. In some applications the growth of cragkajonitored to prevent catastrophic
failure. Alternatively, as a performance test sufficient energy absorption as characteristic of a metal is
determined when it is fractured in a Charpy or Izod impact test. Many metals will show a rapid decline
in such energy absorption below a nil ductility temperature (NDT), which may establish a lowest use
temperature for a particular metal in a particular state and for a particular application. Welds are often
qualified by impact tests as well as strength testing. Care must be taken to apply the impact test appropriate
to an application.

Hardness, the resistance of the near surface of a metal to penetration by an indentor, is also employed
as a mechanical test. Increased hardness can often be correlated with an increase in yield and ultimate
strengths. Typical hardness values for a large number of commercial metals and alloys are provided in
Appendix C.5. A hardness indent is frequently done to “determine” the strength of a steel, using
“equivalency” tables. Great caution must be taken in applying such tables because while hardness is an
easy test to perform, it measures a complex and interactive set of properties, increasing with strength,
elastic modulus, and work hardening rate. It is also an observation of surface properties which may not
be characteristic of the bulk metal — particularly thick-gauge steel used in tension. Surface-hardening
treatments can make the simplistic use of an “equivalency” table particularly dangerous. Application to
nonferrous metals is also problematic. If a hardness tested part is to be put into service, the placement
of hardness indents (surface flaws) can cause permanent failure.

A summary of important engineering metals can be found in Appendix C.5. This extensive table
provides strength, hardness, and applications information for many commercial metals in varied heat
treatments.

Mechanical Forming

Hot working is used when major shape change, cross-section reduction, or texture (directional) properties
are desired. Cold working is preferred when close tolerances and fine surface finish are needed. The
cold-worked form of a metal typically shows higher yield and tensile strength, as can be seen for several
alloys listed in Appendix C.5. Rolling, forging, and extrusion are primarily done hot, while shape drawing,
extrusion, deep drawing, stretching, spinning, bending, and high-velocity forming are more commonly
performed cold. Hot rolling between parallel rollers is used to reduce ingots to plates, sheets, strips, and
skelp, as well as structural shapes, rail, bar, round stock (including thick-walled pipe), and wire. Sheet
metal and threads on round or wire stock may be rolled to shape cold. Closed die hot forging employs
dies with the final part shape, while open die forging (including swaging and roll forging) uses less-
shaped dies. Coining, embossing, and hobbing are cold-forging operations used to obtain precision,
detailed surface relief or dimensions. Generally, extrusion and die drawing require careful control of die
configuration and forming rate and, in the latter case, lubricant system. Impact extrusion, hydrostatic
extrusion, and deep drawing (thin-walled aluminum cans) permit very large precise dimensional and
cross-section changes to be made cold in a single pass. Stretching, spinning, bending are usually used
to shape sheet or plate metal and the spring-back of the metal due to elastic modulus must be accounted
for to obtain a precise shape.

Solute, Dispersion, and Precipitation Strengthening and Heat Treatment

Alloying additions can have profound consequences on the strength of metals. Major alloying additions
can lead to multiphase materials which are stronger than single-phase materials. Such metal alloys may
also give very fine grain size with further strengthening of material. Small alloying additions may also
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substantially increase strength by solute strengthening as solid solution substitutional or interstitial atoms
and or by particle strengthening as dispersion or precipitation harderopg all

Substitutional solute strengthening of coppervhyious atoms is slwn in Figure 12.1.5As the
amount of an atlying element in solution increases, the strength increases as disloctions are held in
place by the “foreign” atom§he greater the ionic nfis (difference in size — Sn is a muchdar ion
than Ni), the greater the strengthenirifgel The strength increase can be quite dramatic — as much
as a 20-fold increase with a 1.5% addition to coppkernaively, a lage addition of avery soluble
element such as rkel can gve major strengthening — monel, the Cu—70Noyais more than four
times stronger than pure coppéiigure 12.1.6) Interstitial solid solution carbon coriites to the
strength of iron and is one cotior to strength in steels and cast irons. Solute strengthening can
become inffective in strengthening ateated temperature rela¢ to the absolute melting point of a
metal as a result of rapidfflision of substitutional and interstitial elemeritse addition of more than
one solute element can lead to ggisic strengtheningfiects, as this and other strengthening mech-
anisms can all contiiite to the resistance of a metal to deformation.

3.0
25 /
Cu-$n
2.0
E /Cu-In
£ 15
o Cu-Sb }
2
&
3 10 /
e

Cu-Mn

Cu-Au L~
0.5 A
(Ge Cu-Ni
T Cu-Si

0 0.5 1.0 1.5 2.0 2.5 3.0
Atomic % solute

FIGURE 12.1.5 Effect of various substitutional atoms on the strength of coppete that as the ionic size of the
substitutional atom becomegdar the strengthenindfect becomes greate

Ultrafine particles can also gide strengtheningA second phase is introduced at submicroscopic
levels within each crystal grain of the mefltis may be done by\ariety of phase-diagram reactions,
the most common being precipitation. In this case the solig mlheated to a temperature at which
the secondary elements used to produte second-phase particles dissoin the solid metal — this
is termedsolution heatreatmentThen the metal is usually quenched (cooled rapidly) to an appropriate
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FIGURE 12.1.6 Variation in properties for copper—nickel random solid solution alloys. Note that over time at low
temperature alloys (monel) may become nonrandom with significant strength increases.

temperature (e.g., room temperature or ice brine temperature) and subsequently held at an elevated
temperature for a specified “aging” time during which particles precipitate and grow in size at near
atomic levels throughout the solid metal. Temperature, time, alloy composition, and prior cold work
affect the size and distribution of second-phase particles. The combination of treatments can be quite
complex, and recently “thermomechanical treatments” combining temperature, time, and dynamic work-
ing have resulted in substantial property improvements. Heat treatment can be performed by the user,
but it is difficult to achieve the optimum properties obtained by a sophisticated metallurgical mill. The
heat treatment can manipulate structure and properties to obtain maximum strength or impact resistance.
When metal is to be cold worked, a “softening treatment” can be employed which provides low yield
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12-10 Section 12

stress and high duct§itThe diference between the “dead soft” and maximum strength conditions can
be over an order of magnitude — a useful engineering property change.

Alternaive suface difusion methods such as nitriding andleaizing, which introduce particles for
fracture and wear resistance, are presented in the subsection on nfiatal saatments.

In the case of dispersion strengthening (hardeningjirteetrengthening particles are a discontinuous
second phase without atomic continuity with the maffike belavior of such particles is skwn
schematically irFigure 12.1.7as a function of increasing aging time or aging temperatiez (time)
which result in leger, more widely spaced dispersed-phase particles. Under stress, dislocations must
move around (bypass) such particles, so that yield strength decreases with increased aging. Long aging
times may be used to decrease yield strength (“soften”) of the mefabfaration A short aging time,
would be used for maximum strengifhe dispersed phase can alsovjgte some enhancement of
ductility. A dispersion-strengthened metal for which the dispersed phase is stablatatdemperatures
can povide both high-temperature strength and creep resistance (subsection on high-temfiees)re e
Surface difusion treatments usually produce dispersion hardening.

Precipitation strengthening (hardening) eagplparticles which &ve at least some atomic continuity
with the matrix metalThus, when the metal is deformed, dislocations can either bypass or pass through
(cut) the particlesThe resulting bedwior is slown in Figure 12.1.B. As aging time or temperature
increases (particles @w larger and more widely spaced), the yield stress increases to a maximum and
then decrease3he maximum is termedritically aged and when this designation is part of amall
treatment, precipitation strengthening may be assuf@dfabrication by coldworking, the bwer-
strength, higheductility underagedcondition is usually empyed There are dferent possible combi-
nations of thermal and mechanical treatment which wdVige a maximum critical aging treatment.
Usually the best optimum for strength is/en in handbooks and data sheetswéler, improved
treatments may bavailable, particularly of the combined thermomechanical type.

Strengthening of Steels and Steel Heat Treatment

Steels, perhaps the most important of all engineering metals, aye afl iron and carbon usually
containing about 0.02 to 1'@, carbon The binary Fe—-C phase diagram is important in describing this
betavior and is sbwn in Figure 12.1.8This diagram sbws what phases and structures will occur in
quasi equilibrium atvarious carbon contents and temperatures (under atmospheric pressure). Steel
forming and heat treatment center on the transformation from ausygptitgse, at elated temperature
to ferrite @ phase) plus cementite (iron carbide;Febebw 727C (1340F), the Ac, temperature, a
eutectoid transformation. If there are no other intentionayial) elements, the steel is a “plain carbon”
steel and hasnsAISI (American Iron and Steel Institute) designation 1002 to 10T86 first wo
characters indicate that it is a plain carbon steel, while the latter characters indicate the “points” of
carbon’ All oy steels, containing intentional @ling additions, also indicate the points of carbon by the
last digits and together with tHigst digits povide a unique designation of @l content. In the phase
diagram Figure 12.1.Biron carbide (F&£, cementite) is shwn as the phase on the rigfitis is for
all practical purposes corredit the true thermodynamically stable phase is graphite (C) evargl
when the eutectic at 1148 (2048F) is used to produce cast irons ¢gdl greater than %, C).

The solid-state eutectoid transformation is promoted by the magifetit i@ iron as nonmagnetic
austenite transforms lwe¥ the eutectoid (Ag temperature to thevb magnetic solid phases ferrite (iron
with solid solution carbon) and cementite solid pliage.the eutectoid composition, 0.7, carbon,

Plain carbon steels contain about @2Si, 0.5%/, Mn, 0.02%/, P, and 0.02V/, S.

It should be noted that austenitic stainless steels (300 and precipitation hardening, PH, series designations),
nonmagnetic alloys with considerable chromium and nickel contendt@prcorrosion resistance, do not ordinarily
transform from austenite to thewler-temperature phasefhey are not intentionally alloyed with carbon, are not
magnetic, and do not elv the phase transformation strengthening mechanisms of steels. Tistetelismssomething

of a misnomer for these alloys.

wx
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FIGURE 12.1.7 Effect of aging on dispersion- and precipitation-strengthened alloys for a fixed second—phase
addition. (a) Dispersion strengthening: as aging time or temperature increases (dispersed phase particles larger and
more separated), yield strength increases. A lower bound exists for near atomic size patrticles. (b) Precipitation
hardening: two behaviors can occur giving a composite curve with a maximum at the critical aging time or temperature
(optimum size and spacing of particles).

the two phases form as a fine alternating set of plates (lamellae) wearétk because of their pearllike
appearance in a metallographic microscope. This two-phase structure of metal (ferrite) and carbide
(cementite) provides strength (very slowly cooled — about 65 ksi, 14% tensile elongation), which
increases as a more-rapid quenching yields a finer pearlite microstructure (to about 120 ksi). As strength
increases, ductility and fracture toughness decrease. With yet more rapid quenching and more local
atomic diffusion, the austenite transforms to bainite, a phase of alternating carbon and iron-rich atomic
planes. This has yet higher strength (to about 140 ksi) and lower ductility. When the metal is quenched
so rapidly that carbon diffusion is prevented, the austenite becomes unstable. Below a critical temperature,
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FIGURE 12.18 Iron—carbon phase diagrameent for steelThe steel composition range is from about 0.02 to
1.00%/, carbon. Steel strengthening treatments require heating into the austenite regientt@bc;) and then
guenching.

the martensitic start temperatutd), the metal transforms spontaneously by shear to martensite. Full
transformation occurs bl the martensite finish temperatubd). The formation of this hard phase
introduces enormous microscopic deformation and residual .sTiessstrength isrery much higher
(about 300 ksiput there is almost no ductiitThis rapidly cooled material can spontaneotiallfrom
“quench cracking which results from residual stresses and the martensite acting as an itz
relieve stresses andguide some fracture toughness, martensitic steel is “tempered” at an intermediate
temperature such as 5@ for about an hour to gvide some ductility (about 7%) while sdering
some strength (about 140 kSigmpering for shorter times or atler temperatures cativg intermediate
properties. High-carbon steels are often used for cutting tools and forming dies because ofdbeir sur
hardness and wear resistan@¢éhen a high-carbon steel (>0'7, C) requiresfabrication at dwer
temperature, it may be held at a temperature just under the eutectoidfterated time (e.g., for 1080
steel: 700C, 1300F — 100 hr) either after or without quenching tovide a soft condition (<60 ksi,
20% extension) A variety of dfferent quenching temperatures, media, and procedures can be used to
vary required combinations of the microstructuresvaband mechanical propertiebhe discussion
above centered on eutectoid steel and holds for other high-carbon steels. Increasing carboiaamstent
the formation of martensite in steels, therelyvjoling increased strength, hardness, and wear resistance.
However, such steels can be quite brittle.

At lower carbon content, “primary ferrite” formBigure 12.1.8as the steel is quenched fronoadb
the boundary of austenitig)(region, the Ac;. Subsequeny] pearlite (ferrite and cementite), bainite,
and/or martensite can formolver carbon content increases the amount of primary ferrite, keweac-
tile phase, and decreases the tenglén form martensite, a stronger/brittle phaBee result is a more
fracture tough, ductile (“safer”) steddut strength isdwer. Such steels are also mechanically more
forgiving if welded Thus, a 1010 steel (0.8, C) might be used for applications whesdreme
“formability” and “weldability” are required, such as for car bodies and cans, while a 1020 steel (0.20
w/, C) might be used for construction materials for which some increased strength is desired while
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maintaining safgt A medium-carbon steel such as a 10vflld be used when a balance of strength
and toughness (and ease of welding) is needed.

In order to quench (and temper) steels continuous cooling transformation (CCT) diagrams are used
such as that ifrigure 12.1.%or a 1040, medium-carbon ste€he steel is quenched fromake the
Ac,. Vertical lines indicate quenching rates asnghin the bwer left inset of the diagranthe cooling
rate for the center of a round bar a@fen diameter quenched irrabil, andwater is gven bebw the
diagram. Solid lines on the diagram indicate percent transformation (start, 10%, 50%in@d¥%wof
transformation), and a dotted line separates ég@m where primary ferrite forms from that of trans-
formation to pearliteThe lwer diagram sbws the indentation hardness to dégected, as this and
other mechanical betior can be predicted from the CCT werAs anexample, the center of a 15 mm
(=%, in.) diameter bar quenched in aiould be about 25% primary ferrite and 7%%te pearlite, with
a Rockwell C hardness (HRC) of about 15. If quenched in oil, the bar eemitt be chiefly bainite
with a small amount of martensite (BR125). The same bar quenchedviaterwould be all martensite
(HRC 055) before temperind he transformation at other positions in the bar and for other engineering
shapes (sheet, pipe, square rod, etc.) can be obtained freersion cuves.

It should be noted that layers in the steel closer to the quenctiadesaool more quickly and are
therefore displacedwvard the left of the CCT diagrafhere is avariation in structure and mechanical
properties from the quenched fge to the centeOne result is that the $ace of the steel tends to be
stronge, harde, and more wear resistant than the ceAteteel beam undgoing bending has maximum
strength at the near $ace which undgoes the greatest stresses, while the centsides safety
because of its relae fracture toughness and duciilia thin knife edge cools quickly and can be
resistant to deformation and wewhile the thick back pwents the blade from snapping in half when
bent.

Many elements may be incorporated in steels to promote fepgcopertiesAlmost all common
additions (other than cobalt) tend to promote strengthening by the formation of martensite (or bainite)
instead of pearliteWhen albying additions tend to promote martensite throughout a thick section
independent of cooling rate, the agllis said to bve high hadenabili. Some elements such as
chromium, molybdenum, and il also may help to pvide high-temperature strength ambieon-
mental resistance. One class obydl with relaively small albying additions are termeldSLA steels
(high strength, dw alloy) and usually sbw somewhat superior mechanical properties to their plain
carbon steel edualents As steel is allyed, the relave cost increases substangialh useful straggy
in steel selection (and steels are usuallyfife# engineering candidate on a cost basis) is to start by
determining if a medium-carbon steel will do. If greater safety and formability are needwetra |
carbon content may be used (with slightiwér cost); alternately, a highe-carbon steeilvould be
chosen for greater strength and wear resistance. Heat treatmelot be used to manipulate the
properties. If plain carbon steelsope unsatitactor, the HSLA steelsvould be the ext candidateFor
very demanding applicationsméronments, and long-term operations, specialtgyaditeelswould be
selected insi@ar as tley are cost-Bectve.

Fatigue

Fatigue is the repeated loading and unloading of metal due to directddation, eccentricity in a
rotating shaft, or dierential thermakxpansion of a structure vEn substantially belv the yield point
(elastic limit) of a metal or a this repeated loading can leadfadlure, usually measured in terms of
the number otycles (repeated load applicationsfadure. Some studiesabe suggested that wedver
80% of all mechanicdiailures of metal are athutable tofatigue.

High-stress, dw-cycle fatigue usually occurs at stressesvabthe yield point and lifetimes are tens
or hundreds otycles (to about a thousamgcles). Failure occurs as a result of the accumulation of
plastic deformation, that is, the area (@y¢ under the stress—strain eer(Figure 12.1.3)A simple
lifetime predicive equation can be used to predict lifetime:
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FIGURE 12.1.9 CCT diagram for 1040 steel. A 15-mm round bar air quenched from above théllAmw chiefly

fine pearlite (ferrite and iron carbide, cementite) with about a quarter of the structure primary ferrite at the center.
Quenching in oil will yield bainite with about 10% martensite. Water quenching will produce wholly martensite at
the center. (After Atkins, MAtlas of Continuous Cooling Transformation Diagrams for Engineering S8
International, Materials Park, OH, 1980.)
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N =[su/2£pf]2 (12.1.3)

whetre N is the number ofycles tofailure, g, is total strain from the stress—strain\ﬂ:-urandspf is the
plastic strain amplitude in eacatiguecycle.

More commony, metals are used well logt their yield point andail after may, may cycles of
repeated loading irolv-stress, higleycle fatigue There is microscopic, local plastic deformation (cold
working) andvacarty generation (reavery dfects) during suclayclic loading which result infatigue
hardening” (strengthening) of worked metal andfatigue softening” of uworked metal. Somedue
even found success reling residual stressed with a vibratory anneal. Early ifittigue process siace
flaws or in some casesvwre internal #ws begin to propagateThe fatigue crack prommates in areas
of high stress a small, usually submicroscopic, distance with each tensile |ddungropagation on
eachcycle frequently laves identifiable marking on tHailure suface termedatigue striationswhich
mark the progress of the subcritical cragken the crack becomes sogla that the fracture toughness
criterion isexceeded (Equation 12.1.2), catastroptierloadfailure occursWhen the futurdatigue
loading can be predicted and thyelic crack propgation rate is kawn, fatigue cracks can be inspected
or monitored in dferent applications such as aircraft structures and pregessels to decommission
or replace parts befofatiguefailure This must be done cautiously because a change to a more aggress
(corrosve, oxidaive, ebvated temperature)neironment can increase the crack prggtéon rate. If a
harmonic resonance occurs in the metal part, vibratory maxima can cause préat@uedailure.
Harmonics can change ftigue cracks propate. Harmonic vibration can beepgented with vibratory
(dynamic) design concepts and/or direct monitoring.

Figure 12.1.10shows typical metalS-N cuives (stress vs. number ofcles tofailure) for a high-
strength aluminum and for a titaniumagll Note that the awention is to mke stress theertical axis
and to plot the number aycles tofailure on a Igarithmic scaleFor high-stress,dw-cycle fatigue
(<1 cycles) the cure is flat and linea consistent with the model of Equation12.J8r high cycle
fatigue the lifetime is a rapidlyarying function of stress untilery low stresses (long lifetimes occur).
The actuafatigue lifevaries statistically about the meaaue slown in approximate proportion to the
number ofcycles tofailure These cwres are for testing in ambient.dratigue lifewould be longer in
an inert evironment and may be shortened drastically in an aggeeswironment. Iron- and titanium-
based ablys, such as thexample sbwn, usually lave an “endurance limita stress bew which lifetime
is ostensibly infinite. In aj at room temperature, the endurance limit is about half the tensile strength
for most iron and titanium ays. Other metals appear tashno stress beW which they last indefinitey.
Therefore, a fatigue limit” is designated — usually the stress at whichfakigue life is 18 cycles.
This may be a long lifetime or not depending on the frequehloading and engineering lifetiméhe
fatigue limit is generally about 0.3 times the tensile strength for metals with strengthsabelit 100
ksi (700 MPa). Thefactor is sorawhat poorer for highestrength metals. It is apparent that on a insdat
strength basis, iron- and titanium-basedyallarefatigue-resistant metals when compared with others.
Dispersion-strengthened @t have been seen to @ride some lifetime adhntage irfatigue.

A number of mathematical relationshipa/é been proposed to predfetigue life,but noneworks
with complete success and all requiperimental data. Perhaps the most successful of the so-called
fatigue “laws” are the “cumulate damage”dws. The simplest is Minés law:

zi[ni/Ni] =1 (12.1.4)

whetre n; is the number ofycles applied andl, is the number ofycles forfailure at a particular stress
level, o,. The conceptual basis is that the numbefatifjuecycles at a stresgdel uses up its relae
fraction of totalfatigue lifetime and may be correlatedféigue crack promation (striation spacing).
Modifications of this model account for the order and indatnagnitude of loads.e@eral techniques
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FIGURE 12.1.10 SN (fatigue) cuves for high-strength titanium (upper curve) and aluminum alloys. Note that
titanium (and iron) alloys siv an endurance limit, a stress d»elwhich the metal lasts indefiniel

have met with partial success in increasfiagigue lifetime leyond that predicted by the cumunlet
damage models:

1. Coaxing — intermittent or continuous, superimposed vibratioreat low stress,
2. Overstressing — intermittent or superimposed compredeading,

3. Surface compression — intermittent shot peening diaserrolling,

4. Surface remval — chemical or mechanical $ace polishing.

All but 1 are thought to close or elimindaigue cracks and dace damage. Coaxing has been said
to introduce more of theacarty-related reovery dfects associated witfatigue.

High-Temperature Effects — Creep and Stress Rupture

Elevated temperature can cause a $igant loss of strength and elastic modulus, so that a metal part
mayfail as a result ofverheateven at loads which appear small at room temperature. High temperature
is a relaive matter and is usually judged as a fraction of the melting point measured on the absolute
temperature scal@hus,even moderate temperatugecursions can be important faw-melting-point
metals and atlys. As indicated in everal sections alve, mayy alloying and coldwork strengthening
methods depend upon heat treatment; ay athn undego metallugical change due toverheat or to
long-term holds at moderate temperatures and thereby alter propertiéisaiti Thus, the thermal
stability of the microstructure should be determineat. example, metallographic replica techniques
have been éveloped for determining in tHeeld if microstructure has coarsened, making the metal weak.
Creep deformation is the continued deformation of a metal under loaslatedltemperature, usually
at a design stress well bel the yield point While measurable creep can occur@t kemperatures
over very long times or atery high (compre$ee) loads, creep usually becomes of engineering impo
tance abve aboutwo thirds the melting point (absolute) of arogllThus, both lead, which creeps at
room temperature, and tungsten, which creeps in an incandescerullglat white heat, require a
mechanical support or creep-resistandyatig additionsFigure 12.1.1 shows a schematic creep &er
plotting creep strainvs. time,t, at a particular tensile load and temperat@feer the immediate elastic

* If a constanextension is applied to an object, the force it generates will dechiaetione due to creedhis
is calledstressrelaxationand can be treated in a similarywa
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FIGURE 12.1.11 Schematic creep curve showing transient creep (1), steady-state creep (Il), and tertiary creep (llI).
Note that the slope of the straight-line portion is the steady-state creep rate (minimum creep rate).

strain ¢ = 0), “transient creep” occurs in Region |. At elevated temperature this usually folld#s a
behavior (Andrade creep). The majority of the curve has a straight-line behavior (Region II) in which
the extension with time is constant. The slope of this part of the curve is termstdatig-state strain

rate or minimum creep ratelt is used to calculate the creep extension which could cause functional
failure when dimensional tolerances are exceeded. A simplified predictive model is

g = AgMe KT (12.1.5)

whereg' is the minimum creep raté, is a constanty is the applied stresg) is the stress dependence
exponent (often 4 to 8 is the activation enthalpy for creep, ahthe absolute temperature.

In Region Il the creep rate accelerates as the metal necks down severely in a local area, thereby
increasing the local stress. The steady-state rate would continue (dotted line) if the load were adjusted
to give constant load at the minimum cross section. Since loads do not readjust to compensate for necking
in real applications, a final accelerated stage can be experienced. For example, a blowout can occur in
late creep of a pressurized high-temperature piping system. The time to failure is terradsthe
rupture lifetime Predictive models are developed from Equation (12.1.5) to provide lifetime information.

Lowering use temperature or applied stress decreases susceptibility to creep deformation and increases
stress rupture lifetime. Frequently, a moderate temperature decrease is most effective in this regard.
Higher-melting-point metals are more creep resistant, so that the refractory metals tungsten and molyb-
denum can be used but require an inert atmosphere or protective coating to prevent rapid oxidation. In
air or other active atmosphere, niobium-, nickel-, titanium-, and iron-based alloys may be used for creep
resistance. Dispersion hardening, particularly with a high-temperature stable phase, such as an oxide,
nitride, or carbide, can confer a degree of creep resistance.

Corrosion and Environmental Effects

Corrosion usually involves the slow removal of metal due to chemical and/or electrochemical reaction
with an environment. Most metallic corrosion involves a galvanic, that is, electrochemical, component
and localized attack in the form of pitting, attack in crevices, grain boundary attack, selective leaching
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of one phase, and exfoliation (attack parallel to the surface causing layers to peel away). Uniform
corrosion is less common and also less of a concern as long as the rate of material removal is gradual
and predictable.

Galvanic corrosion requires a medium, usually liquid (water), often containing a specific agent which
promotes corrosion, a potential difference, and a complete electrical circuit, as well as an anode and a
cathode. The anode will be the attacked, corroded, portion of the system. One cause for potential corrosion
is dissimilar metals. For example, the galvanic series in seawater shows magnesium alloys as most anodic
followed by zinc, aluminum, iron, nickel, brass, and copper alloys which are progressively more cathodic.
When coupled electrically, the more-anodic metal would be corroded and the more cathodic would
promote corrosion. One way of preventing corrosion is to isolate with insulator material the metal parts
electrically so that a circuit is interrupted. The surfaces can be isolated from the corroding medium with
paint, protective metal, conversion coatings, or a corrosion inhibitor additive to the liquid. In this situation
it is more important to coat the cathode (noncorroding metal) since it impresses corrosion on the anodic
metal dependent on exposed area. When in doubt, all parts should be painted repeatedly to prevent
pinholes. Other possibilities include cathodic protection with an impressed electrical counterpotential or
use of a sacrificial anode which is attacked instead of the metal components. Some metals such as
stainless steels and aluminum alloys provide protection via an oxide cogtiasgiee filmwhich will
form under specific, controlled electrochemical conditions providimzdic protection

Another source for an anode and cathode can be the solution itself. Differences in temperature, ion
concentration, oxygen content, and pH can all lead to a potential difference which results in corrosion.
Often corrosion occurs far more rapidly for a specific range of solution concentration — indeed,
sometimes dilution may accelerate corrosive attack. An oxygen deficiency cell under dirt or in a crevice
frequently causes attack at the resulting anode. Potential differences can also exist in the metal itself:
between different phases, inclusions, or grain chemistries; between grains and grain boundaries; between
surface films and metal; and between different grain orientations. Selective leaching such as dezincifi-
cation of high-zinc brasses (Cu—Zn) is an example for composition differences, while exfoliation cor-
rosion of aluminum alloys and sensitized stainless steel are examples of grain boundary attack. Cold-
worked metal tends to be anodic to annealed material so that a heavily formed part of a metal part may
corrode preferentially.

Another important environmental cause of failure is stress corrosion cracking (SCC). A combination
of applied or residual tensile stress and environmental attack results in progressive slow crack propagation
over a period of time. Eventually, the crack becomes critical in size (Equation 12.1.2) and catastrophic
failure occurs. There need be no evidence of corrosion for SCC to occur. When the loading is of a cyclic
nature the effect is termaxbrrosion fatigue To prevent these long-term crack propagation effects the
environment and/or the source of tensile load may be removed. Considerable effort has been made to
identify an ion concentration below which stress corrosion cracking will not occur (e.g., Cl for austenitic
stainless steels), but there may be no level for complete immunity, merely a practical maximum permis-
sible level.

Hydrogen embrittlement and hydrogen cracking can occur in the presence of stress and a hydrogen
source. Embrittlement results when hydrogen diffuses into the metal and/or acts on the crack tip altering
the fracture toughness. Hydrogen cracking may be regarded as a special case of stress corrosion cracking.
Either environmental effect can lead to catastrophic failure. The source of hydrogen can be an acid
solution, hydrogen evolved during corrosion, electrochemical treatment (plating, electropolishing), or
hydrocarbons. Often isolation from the hydrogen source is difficult because hydrogen diffuses quickly
through most materials and barrier coatings. Glass coating has met with some success.

Metal Surface Treatments

A number of treatments are employed to strengthen the surface of steels and make them more resistant
to failure or wear. Some of the techniques may also be applied to selected nonferrous alloys. Flame,
induction, and laser hardening provide intense heat to the outer surface of a medium- or high-carbon
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(hardenable) steel bringing it into the austenitic region, aboyés&e subsection on fatigue). The bulk

of the metal is not heated so that the surface can then be quenched rapidly forming hardening phases
and a compressive surface stress. This provides strength and wear resistance. Another surface-hardening
technique is carburizing. This can also be used on steels with lower carbon content. The metal is exposed
to a controlled balance of carbon monoxide and carbon dioxide or is packed in graphite. At elevated
temperature (usually above the;Acarbon diffuses into the surface, converting it to a high-carbon steel.

The steel is then either quenched directly from the carburizing temperature or reaustenitized and
guenched. The result is similar to flame hardening, but higher hardness and surface compression can be
accomplished compared with flame hardening. The center of the piece, with much lower carbon content,
can provide fracture toughness, ductility, and safety. Nitriding exposes steel containing appropriate
alloying elements (chromium, aluminum, vanadium, ...) to monatomic nitrogen in the form of cracked
ammonia, cyanide, or high-energy dissociated nitrogen gas. This is done below the eutectoid (lower
transformation) temperature. Dispersed-phase nitrides are formed as nitrogen diffuses into the surface
which harden the surface without a need for further heat treatment. The effects of both carburizing and
nitriding can be introduced by carbonitriding above the transformation temperature and quenching or
nitrocarburizing below the transformation to austenite.

Suggested Reading

ASM International, 1985\etals Handbook Desk EditioASM International, Materials Park, OH.
ASM InternationalMetals Handbook, 8th—10th edSM International, Materials Park, OH.
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12.2 Polymers

James D. Idol and Richard L. Lehman

Introduction

Polymers constitute a wide range of materials which areetkat least in part fromrganic, usually
petroleum-basedav materials; tBy consist of repeating molecular units araehspecial properties
obtained by engineering the form of the molecular structilifess termpolymeris deived from Greek
roots and means giing mayy parts’ a term which aptly describes thdfimmite number of compounds
which can be synthesized from a rizlaly limited number of monomer unitShe termplasticis often

used in describing polymers, although this term is not in current usage since it is a generalvdescript
which refers to the forming rheology of nyapolymersbut is too general to accurately describe this
group of materials.

Polymers are used as engineering materials in the neat form, i.e., as the pure material, or in combination
with a lage dversity of addiives, both gyanic and inmanic These addites may be, among others,
plasticizers which reduce the rigidity or brittleness of the matdilleks which increase strength and
load deflection bedwior under load, or stabilizers which protect the polyngeirest ultaviolet radiation.

The following discussion will separate polymers inteotgroups, thermoplastic and thermosetting,
based on the distinctly ffierent thermal processing kmfor of these wo broad classes of polymers.
Thermoplastic polymers soften when heated and can be reshape@wtlsbape being retained on
cooling The process can be repeatednynémes by alternate heating and cooling with minimal
degradation of the polymer structurEhermosetting polymers (or thermosets) cannot be softened and
reshaped by heatinghey are plastic and moldable at some state of procedsingjnally set to a rigid
solid and cannot be resoftendthermosets are generally stronger anfiestthan thermoplastic.

Table 12.2.1of this section iyes anoverview of the physical properties of the most commonly used
industrial polymersTable 12.2.2orovides anoverview of properties such as chemical resistance, ease
of machining, and compréase strength for thermoplastic and thermosetting plasticseWwahidle 12.2.3
is a selection guide for polymers by applicatidrdetailed summary of polymer properties, including
electrical properties, thermal properties, optical propertiesfamitation, is presented rable 12.2.4

Thermoplastic Polymers

Acetal and Polyacetal

These combineery high strength, good temperature and abrasion resisexceptional dimensional
stability, and bw codficient of thermalexpansion They compete withnylon (but with mayy better
properties) and with metal die castingat(are lighter). Chemical resistance is gerdept for strong
acids Typical applications areata-pump parts, pipe fittingsyashing machines, car instrument hous-
ings, bearings, and gears.

Acrylics (Methylmethacrylate, PMMA)

These are noted for their optical clarity and as&ilable as sheet, rod, tubings, etc., as Rrrép.K.)

and Pé&xiglas (U.S., Germay, etc.) They are hard and brittle and quite resistant to discoloring and,
especial, weatheringApplications include outdoor display signs, optical lenses and prisms, transparent
coverings, drafting instruments,ftectors, control knobs, baths, amdshbasinsThey areavailable in

a wide range of transparent and opaque colors.

Acrylonitrile-Butadiene-Styrene (ABS)

This combination of three monomerives afamily of materials which are strong,fgtiand abrasion
resistant with notable impact-resistance properties and ease of procHssingay applications include
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TABLE 12.2.1 Physical Properties of Polymers

p Tensile Strength  Elongation E
Properties of Plastics (kg m=) (N mm) (%) (GNm? BHN  Machinability

Thermoplastics
PVC rigid 1330 48 200 3.4 20 Excellent
Polystyrene 1300 48 3 3.4 25 Fair
PTFE 2100 13 100 0.3 — Excellent
Polypropylene 1200 27 200-700 1.3 10 Excellent
Nylon 1160 60 90 2.4 10 Excellent
Cellulose nitrate 1350 48 40 14 10 Excellent
Cellulose acetate 1300 40 10-60 1.4 12 Excellent
Acrylic (methacrylate) 1190 74 6 3.0 34 Excellent
Polyethylene (high density) 1450 20-30 20-100 0.7 2 Excellent
Thermosetting plastics
Epoxy resin (glass filled) 1600-2000 68-200 4 20 38 Good
Melamine formaldehyde 1800-2000 60-90 — 7 38 Fair

(fabric filled)
Urea formaldehyde 1500 38-90 1 7-10 51 Fair

(cellulose filled)
Phenol formaldehyde 1600-1900 38-50 0.5 17-35 36 Good

(mica filled)
Acetals (glass filled) 1600 58-75 2-7 7 27 Good

Note: BHN = Brinell hardiness numbep, = density,E = Young’s modulus.

TABLE 12.2.2 Relative Properties of Polymers

Tensile Compressive Machining ~ Chemical
Material Strength? Strength® Properties  Resistance

Thermoplastics
Nylon E
PTFE F
Polypropylene F
Polystyrene E
Rigid PVC E
Flexible PVC F
Thermosetting plastics
Epoxy resin (glass-fiber filled) O
Formaldehyde (asbestos filled) G
G
E

E
E
E
F

E
p

'UOG)-HG)O
@O@mmo®

E

Phenol formaldehye (Bakelite)
Polyester (glass-fiber filled)
Silicone (asbestos filled) O G

G
G
G

TOT O
'I'I'I'1'r|om

Note: O = outstanding, E = excellent, G = good, F = fair, P = poor.
a Tensile strength (typical): E = 55 NminP = 21 Nmn?.
b Compressive strength (typical): E = 210 NAnP = Nmm?2

pipes, refrigerator liners, car-instrument surrounds, radiator grills, telephones, boat shells, and radio and
television parts. Available in medium, high, and very high impact grades.

Cellulosics

“Cellulose nitrate” is inflammable and has poor performance in heat and sunlight. Its uses are therefore
limited. Cellulose acetate has good strength, stiffness, and hardness and can be made self-extinguishing.
Glass-filled grades are made. Cellulose acetate-butyrate (CAB) has superior impact strength, dimensional
stability, and service temperature range and can be weather stabilized. Cellulose proprionate (CP) is
similar to CAB, but has better dimensional stability and can have higher strength and stiffness. Ethyl
cellulose has better low-temperature strength and lower density than the others. Processing of cellulose
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TABLE 12.2.3 Selection Guide for Polymers by Application

Application or Service Properties Required Suitable Plastics
Chemical and thermal Resistance to temperature extremes and t&luorocarbons, chlorinated polyether,
equipment wide range of chemicals; minimum polyvinylidene fluoride, polypropylene,
moisture absorption; fair to good strength high-density polyethylene, and epoxy
glass
Heavily stressed High-tensile plus high-impact strength;  Nylons, TFE-filled acetals, polycarbonates,

mechanical components good fatigue resistance and stability at  and fabric-filled phenolics

elevated temperatures; machinable or
moldable to close tolerance

Electrostructural parts Excellent electrical resistance in low to Allylics, alkyds, aminos, epoxies,
medium frequencies; high-strength and - phenolics, polycarbonates, polyesters,
impact properties; good fatigue and heat polyphenylene oxides, and silicones
resistance; good dimensional stability at
elevated temperatures

Low-friction applications Low coefficient of friction, even when Fluorocarbons (TFE and FEP), filled
nonlubricated; high resistance to abrasion, fluorocarbons (TFE), TFE fabrics, nylons,
fair to good form stability and heat and acetals, TFE-filled acetals, and high-

corrosion resistance density polyethylenes
Light-transmission Good light transmission in transparent or Acrylics, polystyrenes, cellulose acetates,
components, glazing translucent colors; good to excellent cellulose butyrates, ionomers, rigid vinyls,
formability and moldability; shatter polycarbonates, and medium-impact
resistance; fair to good tensile strength  styrenes
Housings, containers, Good to excellent impact strength and  ABS, high-impact styrene, polypropylene,
ducts stiffness; good formability and high-density polyethylene, cellulose
moldability; moderate cost; good acetate butyrate, modified acrylics,

environmental resistance; fair to good polyester—glass and epoxy—glass
tensile strength and dimensional stability combinations

plastics is by injection molding and vacuum forming. Applications include all types of moldings,
electrical insulation, and toys.

Ethylene-Vinyl Acetate (EVA)

This material gives tough flexible moldings and extrusions suitable for a wide temperature range. The
material may be stiffened by the use of fillers and is also specially formulated for adhesives. Applications
include all types of moldings, disposable liners, shower curtains, gloves, inflatables, gaskets, and medical
tubing. The material is competitive with polyvinyl chloride (PVC), polyethene, and synthetic rubbers,
and is also used for adhesives and wax blends.

Fluorocarbons

This class of polymers, characterized by fluorine substitution, has outstanding chemical, thermal, and
electrical properties and is characterized by the following four main classes of structures.

Polytetrafluoroethylene (PTFE), known commercially as Teflon or Fluon, is the best-known material
and resists all known chemicals, weather, and heat, has an extremely low coefficient of friction, and is
“non-stick.” These materials are inert with good electrical properties. They are nontoxic, nonflammable,
and have a working temperature range of —270 t6Q6Dhey may be glass filled for increased strength
and rigidity. They do not melt and they must be formed by sintering of powders. Applications include
chemical, mechanical, and electrical components, bearings (plain or filled with glass and/or bronze),
tubing, and vessels for “aggressive” chemicals.

Fluoroethylenepropylene (FEP), unlike PTFE, can be processed on conventional molding machines
and extruded, but thermal and chemical resistance properties are not quite as good.

Ethylenetetrafluoroethylene (ETFE) possess properties similar to but not as good as those of PTFE.
However, the material exhibits a thermoplastic character similar to that of polyethylene which gives it
a very desirable molding behavior.
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TABLE 12.2.4 Properties of Polymers

MC—blow molding, MC—compression
Iding, MI—inj molding, S

Chemical class Cellulose acetate Cellulose acetate Cellulose acetate Cellulose acetate Nylon Polycarbonates | Polyethylene Polyethylene
butyrate butyrate :
Thermoplastic Thermoplastic Ther | Tt pl Tt pl Thermopl Tt lastic Ther
Soft Hard Soft Hard 6/6 Unfilled Low Density Medium
Density
ELECTRICAL PROPERTIES
D.C. resistivity, ohm-cm 10101013 10101013 T610-1012 1010-1012 X101 >1015 >1015
Dielectric constant, 60 cps 3.5-7.5 3.5-7.5 3.5-6.4 3.5-6.4 4.0-4.6 3.17 2.3-2.35 2.3
Dielectric constant, 10° cps 32-70 3270 3.2-6.2 32-6.2 34-36 2.96 2.3-2.35 23
Dissipation factor, 60 cps 0.01-0.06 0.01-0.06 0.01-0.04 0.01-0.04 0.014-0.04 0.0009 <0.0005 <0.0005
Dissipation factor, 109 cps 0.01-0.10 0.01-0.10 0.01-0.04 0.01-0.04 0.04 0.01 <0.0005 <0.0005
MECHANICAL PROPERTIES
Modulus of elasticity, 103 psi 86-250 190-400 74-126 150-200 290-325 14-38 35-90
Tensile strength, psi 1,900-4,700 4,600-8,500 1,900-3,800 5,6800 9,000-12,000 8,000-9,500 1,000-1,400 1,200-3,500
Ultimate elongation, % 32-50 6-40 60-74 38-54 60-300 20-100 400-700 50-600
Yield stress, psi 2,200-4,200 4,100-7,600 1,200-2,600 3,600-6,100 8,000-10,000 1,100-1,700 1,500-2,600
Yield strain, % 20-40 10-20
Rockwell hardness R 49-R 103 R101-R 123 R 59-R 95 R 108-R 117 R 108-R 120 M 70-M 180
Notched Izod impact strength, ft 1b/in. 2.0-5.2 04-2.7 2.5-5.4 0.7-2.4 1.0-2.0 8-16 No break 0.5->16
Specific gravity 1.27-1.34 1.27-1.34 1.15-1.22 1.19-1.25 1.13-1.15 12 0.91-0.925 0.926-0.941
THERMAL PROPERTIES
Buming rate Medium Medium Medium Medium Self-extinguishing Self- Very slow Slow
extingnishing
Heat distortion, 264 psi. C 44-57 60-113 49-58 70-99 135-145
Specific heat, cal/g 0.3-0.42 0.3-0.42 0.3-0.4 0.3-04 0.4 0.3 0.55 0.55
Linear thermal expansion coefficient, 10-2, C 8-16 8-16 11-17 11-17 8.0 6.6 10-20 14-16
Maximum continuous service temperature, C 80-150 138-143 60-77 71-93
CHEMICAL RESISTANCE
Mineral acids, weak Fair to good Fair to good Good Good Very good Excellent Good Excellent
Mineral acids, strong Poor Poor Fair to good Fair to good Poor Fair Good Excellent
Oxidizing acids, concentrated Very poor Very poor Poor Good to poor Good to poor
Alkalies, weak Poor Poor Good Good No effect Poor Good Excellent
Alkalies, strong Very poor Very poor Poor Poor No effect Poor Good Excellent
Alcohols Poor Poor Poor Poor Good Poor Excellent to Excellent to
poor poor
Ketones Poor Poor Poor Poor Good Poor Excellent to Excellent to
poor poor
Esters Poor Poor Poor Poor Good Poor Excellent to Excellent to
poor poor
Hydrocarbons, aliphatic Fair to good Fair to good Fair to good Fair to good Very good Poor Fair Fair
Hydrocarb i Poor to fair Poor to fair Poor Poor Fair to good Poor Fair Good
Oils: vegetable, animal, mineral Fair to good Fair to good Good Good Good Poor Good Excellent
MISCELLANEOUS PROPERTIES
Clarity Excellent Excellent Good to excellent | Good to excellent Clear Clear Translucent Translucent
Color Pale to colorless Pale to colorless Pale to colorless Pale to colorless Pale amber to colorless Colorless Colorless Colorless
Refractive index, np 1.46-1.50 1.46-1.50 1.46-1.49 1.46-1.49 1.53 1.60 1.50-1.54 1.52-1.54
FABRICATION
Cl—calendering, Cs—casting, E—extrusion, Cs, E, F, MB, Cs, E, F, MB, Cs, E, T, MB, Cs, E, F, MB, MC, | E, F, MB, MC, M1 Cs,E,F,MB, | CLE,F,MB, | CLE,F,MB,
F—hot forming or drawing, I-—impregnation, MC,MI, S MC, ML S MC, ML, S ML S MC, MI MC, M1 MC, MI
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TABLE 12.2.4 Properties of Polymers (continued)
Polyethylene Polymethyl- Polypropylene Polypropylene Polystyrene Polystyrene- Poly fl Polytriflt hloro- | Polyvinylchiori | Polyvinylchlori | Epoxy
methacrylate acrylonitrile ethylene ethylene de and de and
vinylchloride vinylchloride
acetate acetate
Thermoplastic Thermoplastic Thermoplastic Thermoplastic Thermoplastic Thermoplastic | Thermoplastic Thermoplastic Thermoplastic Thermoplastic Thermosett
ing
High Density Unmodified Unmodified Copolymer Unmodified Unmodified Unmodified Unmodified Unmodified, Plasticized, Unfilled
rigid non-rigid
ST 101 >1013 >107 >1010 T0T3-107 1018 018 T0TZ 1010 TOT1-101% 012101
2.3-2.35 3.5-4.5 2.2-2.6 23 2.5-2.65 2.6-3.4 2. 2.2-2.8 3.2-4.0 5.0-9.0 3.5-5.0
2.3-2.35 3.0-35 2.2-2.6 2.3 2.5-2.65 2.5-3.1 2. 2.3-25 3.04.0 3.0-4.0 3.4-44
<0.0005 0.04-0.06 <0.0005 0.0001-0.0005 0.0001-0.0003 0.006-0.008 0.0002 0.001 0.01-0.02 0.03-0.05 0.001-
0.005
<0.0005 0.02-0.03 0.0005-0.002 0.0001-0.002 0.0001-0.0004 0.008-0.01 0.0002 0.005 0.006-0.02 0.06-0.1 0.03-0.05
85-160 350-500 1.4-1.7 400-600 >1016 33-65 150 200-600 >300
3,100-5,500 7,000-11,000 4,300-5,500 2,900-4,500 5,000-10,000 9,000-12,000 2,000-4,500 4,500-6,000 5,000-9,000 1,500-3,000 4,000-
13,000
15-100 2.0-10 >220 200-700 1.0-2.5 1.0-2.5 200-400 250 2.0-40 200-400 2.0-6.0
2,400-5,000 4,900 1,600-2,000 4,200
5-10 15 50-75 10 1.0-5.0
R 30-R 50 M 80-M 105 93 R 50-R 96 M 65-M 85 M 75-M 90 D 50-D 65 175195 R110-R 120 M75-M
110
1.5-20 0.3-0.6 1.0 1.i-12 0.25-0.60 0.3-0.6 2.5-4.0 2.54.0 0.4-2.0 0.2-1.0
0.941-0.965 1.18-1.20 0.90 0.90 1.04-1.08 1.05-1.1 2.1-2.3 2.1-2.3 1.36-1.4 1.15-1.35 1.115
Slow Slow Medium Medium Medium to Slow Seli- Self-extinguishing Self- Slow to self- Slow
slow extinguishing exti t extinguishi
66-99 91-104 60 60-80 Up to 120
0.55 0.35 0.5 0.5 0.32-0.35 0.32-0.35 0.25 0.22 0.2-0.28 0.36-0.5 0.25-0.4
11-13 5.0-9.0 5.8-10 8-10 6.0-8.0 3.6-3.8 10 7.0 5.0-18 7.0-25 4.5-9.0
92-200 60-93 190-240 66-82 77-88 260 200 70-74 80-105 80
Excellent Good Excellent Excellent Excellent Excellent Excellent Excellent Excellent Fair to good Excellent
Exceltent Fair to poor Excellent Excellent Excellent Good to Excellent Excellent Good to Fair to good Fair to
excellent excellent good
Good to poor Attacked Good to poor Poor Poor Poor Excetlent Excellent Fair to good Poor to fair Excellent
Excellent Good Excellent to good Excellent Excellent Excellent Excetlent Excellent Excellent Fair to good Excellent
Excellent Poor Excellent to good Good Excellent Good to Excellent Excellent Good Fair to good Excellent
excellent
Excellent to poor Excellent to good Good below 80 C Excelient Good to Excellent Excellent Excellent Fair Poor
excellent
Excellent to poor Dissolves Excellent to good Good below 80 C Dissolves Dissolves Excellent Excellent Poor Poor
Excellent to poor Dissolves Excellent to good Good below 80 C Poor Dissolves Excellent Excellent Poor Poor Excellent
Fair Good Good to fair Good below 80 C Poor Good Excellent Excellent Excellent Poor Excellent
Fair Softens Good to fair Good below 80 C Dissolves Fair to good Excellent Excellent Poor Poor Excelient
Good Good Good Fair to poor Good to Excellent Excellent Excellent Poor
excellent
Translucent Transparent Transparent Transp Transp: Transl Transp Transp T Transp
Colorless Colorless Colorless to sl. Colorless to sl. Colorless Colotless to Colorless to Colorless to pale Colorless to Colorless to Colorless
yellow yellow amber gray amber amber
1.54 1.48-1.50 1.49 1.59-1.60 1.56-1.57 1.30-1.40 1.43 1.54 1.50-1.55 1.58
CILE,F,MB,MC, | Cs,E, F,Lq, MB, CLE,F,MB,MC, | E,F, MB, MC, Cl, E, F,MB, E,F, MC,MI Cs,E,F,,MC,ML, | CL,Cs,E,F,1, Cl, Cs, E,MB, Cs, I, S
Ml MC, MI MI MI MC, MI S MB,MC,ML S | MC,ML S
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TABLE 12.2.4 Properties of Polymers (continued)
Properties of Polymers [continued] .
Melamine- Melamine- Phenol- Phenol- Phenol- Polyester Silicones Urea Acrylonitrite- Acetal Alkyd resins
formaldehyde formaldehyde formaldehyde formaldehyde formaldehyde (styrene-alkyd) Formaldehyde butadiene-styrene
(ABS)
Thermosetting Thermosetting Thermosetting Thermosetting Thermosetting Thermosetting Thermosetting Thermoplastic Thermoplastic Thermoplastic Thermosetting
-Cellulose filled | Mincral filled Cord filled Cellulose filled Unfilled cast Glassfiber mat Mineral fiiled -Cellulose High-heat resistant Homopolymer Synthetic-fiber
(electrical phenolic, reinforced filled filled
mechanical and
} | grade
10T2-10T% 10131012 107T-1012 10TT-1013 1.0-7.0 x 1012 1011 >1012 0.5-5.0 24-5.0 38-50
7.9-9.4 10.2 7.0-10.0 5.09.0 6.5-7.5 4.0-5.5 3.5-3.6 7.7-9.5 24-3.8 37 3.6-4.7
7.2-8.4 6.1 5.0-6.0 4.0-7.0 4.0-5.5 4.0-5.5 3.4-3.6 6.7-8.0 0.003-0.008 0.012-0.026
0.03-0.08 0.10 0.1-0.3 0.04-0.3 0.10-0.15 0.01-0.04 0.004 0.036-0.043 0.007-0.015 0.004 L 0.01-0.016
0.03-0.043 0.051 0.04-0.09 0.03-0.07 0.04-0.05 0.01-0.06 0.005-0.007 0.025-0.035
1,300 1,950 900-1,300 800-1,200 4.0-5.0 500-1,500 1,300-1,400 7,000-8,000 10,000-12,000 4,500-6,500
7,000-13,000 5,500-6,500 6,000-9,000 6,500-8,500 6,000-9,000 30,000-50,000 3,000-4,000 5,500-13,000 1.0-20 15-75
0.6-0.9 0.5-1.0 0.6-1.0 1.5-2.0 0.5-1.5 0.6 4,000-9,000 10,000-13,000
M 110-M 124 E 90 M 110-M 120 M 93-M 120 M 80-M 120 M 85-M 95 E 94-E 97 R1I0-R 115 M 94, R 120 E 76
0.24-0.35 0.3-04 4.0-8.0 0.24-0.34 0.25-0.4 7.0-30 0.25-0.35 0.24-0.40 2.0-4.0 1.4-23 0.504.5
1.47-152 1.78 1.36-1.43 1.32-1.55 1.307-1.318 1.5-2.1 1.8-2.8 1.47-1.52 1.06-1.08 1.43 1.24-2.6
Self- Self- Self- Self- Self- Self- Self- Self- Slow Slow Self-
exti exti exti hi exti hi exti hi exti exti hi exti extinguishing
204 130 121-127 143-171 74-80 93-288 >260 130 115-118
0.4 0.35-0.40 0.2-04 0.2-0.3 0.6 0.3-0.4 0.35
2.0-5.7 2.143 3.0-45 6.0-8.0 1.8-3.0 2.0-4.0 2.2-3.6 6.0-6.5 8.1 4.0-5.5
99.0 149 121 149-177 121-204 288 77 88-110 84 149-220
Good Fair Variable Variable Fair to good Good Fair to good Poor Good Fair Good
Poor Poor Poor Poor Poor to good Poor Poor to good Poor Good Poor Fair
Poor Poor Poor Poor Poor Poor Poor Poor Poor
Good Fair Variable Variable Poor 10 good Good Fair Fair Good Poor Good
Poor Poor Poor Poor Poor Poor Poor Poor Good Poot Fair
Good Good Good Good to Good to Good Poor Good Good Good Fair to good
excellent excellent
Good Good Poor to fair Fair Fair Poor Poor Good Poor Good Fair to good
Good Good Fair to good Fair to good Fair to good Good Good Poor Good Fair to good
Good Good Fair to good Excetlent Good to Good Fair to good Good Fair Good Fair to good
excellent
Good Good Fair to good Excellent Good Poor to fair Poor Good Fair Good Fair to good
Good Good Good Excellent Excellent Good Good Good Good Good
Translucent Opaque Opaque Opaque Clear Translucent Opaque Trans] Transl to Transl to Opaque
opaque opaque
Colorless Dark Colorless to Colorless Pale to dark Colorless Colorless Colorless Colorless
amber
1.54-1.56 1.48
MC MC MC MC Cs, F 1 MC MC CI, E, MB, MI MI, E Cs MC, M1
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TABLE 12.2.4 Properties of Polymers (continued)

Properties of Polymers [continued]

F-—hot forming or drawing, [—impregnation,
MC—blow molding, MC—compression
{ding, MI—injection molding, S—spreadi

Chemical class Polyketone
aliphatic
thermoplastic
neat resin

ELECTRICAL PROPERTIES

D.C. resistivity, ohm-cm 103

Dielectric constant, 60 cps 5-6

Dielectric constant, 100 cps

Dissipation factor, 60 cps

Dissipation factor, 100 cps 0.04

MECHANICAL PROPERTIES

Modulus of elasticity, 103 psi 250

Tensile strength, psi >9000

Ultimate elongation, % 300

Yield stress, psi 9000

Yield strain, % 22

Rockwell hardness

Notched Izod impact strength, ft Ib/in. 4

Specific gravity 1.24

THERMAL PROPERTIES

Burning rate

Heat distortion, 264 psi. C 105-110

Specific heat, cal/g

Linear thermal expansion coefficient, 10>, C 9-11

Maximum continuous service temperature, C

CHEMICAL RESISTANCE

Mineral acids, weak Good

Mineral acids, strong Fair

Oxidizing acids, concentrated Fair

Alkalies, weak Good

Alkalies, strong Good

Alcohols Excellent

Ketones Excellent

Esters Excellent

Hydrocarbons, aliphatic Excellent

Hydrocarbons, aromatic Excellent

Oils: vegetable, animal, mineral

MISCELLANEOUS PROPERTIES

Clarity translucent

Color white crystals

Refractive index, np

FABRICATION

Cl-—calendering, Cs—casting, E—extrusion, E, MI
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Materials 12-27

Perfluoroalkoxy (PFA) is the fourth group of fluorinated polymers. These materials have the same
excellent properties as PTFE, but the compound is melt processible and, therefore, suitable for linings
for pumps, valves, pipes, and pipe fittings.

lonomers

These thermoplastics are based on ethylene and have high melt strength, which makes them suitable for
deep forming, blowing, and other similar forming processes. They are used for packaging, bottles,
moldings for small components, tool handles, and trim. They have a high acceptance of fillers.

Polymethylpentene

Polymethylpentene (TPX) is a high-clarity resin with excellent chemical and electrical properties and
the lowest density of all thermoplastics. It has the best resistance of all transparent plastics to distortion
at high temperature — it compares well with acrylic for optical use, but has only 70% of its density. It
is used for light covers, medical and chemical ware, high-frequency electrical insulation, cables, micro-
wave oven parts, and radar components. It can withstand soft soldering temperatures.

Polyethylene Terephthalate

Polyethylene terephthalate (PETP) and modified versions thereof have high strength, rigidity, chemical
and abrasion resistance, impact resistance in oriented form, and a low coefficient of friction. It is attacked
by acetic acid and concentrated nitric and sulfuric acids. It is used for bearings, tire reinforcement,
bottles, automotive parts, gears, and cams.

Polyamides (Nylons)

The polyamides are a family of thermoplastics, e.g., Nylon 6, Nylon 66, and Nylon 610, which are
among the toughest engineering plastics with high vibration-damping capacity, abrasion resistance,
inherent lubricity, and high load capacity for high-speed bearings. They have a low coefficient of friction
and good flexibility. Pigment-stabilized types are not affected by ultraviolet radiation and chemical
resistance is good. Unfilled nylon is prone to swelling due to moisture absorption. Nylon bearings may
be filled with powdered molybdenum disulfide or graphite. Applications include bearings, electrical
insulators, gears, wheels, screw fasteners, cams, latches, fuel lines, and rotary seals.

Polyethylene

Low-density polyethylene (orinally callgublytheng is used for films, coatings, pipes, domestic mold-

ings, cable sheathing, and electrical insulation. High-density polyethylene is used for larger moldings
and is available in the form of sheet, tube, etc. Polyethylene is limited as an engineering material because
of its low strength and hardness. It is attacked by many oxidizing chemical agents and some hydrocarbon
solvents.

Polyketone, Aliphatic

Aliphatic polyketones are relatively strong, tough, ductile polymeric resins derived from equal propor-
tions of ethylene and carbon monoxide with an additional few percent of higher olefin for property and
processibility adjustment. Their physical, thermal, and mechanical properties are similar to polyamides
and polyacetals. Mechanical properties are characterized by preservation of high levels of stiffness,
toughness, and strength over a broad temperature range. Resistance to hydrolysis, swelling, and perme-
ation provides broad chemical resistance. Relatively new in commercial supply, they find application in
gears, machine components, and similar engineering applications. Tribological performance is very good,
and in particular they have a low coefficient of friction and a low wear factor against steel. The electrical
properties of the neat polyketone are typical of those of polar, semicrystalline thermoplastics.

Polyethersulfone

Polyethersulfone is a high-temperature engineering plastic — useful up°@© B@eneral and some
grades have continuous operating ratings as high &€200is resistant to most chemicals and may
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be extruded or injection molded to close tolerances. The properties are similar to those of nylons.
Applications are as a replacement for glass for medical needs and food handling, circuit boards, general
electrical components, and car parts requiring good mechanical properties and dimensional stability.

Polystyrene

This polymer is not very useful as an engineering material because of brittleness in unmodified forms,
but it is well known for its use in toys, electrical insulation, refrigerator linings, packaging, and numerous
commercial articles. It is available in unmodified form as a clear transparent resin and also in clear and
opaque colors. High-impact forms are achieved by compounding with butadiene or other rubbery resins
and heat-resistant forms are achieved by the use of fillers. Polystyrene can be stabilized against ultraviolet
radiation and also can be made in expanded form for thermal insulation and filler products. It is attacked
by many chemicals, notably aromatic hydrocarbon solvents, and by ultraviolet light.

Polysulfone

Polysulfone has properties similar to nylon, but these properties are retained ufCted®pared with

120°C for nylon, which greatly expands the range of applications. Its optical clarity is good and its
moisture absorption lower than that of nylon. Applications are as a replacement for glass for medical
needs and chemistry equipment, circuit boards, and many electrical components.

Polyvinyl Chloride

This is one of the most widely used of all plastics. With the resin mixed with stabilizers, lubricants,
fillers, pigments, and plasticizers, a wide range of properties is possible from flexible to hard types, in
transparent, opaque, and colored forms. It is tough, strong, with good resistance to chemicals, good low-
temperature characteristics and flame-retardant properties. PVC does not retain good mechanical per-
formance above 8C. It is used for electrical conduit and trunking, junction boxes, rainwater pipes and
gutters, decorative profile extrusions, tanks, guards, ducts, etc.

Polycarbonate

Polycarbonate is an extremely tough thermoplastic with outstanding strength, dimensional stability, and
electrical properties, high heat distortion temperature and low-temperature resistance (dowfGp —100

It is available in transparent optical, translucent, and opaque grades (many colors). Polycarbonates have
only fair resistance to chemicals as evidenced by the stress cracking caused by many solvents. The
weathering tendencies can be stabilized against ultraviolet radiation by the use of proper additives.
Polycarbonate compounds are used for injection moldings and extrusions for glazing panels, helmets,
face shields, dashboards, window cranks, and gears. Polycarbonate is an important engineering plastic.

Polypropylene

Polypropylene is a low-density, hard, stiff, creep-resistant plastic with good resistance to chemicals,
good wear resistance, low water absorption, and is relatively low cost. Polypropylene can be spun into
filaments, converted into weaves, injection molded, and is commonly produced in a large variety of
forms. Glass-filled polypropylene is widely used for its enhanced mechanical properties. It is used for
food and chemical containers, domestic appliances, furniture, car parts, twine, toys, tubing, cable sheath,
and bristles.

Polyphenylene Sulfide

Polyphenylene sulfide is a high-temperature plastic useful up t&€28bient temperature properties

are similar or superior to those of nylon. It has good chemical resistance and is suitable for structural
components subject to heat. Glass filler improves strength and enables very high heat resistéti@e to 300
Uses are similar to those of nylon, but for higher temperatures.
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Polyphenylene Oxide

This is a rigid engineering plastic similar to polysulfone in uses. It can be injection molded and has
mechanical properties similar to those for nylon. It is used for automotive parts, domestic appliances,
and parts requiring good dimensional stability. Frequently, the commercially available product is blended
(or “alloyed”) with polystyrene which acts as a cost-effective extender.

Thermosetting Polymers

Alkyds

There are two main groups of alkyds: diallyphthalate (DAP) and diallylisopthalate (DIAP). These have
good dimensional stability and heat resistance (service temperati@; if@rmittent use 26C),

excellent electrical properties, good resistance to oils, fats, and most solvents, but limited resistance to
strong acids and alkalis. The mechanical properties are improved by filling with glass or minerals. The
main uses are for electrical components and encapsulation. A wide range of colors and fast-curing grades
are available.

Amino Resins

These are based on formaldehyde reacted with urea or melamine and are formulated as coatings and
adhesives for laminates, impregnated paper textiles, and molding powders. The resins are usually
compounded with fillers of cellulose, wood flour, and/or other extenders. As composites with open-
weave fabric, they are used for building panels. Uses also include domestic electrical appliances and
electric light fittings; the melamine type is used for tableware. The strength is high enough for use in
stressed components, but the material is brittle. Electrical, thermal, and self-extinguishing properties are
good.

Epoxies

Epoxy resins are used extensively across industry as engineering polymers and as adhesives. They can
be cold cured without pressure using a “hardener” or may be heat cured. Inert fillers, plasticizers,
flexibilizers, and extenders give a wide range of properties from soft flexible to rigid solid materials.
Bonding to nearly all materials, e.g., wood, metal, glass, is excellent as are the mechanical, electrical,
and chemical properties. Epoxies are used in all branches of engineering, including large castings,
electrical parts, circuit boards, potting, glass and carbon fiber structures, flooring, protective coatings,
and adhesives. Importantly, they exhibit little or no shrinkage on cure.

Phenolics (Phenol Formaldehyde, PF)

PF, the original “Bakelite,” is usually filled with 50 to 70% wood flour for molded nonstressed or lightly
stressed parts. Other fillers are mica for electrical parts, asbestos for heat resistance, glass fiber for
strength and electrical properties, nylon, and graphite. Phenolics represent one of the best polymers for
low-creep applications. Moldings have good strength, good gloss, and good temperature ré@ge (150
wood filled; intermittent use 22@), but are rather brittle. Applications include electrical circuit board,
gears, cams, and car brake linings (when filled with asbestos, glass, metal powder, etc.). The cost is low
and the compressive strength very high.

Polyester

Polyester resins can be cured at room temperature with a hardener or alone at 7Q.tdt iS0sed
unfilled as a coating, for potting, encapsulation, linings, thread locking, castings, and industrial moldings.
It is used mostly for glass-reinforced-plastic (GRP) moldings.
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Polyimides

Polyimides are noted for their unusually high resistance to oxidation and service temperatures up to
250°C (400C for intermittent use). The low coefficient of friction and high resistance to abrasion make
them ideal for nonlubricated hearings. Graphite or molybdenum disulfide filling improves these prop-
erties. They are used for high-density insulating tape. Polyimides have high strength, low moisture
absorption, and resist most chemicals, except strong alkalis and ammonia solutions.

Silicones

These may be cold or heat cured and are used for high-temperature laminates and electrical parts resistant
to heat (heat distortion temperature 450 Unfilled and filled types are used for special-duty moldings.
Organosilicones are used for surface coatings and as a superior adhesive between organic and nonorganic
materials.

Laminated Polymer Structures

A wide range of composite structures are prepared from polymer resins combined with fibers. The reader
is referred to Section 12.6 for a more extensive discussion of polymer composites. Laminated polymer
structures consist of layers of fibrous material impregnated with and bonded together usually by a
thermosetting resin to produce sheets, bars, rods, tubes, etc. The laminate may be “decorative” or
“industrial,” the latter being of load-bearing mechanical or electrical grade.

Phenolics

Phenolic plastics can be reinforced with paper, cotton fabric, asbestos paper fabric or felt, synthetic

fabric, or wood flour. They are used for general-purpose mechanical and electrical parts. They have good
mechanical and electrical properties.

Epoxies

These are used for high-performance mechanical and electrical duties. Fillers used are paper, cotton
fabric, and glass fiber.

Tufnol

“Tufnol” is the trade name for a large range of sheet, rod, and tube materials using phenolic resin with

paper and asbestos fabric and epoxy resin with glass or fabric.

Polyester

This is normally used with glass fabric (the cheapest) filler. The mechanical and electrical properties

are inferior to those of epoxy. It can be rendered in self-colors.

Melamine

Fillers used for melamine are paper, cotton fabric, asbestos paper fabric, and glass fabric. Melamines
have a hard, nonscratch surface, superior electrical properties, and can be rendered in self-colors. They
are used for insulators, especially in wet and dirty conditions, and for decorative and industrial laminates.

Silicone

Silicone is used with asbestos paper and fabric and glass fabric fillers for high-temperature applications
(250°C; intermittent use 30C). It has excellent electrical but inferior mechanical properties.

Polyimide

Polyimide is most often used with glass fabric as filler. Polyimides have superior thermal and electrical

properties with a service temperature similar to that for silicones but with two to three times the strength
and flexibility.
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Foam and Cellular Polymers
Thermoplastics

Polyurethane Foams.The “flexible” type is the one most used. It is “open cell” and used for upholstery,
underlays, thermal and vibration insulation, and buoyancy. It can be gernieraiad The rigid type

has “closed cells” and is used for sandwich construction, insulation, etc. Molded components may be
made from rigid and semirigid types.

Expanded PolystyreneThis material is produced only in rigid form with closed cells. It can be formed
in situ. The density is extremely low, as is the cost. Chemical resistance is low and the service temperature
is only 70C. It is used for packaging, thermal and acoustic insulation, and buoyancy applications.

Cellular Polyvinyl Chlorides. The low-density type is closed cell and flexible. It is used for sandwich
structures, thermal insulation, gaskets, trim, to provide buoyancy, and for insulating clothing. The
moderate- to high-density open-cell type is similar to latex rubber and is used as synthetic leather cloth.
The rigid closed-cell type is used for structural parts, sandwich construction, thermal insulation, and
buoyancy. Rigid open-cell PVC (microporous PVC) is used for filters and battery separators. In general,
cellular PVC has high strength, good flame resistance, and is easy to work.

Polyethylene Foams.The flexible type is closed cell and has low density with good chemical resistance
and color availability, but is a poor heat insulator and is costly. The flexible foams are used for vibration
damping, packaging, and gaskets. The rigid type has high density and is used for filters and cable
insulation. A structural type has a solid skin and a foam core.

Ethylene Vinyl AcetatesThese are microcellular foams similar to microcellular rubber foam, but are
much lighter with better chemical resistance and color possibilities.

Other Types. Other types of thermoplastics include cellular acetate, which is used as a core material
in constructions; expanded acrylics, which have good physical properties, thermal insulation, and chem-
ical resistance; expanded nylon (and expanded ABS), which are low-density, solid-skin constructions;
expanded PVA, which has similar properties to expanded polystyrene; and expanded polypropylene,
which gives high-density foams.

Thermosets

Phenolics. These can be formed situ They have good rigidity, thermal insulation, and high service
temperature, but are brittle.

Urea Formaldehyde (UF) FoamThis is readily formedh situand has good thermal insulation. It has
open pores and is used for cavity-wall filling.

Expanded Epoxies.These have limited use because of their high cost. They give a uniform texture and
good dimensional stability and are used for composite forms, e.g., with polystyrene beads.

Silicon Foams. These are rigid and brittle with a high service temperature G3emCOC intermittent
use). Their use is limited to high-temperature-resistant sandwich constructions. The flexible closed-cell
type is costly but will operate up to ZWand is used for high-temperature seals and gaskets.

Elastomers

Cellular Rubbers. There are three typesponge solid rubber blown to give an open-cell structure,
foam a liquid rubber expanded to form open or closed cells which is stiffer than spongepanded

a solid rubber blown with mainly closed cells, also it is stiffer than sponge. Uses include gaskets, seals,
thermal insulation, cushioning, shock absorption, sound and vibration damping, buoyancy, and sandwich
constructions.
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Elastomers

Elastomers, or rubbers, are essentially amorphous polymers with linear chain molecules with some cross-
linking, which ensures elasticity and the return of the material to its original shape when a load is
removed. They are characterized by large strains (typically 100%) under stress. The synthetic rubber
styrene butadiene is the most-used elastomer, with natural rubber a close second. The following describes
the commonly used elastomers and gives some applications and properties.

Natural Rubbers (Polyisoprene, NR)

These elastomers have high strength, flexibility, and resilience, but have poor resistance to fuels, oils,
flame, and sunlight aging. They are more costly than synthetic rubbers, which often replace them. “Soft-
rubber” contains 1 to 4% sulfur as a vulcanizer. Wear resistance is increased by inclusion of fillers such
as carbon black, silicon dioxide, clay, and wood flour. “Hard rubber” may contain up to 25% sulfur.
Applications include vehicle tires and tubes, seals, antivibration mountings, hoses, and belts. Full
vulcanization of 45% produces ebonite. Shore hardness: 30 to 90. Temperature range: %65 to 82

Synthetic Rubbers

Styrene Butadiene Rubbers (SBR, GRS, BUNAB}Ee are similar to natural rubbers in application, but

are usually inferior in mechanical properties, although cheaper. They are used in car brake hydraulic
systems and for hoses, belts, gaskets, and antivibration mountings. Shore hardness: 40 to 80. Temperature
range: —50 to 8Z.

Butadiene Rubbers (Polynutadiene, BRhese are used as substitutes for natural rubber, but are
generally inferior. They have similar applications as natural rubber. Shore hardness: 40 to 90. Temperature
range: —100 to 9%.

Butyl Rubbers (Isobutylene Isoprene, GRThese are extremely resistant to water, silicon fluids and
grease, and gas permeation. They are used for puncture-proof tires, inner tubes, and vacuum seals. Shore
hardness: 40 to 90. Temperature range: —45 t6CL50

Nitrile Rubbers (Butadiene Acrylonitrile, BUNA, N.NBRhese have good physical properties and
good resistance to fuels, oils, solvents, water, silicon fluids, and abrasion. They are used for O rings and
other seals, petrol hoses, fuel-pump diaphragms, gaskets, and oil-resistant shoe soles. Shore hardness:
40 to 95. Temperature range: —55 t6@2

Neoprene Rubbers (Polychloroprene, Chloroprerid)ese are some of the best general-purpose
synthetic rubbers. They have excellent resistance to weather aging, moderate resistance to oils, and good
resistance to refrigerants and mild acids. Shore hardness: 40 to 95. Temperature range: =@0 to 115

Chlorosulfonated Polyethylene Rubbers (CSW)ese have poor mechanical properties but good
resistance to acids and heat with complete resistance to ozone. They are used in chemical plants, tank
linings, and high-voltage insulation. Shore hardness: 45 to 100. Temperature range: —2@0 to 93

Ethylene Propylene Rubbers (EP, FPNIjiese specialized rubbers are especially resistant to weather
aging heat, many solvents, steam, hot water, dilute acids and alkalis, and ketones, but not petrol or
mineral oils. They are used for conveyor belts, limited automotive applications, silicone fluid systems,
and electrical insulation. Shore hardness: 40 to 90. Temperature hardness: —3Cto 177

Fluorocarbon RubbersThese comprise a wide range of rubbers with excellent resistance to chemical
attack, heat, acids, fuels, oils, aromatic compounds, etc. They have a high service temperature. They are
particularly suitable for vacuum applications. Shore hardness: 60 to 90. Temperature hardness: —23 to
260°C.

Isoprenes (Polyisoprene, IRJhese are chemically the same as natural rubber but are more costly.
The properties and applications are similar to those of natural rubber. Shore hardness: 40 to 80.
Temperature hardness: —50 td@2

Polyacrylic Rubbers (ACM, ABRJhis is a group of rubbers with properties midway between nitrile
and fluorocarbon rubbers with excellent resistance to mineral oils, hypoid oils, and greases and good
resistance to hot air and aging. The mechanical strength is low. They are often used for spark plug seals
and transmission seals. Shore hardness: 40 to 90. Temperature hardness: —=30.to 177
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Polysulfide Rubberd’hese have poor physical properties and heat resistance, but good resistance to
oils, solvents, and weathering and are impermeable to gases and moisture. They are used for caulking
and sealing compounds and as a casting material. Shore hardness: 40 to 85. Temperature hardness: —50
to 121rC.

Polyurethane Rubber3hese have exceptional strength and tear and abrasion resistance (the best of
all rubbers), low-temperature flexibility, and good resistance to fuels, hydrocarbons, ozone, and weather.
Resistance to solutions of acids and alkalis, hot water, steam, glycol, and ketones is poor. They are used
for wear-resistant applications such as floor coverings. Shore hardness: 35 to 100. Temperature hardness:
—53 to 118C.

Silicone Rubbers (SIT.hese have exceptionally high service-temperature ranges, but the mechanical
properties and chemical resistance are poor. They cannot be used in applications which expose them to
fuels, light mineral oils, or high-pressure steam. They are used for high- and low-temperature seals,
high-temperature rotary seals, cable insulation, hydraulic seals, and aircraft door and canopy seals. Shore
hardness: 30 to 90. Temperature hardness: —116 € 3BBCC for intermittent use).

Fluorosilicone RubbersThese are similar to silicone rubbers but have better oil resistance and a lower
temperature range. Shore hardness: 40 to 80. Temperature hardness: —8€.to 204
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12.3 Adhesives
Richard L. Lehman

Introduction

Adhesves are substances capable of holding materials together in a useful manniceyastachment.

The principal atthute of adheses is their ability to form strong bonds with fages of a wide range

of materials and to retain bond strength uretpected use conditionalthough most adhé@ges do not

have excellentbulk properties and it is therefore importantkeep adhease films thin, some materials
such as epoxiesate bulk properties which qualify them as engineering materials and thus can be used
in multifunctional applications.

Advantages and Limitations of Use

The principal adantages of adheg&s are their ability to bond similar to dissimilar materials fiédgnt
thickness; to enable tHiabrication of compx shapes not feasible by otHastening means; to smooth
external joint sufaces; to permit economic and rapid assembly; to loliséristresses uniformligver
joined intefaces, to pvide weight reduction in critical structures via the eliminatioriasteners; to
dampen vibrations; to grent or reducegalvanic corrosion; and to gvide thermal and electrical
insulation.

The limitations of adhéges depend on the specific adliesand application and may include the
necessity of sfiace preparation, long curing times, service-temperature limitations, loss of properties
during service, toxicity offlammability during assembly or use, and the teogef many adhesres to
creep under sustained load.

Classes of Adhesives

Thermoplastic adhéges are a general class of ades based upon long-chained polymeric structure,
and are capable of being softened by the application of heat with subsequent hardening upon cooling
(hot-melt adheses) The softening process éwersible for numerousycles, whichfacilitates assembly
and disassembly of structuréehermosetting adhe&s are a general class of adhes based upon
cross-lirked polymeric structures whichexklop strong bonds that cannot keersibly brdken once
they are formedThus, the thermoset adlivss are incapable of being softened once didli
Thermoplastic and thermosetting adlies are cured, a process often referred to as setting, by
polymerization or solidification, by heat, catalysis, chemical reaction, free-radioatyactdiation,
evaporation of salent, or another process awgrned by the chemical nature of the particular dagbes
Elastomers are a special class of thermoplastic adhpsssessing the common quality of substantial
flexibility or elasticity. Refer to Section 12.2 on polymers.
Anaerobic adhéges are a special class of thermoplastic adbgethe polyacrylates, that set only in
the absence of air (oxygemfjhe wo basic types are (1) machinery — possessing shear strength only
and (2) structural — possessing both tensile and shear strength.
Pressure-sensie adhelves are permanently and aggresly taky solids which form immediate
bonds whenwto parts are brought together under presdivey areavailable as films and tapes as well
as hot-melt systems.

Performance of Adhesives

To obtain optimum mechanical performance of an addagk is critical to select the proper compound
for the taget applicationTable 12.3.1illustrates compatibility of adheg&s and fie broad classes of
common materials. Genenglfor good adhege bonds the chemistry of the adivesmust match or be
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TABLE 12.3.1 Relative Performance d Adhesive Resins

AdherenceTo: Resistance
Adhesive Resin Paper Wood Metal Ceramics Rubbers Water Solvents Alkali Acids
Alkyd 7 5 2 5

Cellulose acetate
Cellulose acetatbutyrate
Cellulose nitrate

Ethyl cellulose

Methyl cellulose
Carboxy methyl cellulose
Epoxy resin

Furane resin

Melamine resin

Phenolic resins
Polyesetg unsaturated
Polyethylacrylate
Polymethylmethacrylate
Polystyrene
Polyvinylacetate

Polyvinyl alcohol
Polyvinyl acetyl

Polyvinyl chloride
Polyvinyl acetate chloride
Polyvinylidene copolymer
SiliconeT.S.
UrethaneT.S.

Acrylonitrile rubber
Polybutene rubber
Chlorinated rubber
Styrene rubber
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Note 1 = low performance; 10 = high performance.
Souce: Adapted from Simonds, H.R. and Church, JMConcise Guide to Plastic&nd ed., Reinhold, & York, 1963.
With permission.

TABLE 12.3.2 High-Performance Engineering and Machine ParAdhesives

Thread locking + Anaerobic acrylic
Hub mounting * Anaerobic acrylic — compatible materials awil migration unimportant
* Modified acrylic — lage gaps or migration must lsoided
e Epoxy — maximum strength at high temperatures
Bearirg mountirg ¢ Anaerobic acrylic — compatible materials necessary amdifito bearing
area to be mwented
* Modified acrylic — for bwest cost
Structural joining ¢ Epoxies and modified epoxies — for maximum strength (highest cost)
* Acrylics — anaerobic or modifiedyanacrylates
Gasketing » Silicones — primarily anaerobic

similar to the sufiace enmgy, polarity, and/or chemistry of the material being bondée elastic modulus
of the adhédse should not be greater than the bonded material.

Adhesves are used imb classes of application, those requiring only shear strength and those requiring
structural properties, often tensile and shear strefigtile 12.3.2rovides a quick reference for some
typical applicationsA much more detailed summary and clfisation of adheses is gven in Table
12.3.3

Table 12.3.3resents a sample of a number of adless(with practical information) that aaeailable
from various sourcesThe table is adapted from the ratleetensve one found in J. Shieldadhesives
Handbook CRC Press, Boca Raton, FL, 19F0r otherextensve lists of trade sources, the reader is
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TABLE 12.3.3 Properties and Applications of Adhesive Materials

Curing Cycle, Time at Service Temperature
Basic Type Temperature Range, C Adherends Main Uses Remarks
Animal
Animal (hide) Melted at 70-7&; setson <70 Paper, wood, textiles Woodworking, carpet materials, May be thinned with water

cooling

Animal (hide) + Applied as a melt at 6C <60

plasticizers
Fish glue 1 hr at 2C <60
Casein Cold setting after 20 min <50

standing period on

mixing

Cold setting after 20 min <60
standing period on

mixing

Casein + 60% latex

Dextrine Air drying

Dextrine—starch blend Applied above°Chair <48

drying
Gum arabic Cold setting <50
Silicate 8 hr at 20C 10-430

paper, bookbinding

Paper, cellulosic materials Bookbinding, stationery

Cures to permanent

applications flexible film
Wood, chipboard, paper General-purpose for porous Rapid setting; good
materials flexibility, moderate

resistance to water; high
tack
Laminated timber arches and beanf&ll bond strength
plybox beams, and engineering developed after
timber work seasoning period of 48 hr
Bonding of dissimilar materials to  Flexible
give flexible, water-resistant bond

Timber with moisture content

Aluminum, wood, phenolic
formaldehyde (rigid, leather,
rubber)

Vegetable

Paper, cardboard, leather,
wood, pottery
Cellulosic materials,
cardboard, paper

Paper, cardboard

General-purpose glue for absorbentMedium drying period of
materials 2-3 hr
Labeling, carton sealing, spiral-tube Fast setting; may be
winding diluted with water
Stationery uses Fast drying

Mineral

Asbestos, magnesia Lagging asbestos cloth on high-Unsuitable where
temperature insulation moisture; not
recommended for glass

or painted surfaces
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TABLE 12.3.3 Properties and Applications of Adhesive Materials (continued)

Curing Cycle, Time at Service Temperature
Basic Type Temperature Range, C Adherends Main Uses Remarks
Silicate with china-clay Dried at 80C before —180-1500 Asbestos, ceramics, General purpose cement for bondingResistant to oil, gasoline,
filler exposure to heat brickwork, glass, silver, refractory materials and metals; and weak acids
aluminum, steel (mild)-steel furnace repairs and gastight
jointing of pipe work; heat-
insulating materials
Sodium silicate Dried at 20-80 before ~ 0-850 Aluminum (foil), paper, Fabrication of corrugated fiber Suitable for glass-to-stone
exposure to heat wood-wood board; wood bonding, metal foil to  bonding
paper lamination
Aluminum phosphate + Dried Y/, hr at 20C, then <750 Steels (low-alloy), iron, brass, Strain-gauge attachment to heat- Particularly suited to heat-

silica filler

Bitumen/latex emulsion

Natural rubber

Natural rubber in
hydrocarbon solvent

Rubber latex

Y, hr at 70C + Y, hr at
100°C + 1 hr at 208C +
1 hr at 250C; repeat for
two overcoatings and
finally cure at 1 hr at
350°C

Dried in air to a tacky state

Air dried 20 min at 20
and heat-cured 5 min at
140°C

Air dried 10 min at 20C

and heat-cured for 20 min

at 150C

Air drying within 15 min

0-66

<60

<100

<60

resistant steels where
surface oxidation of
metal at high
temperatures is less
detrimental to adhesion

resistant metals; heater-element
bonding

titanium, copper, aluminum

Cork, polystyrene (foam), Lightweight thermal-insulation Not recommended for
polyvinyl chloride, concrete,  boards, and preformed sections to constructions operated
asbestos porous and nonporous surfaces; below CC

building applications

Elastomers

Vulcanizing cement for rubber
bonding to textiles and rubbers

May be thinned with
toluene

Rubber (styrene butadiene),
rubber (latex), aluminum,
cardboard, leather, cotton
Hair (keratin), bristle,
polyamide fiber

Resistant to solvents
employed in oil, paint
and varnish industries,
can be nailed without
splitting

Bonding textiles, papers packaging Resistant to heat; should
materials; carpet bonding be protected from frosts,

oils

Brush-setting cement for natural-
and synthetic-fiber materials

Canvas, paper, fabrics,
cellulosic materials
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TABLE 12.3.3 Properties and Applications of Adhesive Materials (continued)

Curing Cycle, Time at Service Temperature

Basic Type Temperature Range, C Adherends Main Uses Remarks
Chlorinated rubber in Air dried 10 min at 20C ~ -20-60 Polyvinyl chloride, General-purpose contact adhesive Resistant to aging, water,
hydrocarbon solvents and contact bonded acrylonitrile butadiene oils, petroleum
styrene, polystyrene, rubber,
wood
Styrene—butadene rubber Air drying —20-60 Polystyrene (foam), wood, = Bonding polystyrene foams to —
lattices hardboard, asbestos, porous surface
brickwood
Neoprene/nitrile rubbers  Dried 30 min in air and  —-20-60 Wood, linoleum, leather, Cement for bonding synthetic May be thinned with
in (?) bonded under pressure; paper, metals, nitrile rubbers, rubbers to metals, woods, fabrics ketones
tacky glass, fabrics
Acrylonitrile rubber + Primer air dried 60 min at —40-130 Aluminum (alloy)-aluminum Metal bonding for structural Subject to creep at 150
phenolic resin 20°C, film cured 60 min to DTD 746 applications at elevated for sustained loading
at 175C under pressure; temperatures

Polysulfide rubber in
ketone solvent and
catalyst

Silicone rubber

Reclaim rubber

Polychloroprene

pressure released on
cooling at 50C

3 days at 28C -50-130, withstands Metals Sealant for fuel tanks and Resistant to gasoline, oil,
higher temperatures pressurized cabins in aircraft, hydraulic fluids, ester
for short periods where good weatherproof and lubricants; moderate

waterproof properties are required resistance to acids and
alkalis

24 hr at 2C (20% R.H.); -65-260 Aluminum, titanium, steel General-purpose bonding and Resistant to weathering
full cure in 5 days (stainless), glass, cork, scaling applications; and moisture

silicone rubber, cured adhesive/sealant for situations

rubber—aluminum, cured where material is expected to

rubber-titanium, cured support considerable suspended

rubber—steel (stainless), weight; high-pressure exposure

aluminum-aluminum (2024  conditions
Alclad), cork—cork (phenolic

bonded)
Contact bonded when <50 Fabric, leather, wood, glass, General industrial adhesive for May be thinned with
tacky metals (primed) rubber, fabric, leather, porous toluene
materials
Air dried 10-20 min at <60 Rubber, steel, wood, concrete  Bonding all types of rubber flooringood heat resistance
20°C to metals, woods, and masonry
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TABLE 12.3.3 Properties and Applications of Adhesive Materials (continued)

Curing Cycle, Time at Service Temperature
Basic Type Temperature Range, C Adherends Main Uses Remarks
Modified polyurethane 3 hr at 18 to 16 hr at -80-110 Concrete, plaster, ceramics, Bonding to rigid and semirigid Foam remains flexible on
-15°C glass, hardboards, wood, panels to irregular wall surfaces, aging even at elevated
polyurethane (foam), phenol wall cladding and floor laying; temperatures; will
formaldehyde (foam), building industry applications withstand a 12%
polystyrene (foam), copper, movement
lead, steel, aluminum
Thermoplastic
Nitrocellulose in ester Heat set 1 hr at 8C after 60 Paper, leather, textiles, silicon Labeling, general bonding of Good resistance to mineral
solvent wet bonding carbide, metals inorganic materials including oils
metals
Modified methyl cellulose  Dries in air <50 Vinyl-coated paper, Heavy-duty adhesive; decorating Contains fungicide to

Ethylene vinyl acetate
copolymer + resins

Polyvinyl acetate
Synthetic polymer blend

Polychloroprene/resin
blend in solvent
Polychloroprene
Saturated polyester +

isocyanate catalyst in
ethyl acetate

Film transfer at 70-8@
followed by bonding at
150-160C

Rapid setting

60, or 1 hr at 90

<60

Applied as a meltat@7 <70

Air dried 10 min at 26C
and cured 4 days at 2D
to 7 hr at 75C

Air dried 10-20 min at
20°C

Solvent evaporation and
press cured at 40-80
when tacky

<70

polystyrene foam paper and plastics

Cotton (duck)—cotton, resin Metals, laminated plastics, and
rubber—leather, melamine textiles; fabrication of leather
laminate—plywood, steel goods; lamination work
(mild)-steel, acrylic (sheet)
acrylic

Paper, cardboard

Paper, cardboard, polythene Carton and paperbag sealing;
(coated materials) packaging

Chlorosulfonated polythene, Bonding synthetic rubbers and
polychloroprene fabrics, porous materials; primer for
polyamide fabrics, leather,
wood, textiles
Rubber, steel, wood, concrete

nylon, terylene

to metals, woods, and masonry
Lamination of plastic films to
themselves and metal foils for

Cellulose, cellulose acetate,
polyolefins (treated film),
polyvinyl chloride (rigid),
paper, aluminum (foil),
copper (foil)

Carton sealing in packaging industry

polyamide-coated fabrics such as

prevent biodeterioration
Good electrical insulation

Resistant to water

Bonding all types of rubber flooringood heat resistance

Resistant to heat,
moisture, and many

packaging industry, printed circuits solvents
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TABLE 12.3.3 Properties and Applications of Adhesive Materials (continued)

Curing Cycle, Time at

Basic Type Temperature

Service Temperature
Range, C

Adherends Main Uses Remarks

Cyanoacrylate (anaerobic) 15 sec to 10 min 4€20 Melts at 165

substrate dependent

Polyacrylate resin
(anaerobic)

3 min at 120C to 45 min
at 65C or 7 days at 2C

Urea formaldehyde 9hratdDto 1 hrat2iC
after mixing powder with

water (22%)

Phenolic formaldehyde + Cold acting
catalyst PX-12

Resorcinol formaldehyde Cured at 16—8T under
+ catalyst RXS-8 pressure

Epoxy resin + catalyst 24-48 hr at2Xo 20 min

at 120C

-55-95

<90

<100

<100

100

Steel-steel, steel-aluminum, Rapid assembly of metal, glass, = Anaerobic adhesive.

aluminum-aluminum, butyl plastics, rubber components Curing action is based on

rubber—phenolic the rapid polymerization
of the monomer under the
influence of basic
catalysts; absorbed outer
layer on most surfaces
suffices to initiate
polymerization and
brings about bonding

Assembly requirements requiring Anaerobic adhesive

high resistance to impact or shock

loading; metals, glass and

thermosetting plastics

Aluminum—aluminum

Thermosetting

Wood, phenolic laminate Wood gluing and bonding on plastiExcess glue may be

laminates to wood; plywood, removed with soapy

chipboard manufacture; boat water
building and timber engineering
Wood Timber and similar porous material§&ood resistance to

for outdoor-exposure conditions;  weathering and
shop fascia panels biodeterioration
Wood, asbestos, aluminum, Constructional laminates for marine Recommended for severe
phenolic laminate, craft; building and timber outdoor-exposure
polystyrene (foam), applications; aluminum—plywood  conditions
polyvinyl chloride, bonding; laminated plastics
polyamide (rigid)
Steel, glass, polyester—glass General-purpose structural adhesive —
fiber composite,
aluminum-aluminum
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TABLE 12.3.3 Properties and Applications of Adhesive Materials (continued)

Curing Cycle, Time at Service Temperature
Basic Type Temperature Range, C Adherends Main Uses Remarks
Epoxy resin + catalyst 8hratZdto2hrat68C 65 Steel, copper, zinc, silicon Bonding of metals, glass, ceramics, Cures to strong, durable
to 45 min at 121C carbide, wood, masonry, and plastic composites bond
polyester—glass fiber
composite,
aluminum-aluminum
Epoxy + steel filler 1-2 hr at 21C 120 Iron, steel, aluminum, wood, Industrial maintenance repairs; Good resistance to
(80% wiw) concrete, ceramics, metallic tanks, pipes, valves, chemicals, oils, water
aluminum-aluminum engine castings, castings
Epoxy + amine catalyst 2-7 days at 2C for 33% -5-60 Concrete stonework Repair of concrete roads and stoBscellent pigment-wetting
(ancamine LT) w/w catalyst content surfaces properties; effective
underwater and suited to
applications under
adverse wet or cold
conditions
Epoxy resin (modified) 4-5 hr at 149to 20 min 150 Aluminum, steel, ceramics One-part structural adhesive for Good gap-filling
at 230C to 7 min at high-temperature applications properties for poorly
280°C fitting joints; resistant to
weather, galvanic action
Epoxy 45 sec at 2C — Gem stones, glass, steel, Rapid assembly of electronic —
aluminum-aluminum components, instrument parts,
printed circuits; stone setting in
jewelry and as an alternative to
soldering
Epoxy resin in solvent + 8 hr at 52C to Y/, hr at -270-371 Aluminum and magnesium  Strain gauges for cryogenic and  Cured material resists
catalyst 121°C alloys for elevated- elevated-temperature use; outgassing in high
temperature service micromeasurement strain gauges vacuum
8 hr at 2C to 15 min at 100 Copper, lead, concrete, glass, Metals, ceramics, and plastics Resists water, acids, oils,

Epoxy polyamide

100°C

wood, fiberglass, steel-steel
aluminum-aluminum

bonding; building and civil
engineering applications

greases
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TABLE 12.3.3 Properties and Applications of Adhesive Materials (continued)

Curing Cycle, Time at Service Temperature
Basic Type Temperature Range, C Adherends Main Uses Remarks
Epoxy/polysulfide 24 hr at 2C to 3 hr at <120 Asbestos (rigid), ceramics,  Cold-setting adhesive especially  Cures to flexible material;
60°C to 20 min at 10TC glass—fiber composites, suitable for bonding materials with  resistant to water,
carbon, differing expansion properties petroleum, alkalis, and
polytetrafluoroethylene mild acids
(treated), polyester (film),
polystyrene (treated), rubber
(treated), copper (treated),
tungsten carbide, magnesium
alloys, aluminum—aluminum,
steel (stainless)—steel
Phenol furfural + acid 2 days at 21C 90-140 Alumina, carbon (graphite)

catalyst

Ceramic-based

Heated by air drying for
several hours or 15-30
min at 210F

Dried for 1/2 hr at°T/
and cured 1/2 hr at 200
+ 1 hr at 250C;

postcured, 1 hr at 38C

816

Formulation of chemically resistariixtremely resistant to
cements; bedding and joining
chemically resistant ceramic tiles

abrasion and heat

Pressure-sensitive

Teflon—Teflon, Teflon—metal — Good resistance to acids

and alkalis; excellent
electrical properties

Miscellaneous

Metals Strain gauges, temperature sensors—

for elevated-temperature work

© 1999 by CRC Press LLC

[AaA"

2T uoNoas



Materials 12-43

referred to Charles V. Cagle, Edlandbook of Adhesive BondingicGraw-Hill, New York, 1972, and
Lerner et al. Adhesives Red BooRalmerton Publishing Co., New York, 1968.
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12.4 Wood

Daniel J. Strange

Definition

Wood is the structural component of a tree. It is composed of dead cells which were originally formed
near the cambium (just beneath the hakk)the tree gws, the cambium oves outvard, leving the

dead cells behind to ser as structure.

The to broad classifications for typeswbod and softoods and hamloods. Softvoods come from
conifers while hardoods come from deciduous trees, and as the name implie®adét are generally
softer and hence wker and with dwer elastic modulus than havdods, although this generalization
is not unversally true.

The wood closest to the bark is called wapd, and this layeextends about an inch into the tree.
Although most of the cells in this layer are dead, this is the layer which transports moisture to the rest
of the tree by capillary action. Beneath theveapd layer is the heavbod, which is almost totally
inacive except to povide structural support.

Composition

Wood is a fibrous cellular material with the cghills composed primarily of cellulose, hemicellulose,
and lignin. Cellulose is a linear polymer of glucose units and is the single most comgawoic chemical
in nature. It accounts for roughly 40 to 50% of #ieod by weight. Hemicellulose is a médd form
of cellulose comprising approximately 30% of the egll whose structure cavary depending upon
the exact type ofwood. Lignin is a comgk three-dimensional phenolic polymer which composes 20
to 30% of the structure of th@ood The rest of the weight of theood is composed primarily of
extraneousextracive substances which reside within the cellular structure fiect @roperties such as
specific gavity, moisture absorption, and duralyilit

Variations in the compositions, structures, aallimes of these four components caaehdramatic
effects on the properties of tiod These properties are relaly constant within a species, although
growing conditions candwve a significant influence.

Mechanical Properties

The properties ofvood canvary substantially depending upon moisture content. “Grae@d, wood
taken directly from ailing tree with associated high moistuewdl, is significantly weleer (lower
Youngs modulus, tensile strength, and compresstrength) thawoven-driedwood Typical ratios of
dry to greerwood strength propertiesary from 1.2 to 1.8.

The failure modes oWood are more comgt than one mighexpect. Becauswood is essentially a
composite material, it does not fmll Hooke's law at high stressebut insteadexhibits viscoelastic
behavior. Figure 12.4.1shows typical stress—strain augs forwood in tension and compressié very
high stresses, creep can aocdlood is strongest in tension parallel to the grain, on the order of 100
MPa for a typical softtood. Perpendicular to the grain thiedue drops to about 4 R&. In compression
the strengtlvalues are approximately half the tensiatues, due to the collapse of the cellular structure
andbuckling of thewood fibers.

There are three principal shdailure modes invood, six if one distinguishes between the radial and
tangential directionsThese modes are shear perpendicular to grain, shear parallel to grain, and rolling
shea Rolling shear occurs when tli@ilure plane is parallel to the graot the sliding direction is
perpendicular to the grain, hence fheers “roll” over each otheWood is strongest when the shear is
perpendicular to the grain, and Weat in rolling shea
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FIGURE 12.41 Stress—strain bekior of wood in tension and compression. Stress—strain curves for wood in tension
and compression parallel to grain. Signs of stress and strarbean ignored so that both may be plotted togethe
Note particularly the diierence in strength and in teetent of the nonlinear deformation prior to maximum stress.

Decay Resistance

Totally drywood does not degaFurthermorewood kept completely subrmged will not decay signif-
icantly. Wood decays most rapidly imarm, humid, dw-altitude areas. Some speciesmafod are more
decay resistant than others as a result of the presemx#arfives White oak,walnut, chery, ceda,

and yew areexamples of highly decay-resistambods. Pines, witiws, elms, beeches, and spruces are
examples of dw decay-resistanvoods.

Composites

By gluing wood plies, chips, fibers, or pulp together a composite material can be formed which has
more isotropic and homogenous properties thegular timbe. In addition, this technique creates a
strong and durable product outwbod unsuitable for timbeln generalywood composites homogenize

the extreme anisotrpy of timber into a nearly isotropic material whose properties aserage of the
properties in each direction of the original timbable 12.4.1classifies therariouswood composites
based upon the constitvg particle and the binde

The most commomnvood composite is papePaper is made from pulped and chemically treated
cellulose fibers, which is then rolled into sheets, pressed, and Thie is no gluenivolved, as the
microfibrils of the cellulose interlock and forhydrogen bonds. Fiberboard is similar to pamaly
thicker (by an arbitraryalue, typically 0.012 in.) and withriger fiberbundles.Hardboad simply refers
to a high-density fiberboard.

Wood chips and/orasvdust pressed and glued together is referred pagicleboad. Typically, the
chips range in size from 10 to 300 mm long and are in the forflakafs or fibersParticleboard is
effectively isotropic, easily machineable, andipensve. It is often used in furniture and féoor
underlaymentWhen lagerwood chips are used the product is referredstthalteboad.

Plywood is created by layering plies of radial-eedod Typically, the plies are oriented af9to
each othe which results in a strong material when the stress in parallel or perpendicular to the grain
of theface plieshut a lesser strength atyaother angle. Some design strength djeations of plyvood
are dven n Table 12.4.2 Plywood m&es dficient use of timber due to its radial cut, minimizes the
effects of imperfections, resistgarping, and can be formed intada sheets. Plyood is also less
expensve than clear lumbe

The reader is referred Table C.14 in th Appendix for anoverview of the physical properties and
uses 6 Americanwoods The table also contains recommendations for appropriate applicatiie
E.1 in thre Appendix gves nominal sizes for lumber and timbas well as atiwvable stresses in tension
and compression and moduli of elasticityvafious kinds ofwvoods.
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TABLE 12.4.1 Allowable Stresses for Plywood (Stresses in MPa)

Grade Stress Level

Species
Group of S-1 S-2 S-3
Type of Stress Face Ply Wet Dry Wet Dry Dry Only
Tension in plane of plies 1 9.86 13.79 8.20 11.38 11.38
(at 45 to face use 1/6 2,3 6.76 9.65 5.65 8.27 8.27
value) 4 6.48 9.17 5.38 7.65 7.65
Compression in plane of 1 6.69 11.31 6.21 10.62 10.62
plies (at 48 to face use 2 5.03 8.27 4.69 7.58 7.58
1/3 value) 3 421 7.31 4.00 6.83 6.83
4 421 6.89 4.00 6.55 6.55
Shear in plane 1 1.41 1.72 1.41 1.72 1.45
perpendicular to plies 2,3 1.10 1.28 1.10 1.28 1.10
(45° use 2x value) 4 1.00 1.21 1.00 1.21 1.07
Shear, rolling, in the Marine and 0.43 0.52 0.43 0.52 —
plane of plies (at 45t0 Structural |
face grain use'l Structural Il 0.34 0.39 0.34 0.39 0.38
value) and 2.4.1
All Other 0.30 0.37 0.30 0.37 0.33
Modulus of rigidity 1 480 620 480 620 570
(shear in plane 2 410 520 410 520 470
perpendicular to plies) 3 350 410 350 410 380
4 310 350 310 350 310
Bearing (on face) 1 1.45 2.34 1.45 2.34 2.34
(perpendicular to plane 2,3 0.93 1.45 0.93 1.45 1.45
of plies) 4 0.72 1.10 0.72 1.10 1.10
Modulus of elasticity in 1 10,300 12,400 10,300 12,400 12,400
bending in plane of 2 9,000 10,300 9,000 10,300 10,300
plies (face grain 3 7,600 8,300 7,600 8,300 8,300
parallel or(J to span) 4 6,200 6,900 6,200 6,900 6,900

Adapted from American Plywood Association, Plywood Design Specifications, 1976.

TABLE 12.4.2 Classification of Wood Composites

Material Constitutive Particle Binder
Wood flour molding Wood flour Plastic; synthetic resin
Fiber-reinforced plastic ~ Fiber Plastic
Paper Fiber segment; fiber Cellulose; hemicellulose; synthetic resin
Fiberboard Fiber segment; fiber; fiber bundle Lignin; synthetic resin
Particleboard Splinter; chip; flake; planer shaving  Synthetic resin
Plywood Veneer Synthetic resin; natural glue
Laminated wood Lumber Synthetic resin; natural glue; mechanical connector
Solid wood Single fiber or earlywood—latewood Lignin; hemicellulose

and wood ray, etc.
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12.5 Portland Cement Concrete

Steven H. Kosmatka

Introduction

Portland cement concrete is a simple material in appearance wéty @ompéx internal nature. In
contrast to its internal congity, versatility, durability, and economy of concreteMe made it the most-
used construction material in therld. This can be seen in thariety of structures it is used in, from
highways and bridges thuildings and dams.

Concrete is a mixture of portland cementte, and aggegates, with or without admixture$he
portland cement andiater form a paste that hardens as a result of a chemical reaction between the
cement andvate. The paste acts as a glue, binding the eggdes (sand and ayel or crushed stone)
into a solid rocklke massThe quality of the paste and the aggtes dictate the engineering properties
of this construction materiaPaste qualities are directly related to the amountaitr used in relation
to the amount of cementhe lesswater that is used, the better the quality of the concrete. Reduced
water content results in impred strength and durability and in reduced permeability and shrinkage
the fine and coarse aggates mke up 60 to 75% of the totablume of the concretd={gure 12.5.},
their selection is importanThe aggegates must &ve adequate strength and resistancexfmsure
conditions and must be durable.

Cement Water Air Fine agg. Coarse agg

15% 18% 6% 28% 31%
7% 14% 4% 24% 51% entrained
Mix 2 | concrete
15% 21% 3% 30% 31%
Mix3| Non-air-
7% 16%0.5% 25.5% 51% }e"ffained
Mix 4} concrete

FIGURE 12.51 Range of proportions of materials used in concrete. (Eresign and Combl of Concete Mixtues,
EBO01, Portland Ceméhssociation, Skokie, IL, 1992VNith permission.)

Fresh Concrete Properties

Freshly mked concrete should be in a séoid state capable of being molded by hand or mechanical
meansAll the particles of sand and coarse agagte are encased and held in suspensimaingredients
should not egregate or separate during transport or handWxiter the concrete hardens, it becomes a
homogeneous mixture of all the components. Concrete of plastic coogisteyuld not crumblehut
flow sluggishly without egregation.

Concrete must be consolidated to form a homogeneous mass without the preseges/oidiato
acheve the desired strength and durability of the construction material. Internaktancal vibration
of concrete using vibrators alis stif, slow-slump mixtures to be properly defied The use of
mechanical vibration prides an economical, practical method to quickly consolidate concrete without
detrimentally &ecting its properties.

Hardened Concrete Properties

Strength

Concrete gains strength by the reaction between cememtaaed— callechydration. Portland cement
is primarily a calcium silicate cementhe calcium silicate combines withiater and forms calcium
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silicate hydrate, which is responsible for the primary engineering properties of concrete, such as setting,
hardening, strength, and dimensional stghilihe compresse strength of concrete increases with age

as long as an appropriate moisture content and temperatuagadable This is illustrated inFigure

12.5.2 Compresise strength is usually spéieid at the age of 28 daysowever, depending on the
project, ages of 3 and 7 days can also be Bpdckor general-use concrete, a 28-day compress
strength between 20 and 40P& (3000 and 6000 psi) is used. 2&av(4000 psi) is most common.
Higher-strength concrete, 50 to 140F&1 (7000 to 20,000 psi), is used in special applications to minimize
structural dimensions, increase abrasion resistance and dyyadnilid minimize creep (long-term
deformation).

Elgin sand and Chicago limestone
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Moist curing
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1 day moist

FIGURE 12.52 Concrete strength increases with age as long as moisture avatabfe temperature are present.

Increase in strength with age continues as longwasiighydrated cement is still present, the redat
humidity in the concrete is approximately 80% or highad the concrete temperaturdagorable. In
order to maintain this increase in strength, concrete must be properly cured. Curing means that not only
will a favorable temperature be presdnmtt also moisture loss will not be permittedestra water will
be povided at the stiace.

The compresse strength of concrete is directly related to weder/cement ratioA decrease in
water/cement ratio results in higher strength. Concretewashabout 70 to 75% of its 28-day strength
in 7 daysAlthough concrete igery strong in compression, it is weak in tensile strerigthsile strength
is about 8 to 12% of the compragsstrength. Fexural strength is 0.7 to 0.8 times (for English units 5
to 7.5 times) the square root of the compkesstrength. Shear strength is about 20% of the conipeess
strength. Modulus of elasticity ranges from 14,000 to 41,088 &hd can be estimated as 5000 times
the square root of the compriegsstrength (2 to 6 million psi or 57,000 times the square root of the
compresive strength in English units). ReferTables 12.5.112.5.2, and 12.5.3
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TABLE 12.5.1 Typical Properties of Normal-Stength Portland Cement Cona ete

Compreswe strength 20-40 MPa (30006000 psi)
Flexural strength 3-5 MPa (400-700 psi)

Tensile strength 2-5 MPa (300-700 psi)

Modulus of elasticity 14,000-41,000 Ma (2—6 million psi)
Permeability 1 x 10%° cm/sec

Codficient of thermalexpansion 10%°C (5.5% 10%°F)

Drying shrinkage 4-8x 10+

Drying shrinkage of reinforced concrete 2-3x 10*

Poissors ratio 0.20-0.21

Shear strain 6000-17,000 N?a (1-3 million psi)
Density 2240-2400 kg/fh(140-150 Ib/R)

Density

Normal-weight concrete has a density of 2240 to 240040 to 150 Ib/R). The density of concrete
varies with the relate density of the agggate, the amount of air present in the paste, and the amount
of water and cement in the mixture.

Permeability

Concrete permeability is a function of the permeability of the paste andgaggmand the intéace
between them. Decreased permeability imaps the resistance of concrete to saturatiofiateuaittack,
chemical attack, and chloride penetrati®aste permeability has the greatedtui@ence on concrete
permeabiliy. Paste permeability is directly related to thater/cement ratio and thegtee of hydration

or length of moist curing low water cement ratio and an adequate moist-curing period result in concrete
with low permeability Figure 12.5. The water permeability of mature, good-quality concrete, is
approximately 1x 101° cm/sec.

Abrasion Resistance

Abrasion resistance is directly related to the compresdrength of the concrefehe type of agggate
and the sdace finish alsodve a strong influence on abrasion resistaAckard aggegate, such as a
granite,would provide more abrasion resistance than a soft limestonegeggr

Volume Change and Crack Control

Concrete changes slightly imlume forvarious reasons. Understanding the nature of these changes is
useful in planning concreteork and peventing cracks from forming. If concrete is free tovey, normal
volume changewould have very little consequencédiut since concrete in service is usually restrained
by foundations, subgrades, reinforcement, or connecting element§icaignstresses camlop. As

the concrete shrinks, tensile stressaelbp that camxceed the tensile strength of the concrete, resulting
in crack formation.

The primanyfactors &ectingvolume change are temperature and moisture changes. Capiaates
slightly as temperature rises and contracts as tempefatisré he averagevalue for the coiicient of
thermalexpansion of concrete is abouDX 10%°C (5.5x 10%°F). This amounts to a length change
of 5 mm for a 10-m length (0.66 in. for 100 ft) of concrete subjected to a ria# of 50°C (100F).

The thermal cdéicient of expansion for steel is about 1X210° per dgree Celsius (6.% 10%°F),
comparable to that of concrefiehe coéficient for reinforced concrete can be assumed®s 10°°C
(6 x 10°9°F).

Concreteexpands slightly with ayain in moisture and contracts with a loss in moistline drying-
shrinkage of concrete specimens ranges from & %010“ whenexposed to air at a 50% rdlat
humidity. Concrete with a unit shrinkage of65¢ 10+ shortens about the same amount as a thermal
contraction caused by a decrease in temperaturg®6f @0CF). The shrinkage of reinforced concrete
is less than that for plain concrete because of restiffi@med by the reinforcement. Reinforced concrete
structures with normal amounts of reinforcemesmeha drying-shrinkage in the range of 23ts 10
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TABLE 12.5.2 Compressive Strength of Concrete Made from Type | Cement, gsi

Section 12

Mix  w/c by 1 3 7 28 3 1 3 5 10 20+
Series  Id. Weight Day Days Days Days Months Year Years Years Years Years
Moist Curing

308 1 0.37 2160 4430 5930 7080 8260 8410 10400

308 2 0.51 1040 2690 4200 5890 6410 8520

308 3 0.65 610 1770 2780 4320 5030 5020 6050

308 4 0.82 330 990 1580 2700 3180 3290 3680

308 5 0.36 2060 4300 5820 7010 7750 8930 10330

308 6 0.50 990 2780 4110 5950 6440 7280 8180

308 7 0.64 550 1710 2700 4420 5190 5390 6180

308 8 0.83 500 1000 1690 2850 3330 3490 3790

308 9 0.36 2010 4330 5770 6940 7940 8550 10170

308 10 0.50 900 2600 4250 6210 6490 7280 8670

308 11 0.64 530 1720 2810 4510 5130 5770 6470

308 12 0.82 250 920 1670 2880 3570 3540 3750

356 AVl 0.40 5650 7140 9020 9460 8870 10760 10070 11020 12700
356  AV2 0.53 3390 4760 6510 7480 6890 7780 7720 8900 9680
356 AV3 0.71 1770 2540 4160 4540 4540 4960 5030 5840 6130
356 DVi 0.40 5000 6710 7980 8530 8660 10240 10340 10540 12300
356 DV2 0.53 3070 4810 6720 7400 7840 8780 8720 9330 9980
356 DV3 0.71 1580 2610 4380 5060 5360 5680 5700 6470 6710
356 EV1 0.40 4670 6650 8530 9790 10090 9940 11330 10900 12460
356 EV2 0.53 2700 4580 6730 7690 7860 8240 8960 8580 10290
356 EV3 0.71 1470 2500 4290 5010 5070 5110 5770 6200 6420
356  XL1 0.40 4780 6300 8090 9470 10780 10740 11730
356  XL2 0.53 3170 4470 6040 7740 8070 8370 8060
356  XL3 0.71 1800 2650 4060 4990 5220 5280 5260
356 XV1 0.40 5220 6950 8520 9720 10550 10850 13100
356  XV2 0.53 3350 4870 6700 7950 8710 8760 9800
356  XV3 0.71 1680 2810 4120 5060 5610 6280 6590
356 XW1 0.40 4680 6200 7780 9840 10100 10310 11480
356  XW2 0.53 3100 4520 6270 7420 8180 8150 8760
356 XW3 0.71 1770 2680 4140 5290 5560 5630 5460
374 11 0.41 1550 5680 7390 7610 9160 9810 10070 10460
374 11 0.56 780 4210 5870 6390 7020 6910 6740 7410
374 12 0.41 1120 5920 7490 8770 9170 9710 9710 10900
374 12 0.55 580 3800 5710 6650 7010 7380 7010 7300
374 13 0.42 1520 4320 6280 7560 8280 8620 9100 9940
374 13 0.57 890 2740 4730 5760 6400 6750 6340 7360
374 14 0.41 1490 5020 6460 7160 8730 9280 9400 10140
374 14 0.55 800 3480 5190 5700 6540 7030 6560 7410
374 15 0.45 2230 6080 7180 7820 8530 9290 9520 10770
374 15 0.59 1260 4730 5830 6280 6440 6360 5980

374 16 0.41 1820 6040 7230 8080 9540 10160 10400

374 16 0.56 1020 4000 5820 6520 7060 7640 7230 6840
374 17 0.46 1340 5220 7040 7560 8700 9310 9280

374 17 0.61 740 3480 5770 6410 6560 6890 6700 7190
374 18 0.49 1220 5290 7000 7600 8360 9110 10290 10630
374 18 0.58 670 3600 5600 6230 6540 6810 6660

374 19A 0.45 770 3090 4810 6600 7350 7930 8610 9240
374 19A 0.54 410 1710 3100 4280 5060 5940 5950 6480
374 198 0.45 1110 4350 6560 7450 7740 8850 9550 10550
374 198 0.60 560 2640 4260 5140 5420 6000 6360 6730
374 19C 0.45 1540 5370 6860 7390 7960 9000 9520

374 19C 0.59 890 3910 5520 6200 6580 6970 6640 7220
436 1 0.36 2640 4780 6460 8070 8890 9670 9840 11030 10710
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TABLE 12.5.2 Compressive Stength of Concete Made fom Type | Cement, psi (continued)

Mix  w/c by 1 3 7 28 3 1 3 5 10 20+
Series  Id. Weight Day Days Days Days Months Year Years Years Years Years
436 2 0.49 1320 2780 4200 6110 7210 7920 7990 8990 8940
436 3 0.62 700 1620 2550 4170 5210 5840 5850 6010 5390
436 4 0.42 1760 3500 5080 7200 8100 8720 9640 10540 10820

a To cawert to MPa, multiply by 0.00689476.
Souce: FromWood, S.L.Reseach and Development Bulletin RDIDZPortland CemdrAssociation, Skokie, IL, 1992.
With permission.

The amount of shrinkage is directly related to the amouwatdr in the concrete. Highemater content
results in higher shrinkage. Specimen size also hasfeat.d_ager specimens shrink less than small
specimens.

Drying-shrinkage is an inherent andauoidable property of concrete; therefore, properly positioned
reinforcing steel is used to reduce crack widths or joints are used to predetermine or control the location
of cracks. Shrinkage control joints should be spaced about 25 to 30 times the thickness of a concrete
slab on ground.

Deformation and Creep

Concrete will deform a small amount when a load is placed .oWwhen concrete is loaded, the
deformation caused by the load can baded into o parts: a deformation that occurs immediatel

such as elastic strain, and a time-dependent deformation difias bmmediatelybut continues at a
decreasing rate for as long as the concrete is loddgdré 12.5.% This latter deformation is called

creep The amount of creep is dependent on the magnitude of the stress, the age and strength of the
concrete when the stress is applied, and the length of time the concrete is stressed. Creep is of little
concern for normal concreteyqements, bridges, and smallildings; rowever, creep should be consid-

ered in design fovery tall buildings orvery long bridges.

Concrete Ingredients

Portland Cements

Portland cements ahgdraulic cements; that is,éhset and harden by reacting withte. This reaction,
called hydration, combinesater and cement to form a stokelimass. Portland cemengs nvented
in 1824 by an English mason, Jos&spdin, who named his product portland cement because it produced
a concrete thawvas of the same color as natural stone on the Isle of Portland in the English Channel.
Portland cement is produced by combining appropriate proportions of lime, iron, silica, and alumina
and heating thenThese aw ingredients are fed into a kiln that heats the ingredients to temperatures of
1450 to 1656C (2600 to 300TF) and changes thew materials chemically into cement dtan. The
clinker is cooled and then parized. During this operation a small amount of gypsum is added to
control the setting of the cemeithe finished pwerized product is portland cement. Portland cement
is essentially a calcium silicate cement.
The American Society foTesting and Materials (ASTM) Standard C 150, Sipeation for Portland
Cement, povides for the folbwing types of portland cement:

Type |  General portland cement

Type Il Moderate-sulfate-resistant cement
Type Il High-early-strength cement

Type V Low-heat-of-hydration cement
Type V  High-sulfate-resistarcement

Types |, Il, and Ill may also be designated as being air entraifypeg | portland cement is a general
cement suitable for all uses where special properties of other cements are not required. It is commonly
used in pvementspuilding, bridges, and precast concrete products.

© 1999 by CRC Press LLC



12-52

Section 12

TABLE 12.5.3 Flexural Strength of Concrete Made from Type | Cement, p8i(Third-Point Loading)

Mix w/c by 1 3 7 28 3 1 3 5 10 20
Series  Id. Weight Day Days Days Days Months Year Years Years Years Years
Moist Curing
308 1 0.37 295 540 625 855 975 925 960
308 2 0.51 160 415 570 765 805 845 780
308 3 0.65 80 290 425 595 675 680 645
380 4 0.82 40 155 285 450 505 485 480
308 5 0.36 285 510 680 825 890 940 930
308 6 0.50 165 445 545 720 810 760 815
308 7 0.64 95 290 465 605 695 655 690
308 8 0.83 45 180 310 450 530 525 470
308 9 0.36 310 535 655 820 905 970 915
308 10 0.50 175 410 570 710 860 815 830
308 11 0.64 90 320 440 675 715 715 690
308 12 0.82 40 180 330 490 575 555 495
356 XL1 0.40 705 880
356 XL2 0.53 555 720
356 XL3 0.71 420 555
356  XVi 0.40 625 725
356  XV2 0.53 555 655
356  XV3 0.71 385 490
356 Xwi 0.40 620 750
356  XW2 0.53 515 665
356 XW3 0.71 395 515
374 11 0.41 240 640 765 840 905 855 945 1070
374 11 0.56 135 520 625 710 690 730 730 830
374 12 0.41 180 640 790 910 925 965 970 1030
374 12 0.55 100 530 705 785 755 770 795 850
374 13 0.42 260 525 690 845 885 915 995 1140
374 13 0.57 165 420 595 705 765 765 800 880
374 14 0.41 250 620 725 800 915 890 965
374 14 0.55 150 490 630 740 765 745 780 890
374 15 0.45 320 660 755 865 865 870 945 970
374 15 0.59 215 580 650 710 710 665 735 830
374 16 0.41 265 675 755 890 920 935 1035 1110
374 16 0.56 165 535 655 760 770 775 820 930
374 17 0.46 210 600 685 855 870 935 905
374 17 0.61 120 490 650 735 760 720 695
374 18 0.49 220 585 720 830 915 895 965 1090
374 18 0.58 130 510 650 750 740 730 725
374 19A 0.45 145 450 605 745 840 870 950 1000
374 19A 0.54 75 300 470 610 655 700 735 850
374 198 0.45 195 555 670 810 835 875 955 1060
374 198 0.60 105 415 580 680 725 715 785 840
374 19C 0.45 275 605 750 890 920 890 950 1050
374 19C 0.59 170 510 665 775 810 765 790 890
436 1 0.36 370 555 655 770 925 1980 955 960 1030
436 2 0.49 225 435 565 745 825 860 905 900 960
436 3 0.62 135 300 420 620 690 720 730 730 800
436 4 0.42 320 505 655 755 875 890 1005 1010 1060

a To convert to MPa, multiply by 0.00689476.
Source:From Wood, S.L.Research and Development Bulletin RD1@drtland Cement Association, Skokie, IL, 1992.

With permission.
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FIGURE 12.5.3 Water permeability of concrete as affected by water/cement ratio and curing. Diesign and
Control of Concrete MixtureB001, Portland Cement Association, Skokie, IL, 1992. With permission.)
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FIGURE 12.5.4 Combined curve of elastic and creep strains showing amount of recovery. &sign and
Control of Concrete MixtureB001, Portland Cement Association, Skokie, IL, 1992. With permission.)

Type Il portland cement is used where precaution against moderate sulfate attack is important where
sulfate concentrations in groundwater or soil are higher than normal, but not severe. Type Il cement can
also be specified to generate less heat than Type | cement. This moderate heat of hydration requirement
is helpful when placing massive structures, such as piers, heavy abutments, and retaining walls. Type Il
cement may be specified when water-soluble sulfate in soil is between 0.1 and 0.2%, or when the sulfate
content in water is between 150 and 1500 ppm. Types | and Il are the most common cements available.

Type lll portland cement provides strength at an early age. It is chemically similar to Type | cement
except that the particles have been ground finer to increase the rate of hydration. It is commonly used
in fast-track paving or when the concrete structure must be put into service as soon as possible, such as
in bridge deck repair.
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Type IV portland cement is used where the rate and amount of heat generated from hydration must
be minimized. This low heat of hydration cement is intended for large, massive structures, such as gravity
dams. Type IV cement is rarely available.

Type V portland cement is used in concrete exposed to very severe sulfate exposures. Type V cement
would be used when concrete is exposed to soil with a water-soluble sulfate content of 0.2% and higher
or to water with over 1500 ppm of sulfate. The high sulfate resistance of Type V cement is attributed
to its low tricalcium aluminate content.

Blended Hydraulic Cements

Blended hydraulic cements are produced by intimately blending two or more types of cementitious
material. Primary blending materials are portland cement, ground granulated blast-furnace slag, fly ash,
natural pozzolans, and silica fume. These cements are commonly used in the same manner as portland
cements. Blended hydraulic cements conform to the requirements of ASTM C 595 or C 1157. ASTM
C 5195 cements are as follows: Type IS — portland blast-furnace slag cement, Type IP and Type P —
portland—pozzolan cement, Type S — slag cement, Type | (PM) — pozzolan-modified portland cement,
and Type | (SM) — slag-modified portland cement. The most common blended cements available are
Types IP and IS.

ASTM C 1157 blended hydraulic cements include the following: Type GU — blended hydraulic
cement for general construction, Type HE — high-early-strength cement, Type MS — moderate-sulfate-
resistant cement, Type HS — high-sulfate-resistant cement, Type MH — moderate-heat-of-hydration
cement, and Type LH — low-heat-of-hydration cement.

Supplementary Cementing Materials (Mineral Admixtures)

Supplementary cementing materials, also called mineral admixtures, are sometimes added to concrete
mixtures. They contribute to the properties of hardened concrete through hydraulic or pozzolanic activity.
Typical examples are natural pozzolans, fly ash, ground granulated blast-furnace slag, and silica fume.
These materials react chemically with calcium hydroxide released from the hydration of portland cement
to form cement compounds.

Below is a summary of the specifications and classes of supplementary cementing materials:

1. Ground granulated iron blast-furnace slag—ASTM C 989

Grade 80 — Slags with a low activity index
Grade 100 — Slags with a moderate activity index
Grade 120 — Slags with a high activity index
2. Fly ash and natural pozzolans — ASTM C 618
3. Class N — Raw or calcined natural pozzolans including diatomaceous earth, opaline cherts,
shales, tuffs, volcanic ashes, and some calcined clays and shales
4. Class F — Fly ash with pozzolanic properties
5. Class C — Fly ash with pozzolanic and cementitious properties
6. Silica fume — ASTM C 1240

Mixing Water for Concrete

Almost any natural water that is drinkable can be used as mixing water for making concrete. However,

some waters that are not fit for drinking may be suitable for concrete. Reference 1 provides guidance
concerning the use of waters containing alkali carbonates, chlorides, sulfates, acids, oils, and other
materials, and provides guidance as to allowable levels of contamination.

Aggregates for Concrete

The importance of using the right type and quality of aggregates cannot be overemphasized since the
fine coarse aggregates occupy between 60 to 75% of the concrete volume and strongly influence the
freshly mixed and hardened properties, mix proportions, and economy of the concrete. Fine aggregates
consist of natural sand or crushed rock with particles smaller than 5 mm (0.2 in). Coarse aggregates
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consist of a combination of @rel or crushed agggate with particles predominatelyder than 5 mm
(0.2 in.) and generally between 10 and 13 rffgafid/, in.). The most common coarse agggte size
is 19 and 25 mméf, and 1 in.) aggoate.

Normal weight agggates should meet the requiremeritd®TM C 33 This specification limits the
amounts of harmful substances and states the requirements myaaggharacteristics, such as grading.
The grading and maximum size of the aggte #ect the reldve aggegate proportions as well as
cement andvater requirementsyorkability, pumpabiliy, econory, shrinkage, and durability of the
concrete.

Chemical Admixtures for Concrete

Admixtures are ingredients in concrete other than portland cewetat, and aggegates that are added
to the mixture immediately before or during mixing. Common chemical admixtures inciuetgrain-
ing, wata-reducing, retarding, accelerating, and superplasticizing admixtlinesmajor reasons for
using admixtures are to reduce the cost of concrete constructioajeackitain properties in concrete
more dfectively than by other means, or to ensure the quality of concrete during the states of mixing,
transporting, placing, or curing in\a&tse weather conditions. ReferTfiable 12.5.4

Air-entraining admixtures are used purposely to entrain microscoplulaides in concreteAir
entrainment will dramatically imprve the durability of concretexposed to moisture during freezing
and tlawing. Air-entraining admixtures are commonly used vigle between 5 and 8% air content in
concrete.

Wate-reducing admixtures are used to reduce the quantity of mixatgr required to produce
concrete of a certain slump, redweater/cement ratio, reduce cement content, or increase.slypigal
wate-reducing admixtures reduce theater content by approximately 5 to 10%. High-ramgser
reducers (superplasticizers) reducewlaer content by approximately 12 to 30% argy ttan produce
a highly fluid concrete.

Retarding admixtures are used to retard the rate of setting of codaretecelerating admixture is
used to accelerate strengttvelopment of concrete at an early age.

Proportioning Normal Concrete Mixtures

The objedtve in proportioning concrete mixtures is to determine the most economical and practical
combination of readilyavailable materials to produce a concrete that will satisfy the performance
requirements under particular conditions of .uBe fulfill these objedves a properly proportioned
concrete mix should possess these qualities: (1) acceptal{ability of freshly mked concrete, (2)
durability, strength, and uniform appearance of hardened concrete, and (3) gcOmyrwith proper
selection of materials and mixture characteristics can tlogeabualities be obtained in concrete
production.

The key to designing a concrete mixture is to be fullyare of the relationship between the
water/cement ratio and it§fect on strength and durabjlitThe specified comprese strength at 28
days and durability concerns dictate thater/cement ratio established for a concrete mixtline
water/cement ratio is simply the weightwéiter dvided by the weight of cement. If pozzolans or slags
are used, itvould include their weights andould be referred to as theater/cementitious material
ratio. The water/cement ratio can be established by avknrelationship to strength or by durability
requirementsFor example, a concrete structure may require only 2BaNB000 psi) compres®
strength, whichwould relate to avater/cement ratio of about 0.6pvever, if the concrete igxposed
to deicers, the maximumvater/cement ratio should be 0.4&lfle 12.5.5 For corrosion protection or
reinforced concretexposed to deicers, the maximuvater/cement ratio should be 0.¥%hen designing
concrete mixtures, remember that where durability is concewstdy/cement ratio should be asvl
as practical. Entrained air must be used in all concrete that vwekposed to freezing andahing and
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TABLE 12.5.4 Concrete Admixtures by Classification

Type of Admixture Desired Effect Material
Accelerators Accelerate setting and early- Calcium chloride (ASTM D 98)
(ASTM C 494, Type C) strength development Triethanolamine, sodium thiocyanate, calcium formate,
calcium nitrite, calcium nitrate
Air detrainers Decrease air content Tributyl phosphate, dibutyl phthalate, octyl alcohol,
water-insoluble esters of carbonic and boric acid,
silicones
Air-entrained admixtures Improve durability in environments Salts of wood resins (Vinsol resin)
(ASTM C 260) of freeze-thaw, deicers, sulfate, andome synethic detergents
alkali reactivity Salts of sulfonated lignin
Improve workability Salts of petroleum acids

Salts of proteinaceous material
Fatty and resinous acids and their salts
Alkylbenzene sulfonates
Salts of sulfonated hydrocarbons
Alkali-reactivity reducers Reduce alkali-reactivity expansion  Natural pozzolans, fly ash, silica fume, blast-furnace
slag, salts of lithium and barium

Bonding admixtures Increase bond strength Rubber, polyvinyl chloride, polyvinyl acetate, acrylics,
butadiene-styrene copolymers
Coloring agents Colored concrete Modified carbon black, iron oxide, phthalocyanine,

umber, chromium oxide, titanium oxide, cobalt blue
(ASTM C 979)

Corrosion inhibitors Reduce steel corrosion activity in @alcium nitrite, sodium nitrite, sodium benzoate,
chloride environment certain phosphates or fluorosilicates, fluoroaluminates

Dampproofing admixtures Retard moisture penetration into dgaps of calcium or ammonium stearate or eleate
concrete Butyl stearate

Petroleum products
Finely divided mineral

admixtures
Cementitious Hydraulic properties Ground granulated blast-furnace slag (ASTM C 989)
Partial cement replacement Natural cement
Hydraulic hydrated lime (ASTM C 141)
Pozzolans Pozzolanic activity Diatomaceous earth, opaline cherts, clays, shales,
Improve workability, plasticity, volcanic tufts, pumicites (ASTM C 618, Class N); fly
sulfate resistance; reduce alkali ash (ASTM C 618, Classes F and C), silica fume
reactivity, permeability, heat of
hydration
Partial cement replacement
Filler
Pozzolanic and Same as cementitious and pozzolaHigh calcium fly ash (ASTM C 618, Class C)
cementitious categories Ground granulated blast-furnace slag (ASTM C 989)
Nominally inert Improve workability Marble, dolomite, quartz, granite
Filler
Fungicides, germicides, Inhibit or control bacterial and Polyhalogenated phenols
and insecticides fungal growth Dieldrin emulsions
Copper compounds
Gas formers Cause expansion before setting Aluminum powder
Resin soap and vegetables or animal glue
Saponin
Hydrolized protein
Grouting agents Adjust grout properties for specifi§ee Air-entraining admixtures, Accelerators, Retarders,
applications Workability agents
Permeability reducers Decrease permeability Silica fume (ASTM C 1240)

Fly ash (ASTM C 618)
Ground slag (ASTM C 989)
Natural pozzolans (ASTM C 618)
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TABLE 12.54 Concrete Admixtures by Classification (continued)

Type d Admixture Desred Effect Material
Water reducers
Latex
Pumping aids Imnprove pumpability Organic and synthetic polymers

Organic flocculents

Organic emulsions of paiffin, coal ta, asphalt, acrylics
Bentonite and pyrogenic silicas

Natural pozzolans (ASTM C 618, Class N)

Fly ash (ASTM C 618, Classes F and C)
Hydrated lime (ASTM C 141)

Retarders Retard setting time Lignin
(ASTM C 494 Type B) Borax
Sugars
Tartaric acid and salts
Superplasticizefs Flowing concrete Sulfonated melamine formaldehyde condensates
(ASTM C 1017 Type 1) Reduce water/cement ratio Sulfonated napthalene formaldehyde condensates
Ligonsulfonates
Superplasticizérand Flowing concrete with retarded setSee Superplasticizers anda@Water reducers
retarder (ASTM C 1017, Reduce water
Type 2)
Water reducer Reduce water demand at least 5%_ignosulfonates
(ASTM C 494 Type A) Hydroxylated carboxylic acids
Carbohydrates
(Also tend to retard set so accelerator is often added)
Water reducer and Reduce water (minimum 5%) and See Water reduce Type A (Accelerator is added)
accelerator (ASTM C accelerate set
494, Type E)

Water reducer and retarderReduce water (minimum 5%) and SeeWate reduce, Type A
(ASTM C 494 Type D) retard

Water reducer — high  Reduce water demand See Superplasticizers
range (ASTM C 494, (miniumum 12%)
Type F)
Water reducer — high  Reduce water demand See Superplasticizers andaWater reducers

range — and retarder  (miniumum 12%) and retard set
(ASTM C 494 Type G)
Workability agents Improve workability Air-entraining admixtures
Finely dvided admixturesgxcept silica fume
Water reducers

a  Superplasticizers are also referred to as high-range water reducers or plastibhesgsadmixtures often meet both
ASTM C 494 and C 1017 specifications simultanepusl
Souce: From Design and Combl of Concete Mixtues,EBO01, Portland CemeAssociation, Skokie, IL, 1992VNith
permission.

the presence of deicing chemic&lgypical air content for concreteould range from 5 to 8%. Reference
1 provides step-by-step procedures for proportioning concrete. Refabtes 12.5.612.5.7, and 12.5.8

Mixing, Transporting, and Placing Concrete

All concrete should be méd thoroughly until it is uniform in appearance with all ingredienéenly
distributed. If concrete has been adequatelyenhi samples k&n from dfferent portions of a batch will
have essentially the same unit weight, air content, slump, and strength. Concrete is somethes mi
a job site at a stationary xer or @ving mixer, and other times it is méd in central miers at ready-
mix plants (ASTM C 94). Once concrete is transported to a job site it is thegyed by avariety of
methods including belt eweyors, buckets, shoots, cranes, pumps, wheetlesr and other equipment.

© 1999 by CRC Press LLC



12-58 Section 12

TABLE 12.5.5 Relationships Between Water Cement Ratio and
Compressive Strength of Concrete

Water-Portland Cement Ratio, by Mass

Compressive Strength at 28 Non-Air-Entrained Air-Entrained
days, MPa (psi) Concrete Concrete

40 (5800) 0.42 —

35 (5100) 0.47 0.39
30 (4400) 0.54 0.45
25 (3600) 0.61 0.52
20 (2900) 0.69 0.60
15 (2200) 0.79 0.70

Note: Strength is based on 1%0300-mm cylinders moist cured 28 days at 23
+ 2°C. Relationship assumes maximum size of aggregate about 25 mm.
Adapted fromDesign and Control of Concrete MixturdsBDD1, Portland
Cement Association, Skokie, IL, 1992. With permission.

Concrete should be conveyed in a manner in which the concrete is not allowed to dry out, be delayed,
or allowed to segregate before it is placed.

Curing

All concrete must be properly cured. Curing is the maintenance of a satisfactory moisture content and
temperature in concrete during some definite time period immediately following placing and finishing
so that the desired properties of strength and durability may develop. Concrete should be moist cured
for 7 days at a temperature between 10 arie€€ 230 and 88F). Common methods of curing include
ponding, spraying, or fogging; use of wet covers, impervious paper, plastic sheets, and membrane-
forming curing compounds; or a combination of these.

Durability

Freeze-Thaw and Deicer Scaling Resistance

As water freezes in wet concrete, it expands 9%, producing hydraulic pressures in the cement paste and
aggregate. Accumulated effects of successive freeze-thaw cycles and disruption of the paste and aggregate
eventually cause significant expansion and extensive deterioration of the concrete. The deterioration is
visible in the form of cracking, scaling, and crumbling.

The resistance of hardened concrete to freezing and thawing in a moist condition, with or without
the presence of deicers, is significantly improved by the use of entrained air. Air entrainment prevents
frost damage and scaling and is required for all concretes exposed to freezing and thawing or deicer
chemicals. An air content of between 5 and 8% should be specified. Air-entrained concrete should be
composed of durable materials and have a low water/cement ratio (maximum 0.45), a minimum cement
content of 335 kg/M(564 Ib/yd) or move, proper finishing after bleed water has evaporated from the
surface, adequate drainage, a minimum of 7-days moist curing at or aB&/¢50¢F), a minimum
compressive strength of 28 MPa (4000 psi), and a minimum 30-day drying period after moist curing.
Sealers may also be applied to provide additional protection against the effects of freezing and thawing
and deicers. However, a sealer should not be necessary for properly proportioned and placed concrete.

Sulfate-Resistant Concrete

Excessive amounts of sulfates in soil or water can, over 5 to 30 years, attack and destroy concrete that
is not properly designed. Sulfates attack concrete by reacting with hydrated compounds in the hardened
cement paste. Due to crystallization growth, these expansive reactions can induce sufficient pressure to
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TABLE 12.5.6a (Metric Units) Example Trial Mixtures for Air-Entrained Concrete of Medium Consistency, 80 to 100 mm Slump

With Fine Sand, With Coarse Sand,
Fineness Modulus = 2.50 Fineness Modulus = 2.90

Water/ Fine Fine Coarse Fine Fine Coarse
Cement Nominal Air Water, Cement  Aggregate Aggregate, Aggregate, Aggregate Aggregate, Aggregate,

Ratio, Maximum Size of  Content,  kg/m?3 of kg/m3of % of Total kg/m? of kg/m? of % of Total kg/m? of kg/m? of

kg/kg Aggregate, mm % Concrete  Concrete  Aggregate Concrete Concrete Aggregate Concrete Concrete
0.40 10 7.5 202 505 50 744 750 54 809 684
14 7.5 194 485 41 630 904 46 702 833
20 6 178 446 35 577 1071 39 648 1000
40 5 158 395 29 518 1255 33 589 1184
0.45 10 7.5 202 450 51 791 750 56 858 684
14 7.5 194 428 43 678 904 47 750 833
20 6 178 395 37 619 1071 41 690 1000
40 5 158 351 31 553 1255 35 625 1184
0.50 10 7.5 202 406 53 833 750 57 898 684
14 7.5 194 387 44 714 904 49 785 833
20 6 178 357 38 654 1071 42 726 1000
40 5 158 315 32 583 1225 36 654 1184
0.55 10 7.5 202 369 54 862 750 58 928 684
14 7.5 194 351 45 744 904 49 815 833
20 6 178 324 39 678 1071 43 750 1000
40 5 158 286 33 613 1225 37 684 1184
0.60 10 7.5 202 336 54 886 750 58 952 684
14 7.5 194 321 46 768 904 50 839 833
20 6 178 298 40 702 1071 44 773 1000
40 5 158 262 33 631 1225 37 702 1184
0.65 10 7.5 202 312 55 910 750 59 976 684
14 7.5 194 298 47 791 904 51 863 823
20 6 178 274 40 720 1071 44 791 1000
40 5 158 244 34 649 1225 38 720 1184
0.70 10 7.5 202 288 55 928 750 59 994 684
14 7.5 194 277 47 809 904 51 880 833
20 6 178 256 41 738 1071 45 809 1000
40 5 158 226 34 660 1225 38 732 1184

From Design and Control of Concrete MixturdsB001, Portland Cement Association, Skokie, IL, 1992. With permission.
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TABLE 12.5.6b (English Units) Example Trial Mixtures for Air-Entrained Concrete of Medium Consistency, 3- to 4-in. Slump

With Fine Sand, Fineness Modulus = 2.50 With Coarse Sand, Fineness Modulus = 2.90

Water/ Maximum Water, Ib Cement Fine Fine Coarse Fine Fine Coarse
Cement Size of Air percuyd Ibpercu Aggregate Aggregate, Aggregate, Aggregate Aggregate, Aggregate, Ib
Ratio, Aggregate, Content, of yd of % of Total Ibpercuyd Ibpercuyd % of Total Ib per cu yd per cu yd of
Ib per Ib in, % Concrete  Concrete  Aggregate of Concrete of Concrete  Aggregate of Concrete Concrete

0.40 g 7.5 340 850 50 1250 1260 54 1360 1150
1, 7.5 325 815 41 1060 1520 46 1180 1400

3, 6 300 750 35 970 1800 39 1090 1680

1 6 285 715 32 900 1940 38 1010 1830

1Y, 5 265 665 29 870 2110 33 990 1990

0.45 3lg 7.5 340 755 51 1330 1260 56 1440 1150
Y, 7.5 325 720 43 1140 1520 47 1260 1400

3, 6 300 665 37 1040 1800 41 1160 1680

1 6 285 635 33 970 1940 37 1080 1830

1Y, 5 265 590 31 930 2110 35 1050 1990

0.50 3y 7.5 340 680 53 1400 1260 57 1510 1150
Y, 7.5 325 650 44 1200 1520 49 1320 1400

3, 6 300 600 38 1100 1800 42 1220 1680

1 6 285 570 34 1020 1940 38 1130 1830

1Y, 5 265 530 32 980 2110 36 1100 1990

0.55 g 7.5 340 620 54 1450 1260 58 1550 1150
Y, 7.5 325 590 45 1250 1520 49 1370 1400

3, 6 300 545 39 1140 1800 43 1260 1680

1 6 285 520 35 1060 1940 39 1170 1830

1Y, 5 265 480 33 1030 2110 37 1150 1990

0.60 3lg 7.5 340 565 54 1490 1260 58 1600 1150
Y, 7.5 325 540 46 1290 1520 50 1410 1400

3, 6 300 500 40 1180 1800 44 1300 1680

1 6 285 475 36 1100 1940 40 1210 1830

1Y, 5 265 440 33 1060 2110 37 1180 1990

0.65 3y 7.5 340 525 55 1530 1260 59 1640 1150
Y, 7.5 325 500 47 1330 1520 51 1450 1400

3, 6 300 460 40 1210 1800 44 1330 1680

1 6 285 440 37 1130 1940 40 1240 1830

1Y, 5 265 410 34 1090 2110 38 1210 1990
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TABLE 12.5.6b (English Units) Example Trial Mixtures for Air-Entrained Concrete of Medium Consistency, 3- to 4-in. Slump (contined)

With Fine Sand, Fineness Modulus = 2.50 With Coarse Sand, Fineness Modulus = 2.90
Fine Fine Coarse Fine Fine Coarse

Water/ Maximum Water, Ib Cement

Cement Size of Air percuyd Ibpercu  Aggregate Aggregate, Aggregate, Aggregate Aggregate, Aggregate, Ib
Ratio, Aggregate, Content, of yd of % of Total Ibpercuyd Ibpercuyd % of Total Ib per cu yd per cu yd of

Ib per Ib in, % Concrete  Concrete  Aggregate of Concrete of Concrete  Aggregate  of Concrete Concrete
0.70 g 7.5 340 485 55 1560 1260 59 1670 1150
Y, 7.5 325 465 47 1360 1520 51 1480 1400
3, 6 300 430 41 1240 1800 45 1360 1680
1 6 285 405 37 1160 1940 41 1270 1830
1Y, 5 265 380 34 1110 2110 38 1230 1990
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TABLE 12.5.7 Proportions by Mass to MakeY,, m? of Concrete for Small Jobs

Air-Entrained Concrete Non-Air-Entrained Concrete
Maximum- Wet
Size Coarse Wet Fine  Wet Coarse Wet Fine Coarse
Aggregate, Cement, Aggregate, Aggregate, Water, Cement, Aggregate, Aggregate, Water,
mm kg kg kg kg kg kg kg2 kg
10 46 85 74 16 46 94 74 18
14 43 74 88 16 43 85 88 18
20 40 67 104 16 40 75 104 16
40 37 61 120 14 37 69 120 14

a |f crushed stone is used, decrease coarse aggregate by 5 kg and increase fine aggregate by 5 kg.
Source:From Design and Control of Concrete MixturdsB001, Portland Cement Associate, Skokie, IL, 1992. With
permission.

TABLE 12.5.8 Proportions by Volume® of Concrete for Small Jobs

Air-Entrained Concrete Non-Air-Entrained Concrete
Maximum-
Size Coarse Wet
Aggregate, Wet Fine Coarse Wet Fine Wet Coarse
mm Cement Aggregate Aggregate Water Cement Aggregate Aggregate Water
10 1 2, 1Y, Y, 1 2Y, 1Y, Y,
14 1 2, 2 Y, 1 24, 2 Y,
20 1 2/, 2Y, , 1 24, 2Y, Y,
40 1 2, 3 Y, 1 2Y, 3 Y,

a The combined volume is approximatély of the sum of the original bulk volumes.

Source:From Design and Control of Concrete MixturdsB001, Portland Cement Associate, Skokie, IL, 1992. With
permission.

disrupt the cement paste, resulting in cracking and disintegration of the concrete. The first defense against
sulfate attack is to use a low water/cement ratio (0.45 or preferably less), and to select a Type Il or V
cement (see the section on cement).

Corrosion Protection

Concrete protects embedded steel from corrosion through its highly alkaline nature. The high-pH
environment (usually greater than 12.5) causes a passive and noncorroding protective oxide film to form
on steel. However, carbonation or the presence of chloride ions from deicers or seawater can destroy or
penetrate the film, causing rusting of the reinforcing steel. In addition to using a water/cement ratio of
0.40 or less, the following protective strategies can be used individually or in combination to reduce the
risk of corrosion:

1. Cover thickness of 90 mm (3.5 in.) or more of concrete over top, reinforcing steel of compression
zones. Note: Excessive cover in tension zones exacerbates surface crack width.]
Low-slump dense concrete overlay

Latex-modified concrete overlay

Interlayer membrane/asphaltic concrete systems

Epoxy-coated reinforcing steel

Corrosion-inhibiting admixtures in concrete

Sealers with or without overlay

Silica-fume or other pozzolans that significantly reduce concrete permeability
Low water/cement ratio (<0.35) superplasticized concrete

. Cathodic protection

. Polymer concrete overlay
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12. Galvanized reinforcing steel

13. Polymer impregnation

14. Lateral and longitudinal prestressing for crack control

15. Blended cements containing silica fume or other pozzolans to reduce permeability

Alkali-Silica Reaction

Most aggregates are chemically stable in hydraulic cement concrete, without deleterious interaction with
other concrete ingredients. However, this is not the case for aggregates containing certain siliceous
substances that react with soluble alkalis in concrete. Alkali-silica reactivity (ASR) is an expansive
reaction between reactive forms of silica in aggregate and alkali hydroxides in concrete. Very reactive
aggregates can induce cracks within a year, whereas slowly reactive aggregates can take over 20 years
to induce noticeable cracks. ASR is best controlled through the use of fly ash, slag, silica fume, natural
pozzolans, or blended hydraulic cement. With proper care in analyzing aggregates and selecting appro-
priate concrete ingredients, ASR can be effectively minimized using available materials. Reference 2
provides guidance on ASR.

Related Standards and Specifications

American Society for Testing and Materials (ASTM)

C 33  Specification for Concrete Aggregates

C 150 Specification for Portland Cement

C 595 Specification for Blended Hydraulic Cements

C 618 Specification for Fly Ash and Raw and Calcined Natural Pozzolans for Use as a Mineral
Admixture in Portland Cement Concrete

C 989 Specification for Ground Granulated Blast-Furnace Slag for Use in Concrete and Mortars

C 1157 Performance Specification for Blended Hydraulic Cement

C 1240 Specification for Silica Fume for Use in Hydraulic-Cement Concrete and Mortar
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12.6 Composites

Introduction
Victor A. Greenhut

A composite material is a macroscopibygical combination ofwwo or more materials in which one
material usually pvides reinforcement. Compositesvh been dveloped where no single, quasi-
continuous material will pvide the required properties. In most composites one phase (material) is
continuous and is termedethmatrix, while the second, usually discontinuous phase, is termed the
reinforcement in some casefller is applied when the reinforcement is not a quasi-continfibas
Matrix-filler nomenclature is one method of egdrization This yields the ca&gories metal matrix
(MMC), polymer (plastic) matk (PMC), andceramic matrix(CMC) composites — the major subdi-
visions of this section. Other egbries are iyen the shape and configuration of the reinforcing phase.
The reinforcement is usually a ceramic and/or glass. If it is similar in all dimensions périsculate-
reinforcedcomposite; if needle-shaped single crystalsyitiske-reinfarced if cut continuous filament,
chopped fibereinfarced and if continuous filre fiber compositeFor fiber composites configuration
gives a further cagory. If fibers are aligned in one direction, isiniaxial fiber compositéf arranged

in layers, it is daminar compositeif a three-dimensional arrangement, itaiSD weave composite
Laminates and 3D veges can be furtheridded by the wave used for the fibbe

Composites are notew materials. Perhaps tiigst important engineering structural composites
the Biblical stew-reinforced, sun-dried mud brick — adobe. Laminated structures suaiwaddwve
been used since prehistoric times. In the early 1900s dapedwas empbyed in early aircraft staces.
Reinforced phenolics wereatkloped in the 1930s and glass-reinforced plastics in the 1940s. More
recenty, emphasis turned to reinforcements, with graphitic and boron-ldmd dveloped in the
1960s. High-performance aramids, suckKadar™, were dveloped in the 19703 his and the m@vious
decade &ve seen ew developments in both fiber and matrix with lightweight aerospace MMCs and
high-temperature CMCs alving major agances.

This section will concentrate on \ahced composites in which major structural performance is
achived, but it should be noted that thadast tonnage and dollsalue of composites is iden by the
cost of materials. Polymers are reinforced with glass particulate or cHippedecause iblers the
price per pound of a plastic, hence thentéitler for reinforcement materialhe structural properties
are also impoved, as PMCs slw increased dfiness (resistance to bending) and strength (resistance to
failure). These and other properties will raeethe emphasis in this section. In MMCs high hardness,
maintenance of hardness avalted temperature, and precise tolerance are often lead properties, although
stiffness and strength are importafihe metal matrix confers some ductility so that the catastrophic
failure of a solely ceramic material @oided. In CMCs the reinforcement is diyeincorporated to
prevent catastrophifailure to introduce a more predictaliéglure stress (increased reliability), and to
a lesseextent to increase strengtRarticulate-reinforced plastics afitberglass (glass fiber—reinforced
plastic) fave become commonplace engineering materials ags ¢eramic-reinforced metal matrices
(cemented carbides and cermets). Reinforcement with graphite and otheceatitechnology fibers
has emeed for aerospace applications, biomedical use, and high-performance/high-cost consumer
products such as sporting goods. Fitenforced MMCs and ceramic—ceramic compositae ltkvel-
oped greatl, but are still quite limited in application teery advanced technologies which can bear
relaively high costs.

An important consideration for composite production is the bond between the matrix and the rein-
forcementFor MMCs and PMCs load must be transferteéigj(re 12.6.}1to the relawely high-strength,
high-elastic-modulus ceramic or glass in order to maximize the mechanical perforRoahest transfer
there must be no relae sliding or intefacefailure, so the strain at the matrix-to-reinforcement area
can be maximum and equ@kayix = Ereinforcement= Em.d- 1 NiS means that the reinforcement bears the major
portion of the loadg,, while the weker matrix bears aler load,o,,, because it haswer modulus.
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FIGURE 12.6.1 In a composite with good bonding between high-modulus ceramic and low-modulus metal or
polymer matrix the interfacial strain must be the same. Thus, the high-strength ceramic fiber bears most of the load
(stress).

To accomplish load transfer the bond interface must be engineered because metal and polymers do not
show intrinsic bonding to ceramic reinforcementcdupling agentoften a xylene, is applied to the
ceramic or glass to promote bonding to a polymer. For metals, a metal matrix often has to be selected
because it will wet and bond to the selected ceramic when molten or sintering during fabrication.
Commonly, a controlled “forming gas” atmosphere must be used to produce MMCs composites so that
a strong metal-to-ceramic bond is made.

The situation is somewhat different for ceramic—ceramic composites. These materials usually bond
strongly to each other during fabrication. However, unlike the PMCs and MMc a less perfect bond is
required. This is because local failure is required between matrix and reinforcement to introduce
toughness or noncatastrophic fracture. This will be discussed further in the section on CMCs.

Polymer Matrix Composites
Weiping Wang, R. Allan Ridilla, and Mathew B. Buczek

Introduction

PMCs are used extensively as commodity and specialty engineering materials and constitute the largest
class of composite materials on a dollar basis. The enormous success of PMCs arises from the wide
range of properties which can be obtained and the low cost of low-end materials, such as fiberglass-
reinforced polyester. Furthermore, the combination of high-strength/high-stiffness fibers in commodity
polymer matrices offers an outstanding example of the composite principle — taking the best properties
of both materials. The result is a strong, tough, stiff material which, depending on the matrix and
reinforcement type, provides value in applications as diverse as consumer products, construction, and
aerospace.

A distinction must be made between reinforced plastics and advanced composites. Téiafmoad
plasticsgenerally refers to plastic materials fabricated with a relatively low percentage of discontinuous,
randomly oriented fibers, with rather moderate properties, and used in commaodity appliddtiansed
compositespn the other hand, refers to a class of materials where a high percentage of continuous,
highly oriented fibers are combined with a suitable polymeric matrix to produce articles of high specific
strength and specific stiffness. At present, composites are widely used in the aerospace and sporting
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FIGURE 12.62 The evolution of carbon fiber composite applications since 1970 with fiber price and industry
volume illustrated. (Source: Zoltek Co. Inc.)

goods industries for their superior performariéigure 12.6.2llustrates thesvolution of applications
for carbon fibers.

Polymers are also oftetfilted” with particulate reinforcements to increase certain properties, such
as deflection temperature under load (DT Aljhough these materials are formally compositesy th
are usually egarded as filled polymers and not composites and thus will not be diseypfiedy in
this section. Refer to the polymer section of this chapte

Architecture

Each of the constituent materials invadced composites must act sygistically to povide aggegate
properties that are superior to the material$viddally. The functional #ectiveness of composites is
principally due to the anisotpy of the materials and the laminate concept, where materials are bonded
together in multiple layersThis allows the properties to be tailored to the applied load so that the
structure can be theoretically morifi@ent than if isotropic materials were usdthe reinforcements
come in avariety of forms. Unidirectional tapes with dibers along a common axiaioven fabrics
constructed with fibers along botkes in thex—y plane, and 3-D architectures with reinforcements in
more thanwo axial directions are just af of thebuilding blocks of composite structures.

The concept of laminate is illustrated figure 12.6.30n the left is the unidirectional composite
where all reinforcements are aligned in one direcfitnis construction mvidesexcellent properties in
the fiber directiorbut is limited to the properties of the resin in the tvanse directionsThe cross-
plied construction on the right creates a structure that has common propertez-iarttly-direction
but is limited to the characteristics of the resin ia #direction A large number of/ariationsexist,
allowing the designer to tailor the properties of the structur@doying the type of fibers and fiber
orientations. Stwn in Figure 12.6.4are typicalvalues of specific tensile strength (strength-to-density
ratio) and specific tensile modulus (modulus-to-density ratio) for&8&sne fraction, cross-plied quasi-
isotropic composite®\so included in the plot for comparison are properties of mild steel, titafiim (
6A1-4V), and aluminum (2024-T6Jhe actual properties of a composite waky significantly due to
flaws created during processing.

In selecting polymer composite materials for design, one should consider both the poteantialges
and concerns typical to composites as illustrate@able 12.6.1Clearl, the adantages of materials
should be put into use to aele higher ¢vels of performance in mg kinds of products. On the other
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FIGURE 12.6.3 The basic concept of composite laminate.

0.7
e Carbon (T1000)
0.6
05
oE ® Carbon (IM8)
o
95
<€
g 0.4 . ®Carbon (T650/43)
s Aramid (Kevlar 49)
@
E
& 0.3——eSglass Le-Carbon (T300)
L L
f‘§ o Ti-6Al-4V
& 02 ® E-glass oBort:)n (on tun'gsten)
’ Carbon (P120)
® Aluminum (2024-T6) ®
[
0.1 a Steel (mild)
'
; ||
0 10 20 30 40 90 60 70
Specific tensile modulus, GPaa
g/cm

FIGURE 12.6.4 A comparative plot of specific tensile strength (strength-to-density) and specific tensile modulus
(modulus-to-density) of composite material.

hand, potential issues in higher raw material cost and lower production volume and yield should also
be weighed.

Fiber

Introduction. The most common reinforcement in polymer composites are fibers. Fibrous reinforce-
ments come from compounds of light elements, (e.g., B, C, Si, O). These compounds typically contain

© 1999 by CRC Press LLC



12-68 Section 12

TABLE 12.6.1 Advantages and Limitations ofPolymer Matrix Composites

Potential Advantages Potential Limitations
High strength-to-density ratio Low—volume production methods
High stiffness-to-density ratio High raw material cost
Excellent corrosion resistance Poor impact resistance
Good fatigue resistance Poor high-temperature performance
Low thermalexpansion Delamination/out-of-plane loading

stable ovalent bonds which impart greater strength arfthess compared with metallic or ionic bonds.
The compounds are processed tofthal unable form of a fiber or filament with a highly aligned and
directional microstructure so that the strength arfthetis properties are optimized along fiber axis.
Glass, graphite/carbon, aramid, and boron are among most nfikeste currently used in polymer
composites.

Glass Fibe. Glass fiber reinforcements represent thhgdatvolume used in the composites indystr
These fibers are characterized by theiv tost, clear to white cotpgood mechanical and electrical
properties, high moisture and chemical resistance garrllent dimensional stability with operational
service to 550C. Mandacturing of the fibersdgins with molten glass which isavn through a furnace
into a fibrous form of final diameter of abou Im and then quenched to secure final amorphous
microstructure prior to applyinfgnal coatings or sizing. Common types of commercialgilable glass
fiber are E-glass and S-glass, both of which asedlkali boro-alumino-silicate glasses. E-gléiger,

the workhorse of glass fiber applications, is tlvdr-cost fiber and is used in both structural and
electrical applications. S-glassopides higher tensile properties and increased temperature resistance
needed for aerospace and aircraft applications with a price premium. Repies@mtgierties for the
glass fibers are stvn in Table 12.6.2

TABLE 12.6.2 Fibers Used inPolymer Composites — Mechanical Poperties

AS4 IM7 P120
PAN-Based PAN-Based Pitch-Based Kevlar-

E-Glass S-Glass Carbon Carbon Graphite 49 Boron
Tensile strength (ksi) 510 670 578 710 325 530 525
Tensile modulus (MSI) 10.5 12.8 35.5 46 120 18 58
Elongation (%) 4.9 5.5 1.6 1.7 0.27 25 1
Density (Ib/ir?) 0.095 0.09 0.065 0.063 0.079 0.052 0.093
Axial codficient of 2.8 3.1 0to-04 0to-0.6 0to -0.7 -1.1 25

expansion (1€ in./in. F)

Carbon Fibe. Graphite/carbon fibers are the reinforcement of industrial choice yane€ld composite
applications where sthess and performance are critichipical attrbutes of these fibers aezcellent

tensile strength and elastic modulus, ease of handling, bladk antba wide range of properties and
cost. Graphite fibers are initially formed as from polymer precursor compounds such as polyacrylonitrile
(PAN) or rayon and pitch, an amorphous, aromatic by-product of petroleum distillBidhbased
graphite fibe the predominant commerciger, starts with the liquidPAN polymer, which is spun into

a fiber and stretched to align the microstructure. It is then stabilized and the microstructure is aligned
at 400 to 50€F in an oxidizing atmosphere under tensiomxtN carbonization occurs in an inert
atmosphere at 1800 to ZBE to renove most noncarbon elements. Figathe graphitization step is
performed on the carbon fiber by applying tension tdithes in an inert atmosphere at 3600 to @50

The result is a highly aligned, highly graphitiber with preferred graphite orientation along tieer

axis The temperature and tensifabrication parameters of the graphitization step, along with the purity
of the initial PAN polyma, are thevariables which are modified tofféirentiate “bw-end” (low strength,
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modulus, cost) from the “high-endiber (high strength, modulus, cost) and all of the grades in between.
Typical properties ofeveral commercial grades of carbon/graplffiler are listedn Table 12.6.2

Aramid Fibers. The aramid fiber déres its properties from long, rokiéi aromatic polyamide3hese
fibers are characterized bgw densiy, white yelbw color, extremely high tensile properties, poor
compresive strength, and high toughness, areJ thre dificult to cut mechanicall The manéacturing
process for these fibens/blves compdx polymerization steps as the liquid polymer in aciekisuded
or spun into a fiber formyater washed, dried, and finally heat treated under ten3ibe result is a
highly aligned radial system of axially pleated lamellae in the microstruétiaid fibers lave pioved
extremely useful in tension-critical application where the intrinsic compeesgeaknesses of the fiber
cannot bexploited. Commercially kown asKevlar, the most notable applications for ararilmbrs are
bulletproof vests (without matrix), andarious high-pressure compositesselsTypical properties for
Kevlar 49 are listedn Table 12.6.2

Boron Fibers. Boron reinforcements are referred tdfisments rather than fibers sinceyttare made
by the chemicavapor deposition of boron ontofime tungsten wireThis fabrication process produces
a lage-diamete stiff, and expensve reinforcement that is s@mhat dificult to handle and produce
into subsequent product forms suclfiedgics and contoured structurdthough boron filaments possess
the combination of high strength and high sfieanodulus that glass could not s, its use has
been reduced to a minuscukwdl. Carbon/graphite fiberarieties fave supplanted boron where high
specific modulus is a requiremefitsmallvolume of boron filaments still remain in a handful of military
aircraft as well as in some recreational products such as golf club. 3gaftal properties of boron
filaments are stwn in Table 12.6.2

Polymer Matrix Materials

Introduction. While fibers povide much of the strength andfstess in adanced composites, equally
important is the matrix resiiThe matrix holds the fiber neork togethe to protect the structure from
environmental attack and to support tilgers so that loads can be transferred throughout the structure
through a shear mechanism. Polymeric matrices can either be thermoset or thermoplastic resins.
Thermosets cannot be reformed or thermadlyorked after polymerization (curingJhey are sub-
divided into ca¢gories based on their chemical reactidriee first are addition-type polymers, generally
considered easier to process, wheve (or more) reactants combine to form fheal cured product.
The second is the condensation type, in which the reactants combine to form products in addition to
water and othevolatile constituentsThese systems are mordfidult to process due to the required
management of theolatile to minimize process defects such as porosit
Thermoplastic materials, on the other hand, are polymers which can be softened and melted with the
application of heatAlthough threy can be reycled, thermoplastic matricessle found more-limited
applications in the aéinced composite applications sinceythre particularly susceptible to attack by
fluids and to creep at high stresses, and arauaadifficult to handle in laminate or structural form
prior to final consolidationThe remainder of this discussion will focus on thermoset matrices which
account for more than 90% of present-dayaaded composite applicatioriBhree principal gyanic
matrix materials will be discussed: polyesters, epoxies, and polyimides.

Polyester Matrix. Low-cost polyester resins constitute the highedtime usage for the general com-
posite indusl. There are m@y resins, formulations, cuiges, and other addie constituents that
provide a wide array of properties and performance characteristics, such as mechanical strength, tough-
ness, and heat resistan€ae vast majority of applications utilize glass since its iisteial adhesion to

these resins has been optimized by theeldpment of silane stace treatmentsThese resins when
combined with glassave found wide application in the chemical processing construction, and marine
industries where cured properties aod lcost are tailemade for design requiremengspplications

with carbon/graphite and aramiithers arefar less frequent since adhesion to th#sers is generally
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poor and cure shrinkage on these resins is quite high. Additionally, structures requiring the high perfor-
mance of carbon/graphite can often justify the use of more-expensive epoxy resins.

Epoxy Matrix. Epoxy resins are the prevalent polymer used with advanced composites. Their extensive
use is primarily due to their superior mechanical properties, excellent adhesion, good processibility
utilizing addition-type reactions, low cure shrinkage and low cost. When choosing epoxy resins two
elements are crucial: the base resin and the curing agent or hardener. Since there are many base resins
and curing agents, the following general relationships are given to provide a practical framework when
utilizing epoxy compounds:

« Chemistry Aromatic compounds are more thermally stable, stronger, and more resistant to fluids
than are aliphatics.

¢ Cross-link densityHigher-temperature cures and longer cure times will increase cross-link density
and therefore strength/modulus, service temperature, and chemical resistance.

< Curing agentsAmine-cured systems have better chemical resistance and superior thermal stabil-
ity, but are more brittle than anhydride-cured systems.

Epoxies are categorized by the cure temperature. The “250 F epoxies” are those that cife at 250
and are suitable for service up to 260The “350 F epoxies” are those with higher processing and
service temperatures. One of the design concerns with epoxies is moisture absorption. The effects of
moisture often require design stresses to be reduced in applications where moisture is a concern. Modern
epoxy formulations include lower cost, higher toughness, and other properties which continue to make
epoxies attractive to the end user.

Polyimide resins span the temperature spectrum from 350 t&.60ere are three general types of
polyimides:

1. Addition-reactionpolyimides such as bismaleimides (BMI)
2. Condensation-reactiopolyimides such as commercial Monsanto Skybond resin
3. Combinationcondensation/addition-reaction polyimides such as PMR-15

BMis are similar to epoxies in that they undergo addition reactions, are easy to process, and share
many of the handling characteristics that make epoxies desirable. These materials are the composite
resins of choice for temperatures in the range of 350 t&F4@0bridge the temperature gap between
epoxies and other polyimides. They are more expensive and tend to be more brittle than epoxies.
Condensation polyimides are used for composite applications from 450 3b@se materials are
difficult to process and tend to be quire brittle so their application is limited to adhesive bonding with
some structural composite hardware. Combination-reaction polyimides have the highest thermal and
oxidative stability and are used at service temperatures t-600ese resins are considerably more
complicated because of their reaction mechanisms and the handling difficulties of the chemicals. Their
application is principally restricted to aerospace composite structures where the performance needs to
justify the difficult processing and high cost.

Processing

Continuous-fiber composites are manufactured in two steps, preform fabrication and consolidation/cur-
ing. The material comes in either the dry-fiber (without resin) form or with resin includedpaiedg
Dry fibers are used in filament winding, pultrusion, weaving, braiding. In the case of filament winding
and pultrusion, resin is introduced at the same time fibers are during the time of winding and pultrusion.
Resin can also be introduced to the fiber later by resin-transfer molding (RTM). Prepreg, at a higher
material cost, eliminates the step of resin addition and provides the adhesion to hold the material together.
Layup of prepreg, a time-consuming process, is a common method used in the aerospace industry where
complex contoured surfaces are present.

Consolidation and curing consist of compacting the material to remove entrapped air, volatile, and
excess resins while developing the structural properties by increasing the polymer chain length and
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FIGURE 12.65 A typical curingcycle of epoxy composite with corresponding Rheometric Dynamic Spectroscopy
(RDS), Dfferential Scanning Calorimetry (DSC),dafihermogavimetric Analysis (TGA) cuves.

cross-linking Thermosetting polymer matrices must be dunesitu with the fibers to form composites.
The goals of a successful cure are good consolidation evtlpdrosity and high ewersion of initial
monomeric constituents to polymeregdee of cure).

The curecycle of an epoxy resin composite isoam in Figure 12.6.5At the start of the cureycle,
the material is normally undelmcuum to rerove residualolatile. The temperature is then ramped to
the point where the polymer is meltddthe ramp rates on heating must bevsénough as not to cause
unnecessary thermal gradients anevimid dangerougxotherm (ruway reactionsput not so sw as
to cause=xcessve process time or premature cross-linking. Normal ramp rates are generally in the 1 to
5°F/min range An isothermal hold of about 30 to 60 min is performed at the point where the resin
reaches its minimum in viscogitduring which pressure is applied and the polymemweai to fbw,
thus consolidating the laminateollowing consolidation, the temperature is increased to the point where
cross-linking occurs (3BF for thisexample) An additional hold of about 30 to 90 min is performed
at this temperature to el for the material to complete cross-linkirithis event is slown as the end
of the exothermic peak in the DSC aie as well as the asymptotic high-viscosigion.

Epoxies cure via addition reactions wherevotatile is generated during the cross-linking process.
However, maty other matrix materials (e.g., phenolics andnynpolyimides) cure via condensation
reactions.

Mechanical Properties

Mechanical properties of polymer composites depend substantially on the processfagraation
methods used, as well as on theer orientationThus, standard materials do rmist and it is dificult

to generalizeegarding propertiesThe three most significafiéctors in determining properties are the
type of fibe, the volume fraction fibg and the orientation of thigber. High-strength high-modulus
graphitic carbon fibers will, of course, produce strongtffer composites than those produced from
fiberglass. Similast, 60vol % fiber composites will be stronger andfstithan 30s0l %, and uniaxially
aligned fiber composites willdae maximum properties along the alignment akig, will be highly
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anisotropic and will &ve poor properties infbaxis orientations. Cross-ply and laminated structures are
standard approaches to reducing anigytro

Composite sfiness,E,, can be approximated for polymer composites by application of the rule of
mixtures:

E =E\V, +E,(1-V,)

where E is the modulus of elasticity dr/ is thevolume fraction fibers. Subscriptsf, andm refer to
composite, fibe and matrix, respeioely. Similar expressions approximate other properties. Properties
of commonly used commodity composite materials avergn Tables 12.6.3 to 12.6.Advanced
engineering polymer compositeavk specialized properties which depend on the parameters discussed
previously. Expected properties of suchvadced polymer composites can only be approximated once
the component and materighriables are determined during the design stdge recommended
approach is tovork with a compositdabricator during the design phase to establishekipected
mechanical properties.

TABLE 12.6.3 Typical Properties of Glass Fiber—Reiforced Polymers

Base Resin
Property Polyester Phenolic Epoxy Melamine  Polyurethane

Molding quality Excellent Good Excellent Good Good
Compression molding

Temperaturg®F 170-320 280-350 300-330 280-340 300-400

Pressurepsi 250-2000  2000-4000 300-5000 2000-8000  100-5000

Mold shrinkage, in./in. 0.0-0.002  0.0001-0.001 0.001-0.002 0.001-0.004 0.009-0.03
Specific gavity 1.35-2.3 1.75-1.95 1.8-2.0 1.8-2.0 1.11-1.25
Tensile strength, 1000 psi 25-30 5-10 14-30 5-10 4.5-8
Elongation, % 0.5-5.0 0.02 4 — 10-650
Modulus of elasticy, 10 psi 8-20 33 30.4 24 —
Compression strength, 1000 psi  15-30 17-26 30-38 20-35 20
Flexural strength, 1000 psi 10-40 10-60 20-26 15-23 7-9
Impact. 1zod, ft-Ib/in. or notch 2-10 10-50 8-15 4-6 No break
Hardness, Rockwell M70-M120 M95-M100 M100-M108 — M28-R60
Thermalexpansion, pefC 2-5x10% 1.6x10° 1.1-3.0x 10° 1.5x10° 10-20x% 10°
Volume resisvity at 50% RH, 1x10“ 7 x 102 3.8x 10 2x 101 2 x 104104

23°C, Q-cm
Dielectric strength/g in. thickness, 350-500 140-370 360 170-300 330-900
v/mil
Dielectric constant

At 60 Hz 3.8-6.0 7.1 55 9.7-11.1 5.4-7.6

At 1 kHz 4.0-6.0 6.9 — — 5.6-7.6
Dissipation factor

At 60 Hz 0.01-0.04 0.05 0.087 0.14-0.23 0.015-0.048

At 1 kHz 0.01-0.05 0.02 — — 0.043-0.060
Water absorption, % 0.01-1.0 0.1-1.2 0.05-0.095 0.09-0.21 0.7-0.9
Sunlight (change) Slight Darkens Slight Slight None to slight
Chemical resistance Fairt Fairt Excellent Very good Fair
Machining qualities Good — Good Good Good

Note Filament-wound components with high glass content, highly orienged, igher strength§he decreasing

order of tensile strength isoving, glass cloth, continuous mat, and chopped-strand mat.

a  Attacked by strong acids or alkalies.

b Attacked by strong acids.

From Spang, C.A. and&is, G.J.,Machine Design40(29); 32, Dec. 12, 1968Vith permission.
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TABLE 12.6.4 Properties of Reinforced Nylon Polymer

Direct
Glass-Reinforced MoS,-filled, Polymerized,
Property Type 6/6 Type 6 Type 6/10 Type 11 Type 6/6, 40% 2Y,% Castable
Mechanical
Tensile strength, psi 11,800 11,800 8200 8500 30,000 10,000-14,000 11,000-14,000
Elongation, % 60 200 240 120 1.9 5-150 10-50
Tensile yield stress, psi 11,800 11,800 8500 — 30,000 — —
Flexural modulus, psi 410,000 395,000 280,000 151,000 1,800,000 450,000 —
Tensile modulus, psi 420,000 380,000 280,000 178,000 — 450,000-600,000 350,000-450,000
Hardness, Rockwell 118R 119R 111R 55A 75E-80E 110R-125R 112R-120R
Impact strength, tensile, ft-lb/sq in. 76 — 160 — — 50-180 80-100
Impact strength, Izod. ft-Ib/in. of notch 0.9 1.0 1.2 3.3 a3.7 0.6 0.9
Deformation under load, 2000 psi, 14 1.8 4.2 2.02 0.4 0.5-2.5 0.5-1
122F, %
Thermal
Heat deflection tempF
At 66 psi 360 365 300 154 509 400-490 400-425
At 264 psi 150 152 135 118 502 200-470 300-425
Coefficient of thermal expansion gé&r 4.5x 10° 4.6x 10° 5x 10° 10x 10° 0.9x 10° 3.5x 10° 5.0x 10°
Coefficient of thermal conductivity, 1.7 1.7 1.5 — — — —
Btu in./hr fé °F
Specific heat 0.3-0.5 0.4 0.3-0.5 0.58 — — —
Brittleness tempgF -112 — -166 — — — —
Electrical
Dielectric strength, short time, v/mil 385 420 470 425 480 300-400 500-600
Dielectric constant
At 60 Hz 4.0 3.8 3.9 — 4.45 — 3.7
At 10 Hz 3.9 3.7 3.6 3.3 4.40 — 3.7
At 10 Hz 3.6 34 35 — 4.10 — 3.7
Power factor
At 60 Hz 0.014 0.010 0.04 0.03 0.009 — 0.02
At 16 Hz 0.02 0.016 0.04 0.03 0.011 — 0.02
At 10 Hz 0.04 0.020 0.03 0.02 0.018 — 0.02
Volume resistivityQ-cm 104-10% 3x 101 104410 2x 108 2.6x 10 2.5x 10 —
General
Water absorption, 24 hr, % 15 1.6 0.4 0.4 0.6 0.5-1.4 0.9
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TABLE 12.6.4 Properties of Reinforced Nylon Polymer (continued)

Direct
Glass-Reinforced MoS,-filled, Polymerized,
Property Type 6/6 Type 6 Type 6/10 Type 11 Type 6/6, 40% 2Y,% Castable
Specific gravity 1.13-1.15 1.13 1.07-1.09 1.04 1.52 1.14-1.18 1.15-1.17
Melting point,°F 482-500 420-435 405-430 367 480-490 495 430+ 10
Flammability Self- Self- Self- Self- Self- Self- Self-
extinguishing  extinguishing  extinguishing  extinguishing  extinguishing extinguishing extinguishing
Chemical resistance to

Strong acids Poor Poor Poor Poor Poor Poor Poor
Strong bases Good Good Good Fair Good Good Good
Hydrocarbons Excellent Excellent Excellent Good Excellent Excellent Excellent
Chlorinated hydrocarbons Good Good Good Fair Good Good Good
Aromatic alcohols Good Good Good Good Good Good Good
Aliphatic alcohols Good Good Good Fair Good Good Good

NotesMost nylon resins listed in this table are used for injection molding, and test values are determined from standard bigetd@pecimens. In these cases a single typical
value is listed. Exceptions are Mgafled nylon and direct-polymerized (castable) nylon, which are sold principally in semifinished stock shapes. Rangeslisfechiares
based on tests on various forms and sizes produced under varying processing conditions.
Because single values apply only to standard molded specimens, and properties vary in finished parts of different sizepramtléedrby various processes, these values
should be used for comparison and preliminary design considerations only. For final design purposes the manufacturercstsaliedofictest experience with the form

being considered. Listed values should not be used for specification purposes.

a Y, xY,in. bar.
b 2000 psi, 73F.
¢ 4000 psi, 122F.
4 0.040-in. thick.

From Carswell, D.D.Machine Design40(29), 62, Dec. 12. 1968. With permission.
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TABLE 12.6.5 Comparative Properties of Reinforced Plastics

Polyamide Polystyrene® Polycarbonate Styrene Acrylonitrile®  Polypropylene Acetal Linear Polyethylene
Property U R U R U R ] R U R U R U R
Tensile strength, 1000 psi 11.8 30.0 8.5 14.0 9.0 20.0 11.0 6.6 10.0 125 11.0
Impact strength, notched,
ft-Ib/in.
At 73F 0.9 3.8 0.3 25 29 4.0 0.45 3.0 1.3-21 24 60.0 3.0 — 4.5
At —40F 0.6 4.2 0.2 3.2 15 4.08 — 4.0 — 2.2 — 3.0 — 5.0
Tensile modulus, F0psi 4.0 — 4.0 12.1 3.2 17.0 5.2 15.0 2.0 4.5 4.0 8.1 1.2 9.0
Shear strength, 1000 psi 9.6 14.0 — 9.0 9.2 12.0 — 4.7 9.5 5.5
Flexural strength, 1000 psi 115 37.0 11.0 20.0 12.0 26.0 17.0 7.0 14.0 16.0 12.0
Compressive strength, 1000 psi 4.9 24.0 14.0 17.0 11.0 19 17.0 22.0 8.5 6.0 5.2 13.0 2.7-3.6 6.0
Deformation, 4000-psi load, % 25 0.4 1.6 0.6 0.3 0.1 — 0.3 — 6.0 — 1.0 e 04
Elongation, % 60.0 2.2 2.0 11 60-100 1.7 3.2 1.4 >200 3.6 9-15 15 35
Water absorption, in 24 hr, % 15 0.6 0.03 0.07 0.3 0.09 0.2 0.05 0.20 0.04
Hardness, Rockwell M79 E75-80 M70 E53 M70 E57 m83 E65 R101 M50 M94  M90 R60
Specific gravity 1.14 1.52 1.05 1.28 1.2 1.52 1.07 1.36 0.90 1.05 1.43 1.7 1.30
Heat distortion temperature, 150 502 190 220 280 300 200 225 155 280 212 335 260
at 264 psi’F
Coefficient of thermal 5.5 0.9 4.0 2.2 3.9 0.9 4.0 1.9 4.7 2.7 4.5 1.9 9.0 1.7
expansion, per k 10°
Dielectric strength, short time, 385 480 500 396 400 482 450 515 750 — 500 — — 600
v/mil
Volume resistivityQ-cm x 10> 450 2.6 10.0 36.0 20.0 14 ¥0 43.5 17.0 150 0.6 380 10 29.0
Dielectric constant, at 60 Hz 4.1 45 2.6 3.1 3.1 3.8 3.0 — — — 2.3 2.9
Power factor, at 60 Hz 0.0140 0.009 0.0030 0.0048 0.0009 0.0030 0.0085 0.005 — — — — 0.001
Approximate cost, ¢/if. 3.0 8.0 0.5 25 3.6 6.5 0.9 35 0.6 2.1 3.3 7.8 0.7 3.1

Note: U = reinforced; R = reinforced. Multiply tabular values in psi by 6895 to obtairf.N/m
2 Medium-flow, general-purpose grade.

b Heat-resistant grade.

¢ Impact values for polycarbonates are a function of thickness.

4 At 1% deformation.

¢ 1000-psi load.

From Lachowecki, W.Machine Design40(29), 34, Dec. 12, 1968. With permission.
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12-76 Section 12

Metal Matrix Composites

Introduction

The termmetal matrix compositas usually resesed for fibe-reinforced materials, although technically

it applies to particulate-reinforced systems al$® general term for particulate-, wkes-, and chopped-
fiber-reinforced systemssicermet A majority of commonly used systems are based upon particulate
reinforcements.

Cermets and Cemented Carbides — Particulate-Reinforced MMCs

The termcemented carbidis applied to particulate composites based upon tungsten carbide in a cobalt
matrix. This distinction is legely historical, not technicalhe tungsten carbide—cobalt-based materials
were first @veloped in Germay, while development of other cermets (including noncarbide-, oxide-,
and nitride-based systems) occurred in the United States during and immediatélyoatie/Nar 11.

Thus, a distinguishing nomenclatumas d@veloped both because “carbideas no longer completely
appropriate with oxide systenawailable and for geopolitical reasorighis nomenclature confusion
between the most common cermets, the cemented carbides, and other materials igg St
structure consists of a continuous metabyafunctioning as cement which holds together particles of
carbide, oxide, or nitride cerami€hese materials pvide strength, high hardness, wear (abrasion)
resistance,dw sliding friction, and precise toleranegen at quite high temperatures. Cermets and
cemented carbides dee their usefulness when the compresstrength, hardness, and thermal resis-
tance of the ceramic reinforcement is coupled with the dyctibughness, adhesion, and lubricity
provided by the metal. Common applications include metal and rock cutting and grinding tools, high-
temperature containers, and pouring spoutsketonozzles, turbine partiame nozzles, friction and
glide parts, seals, magnetron tube cathofli@sie nozzles, and ballpoint pen tips.

A cermet is usuallyfabricated by mixing the ceramic and metalvgers together with a binder
incorporatedThis often requires high-ergy mixing because of densityfféirences with tooling made
of the same cermet twoid contamination. Subsequentihe part is formed, commonly by unidirectional
or isostatic pressing, to final shape (accounting for shrinkage) with raregtstant die and with the
formed object then liquid phase sintered in a controlled-atmosphere furhaashemistry is often quite
compkx in order to control the structure and the ifgeral bond between metal and ceramic. Molyb-
denum promotes wetting of titanium carbide by molterkalicTantalum and titanium carbides are
usually added to tungsten carbide—cobalt cemented carbides. Some cermets are prepared by slip casting,
liquid metal infiltration, hot pressing, or solid-state sintering of parts. In some cases the material is
“deficient” in metal to povide porosity for the passage of ink (pen tips) or incorporation of lubricant.

As indicated in the introduction to this section, a good bond between ceramic grain and metal “cement”
is required for proper load transfer and tovite a homogeneous structure for good load bearing and
uniform deformationThis normally requires a good wetting between liquid metal and ceramic grains.
This is dfected by minor atlying additions to the metal and tfieng atmosphere.

The distrbution, stabiliy, and composition of phasesve profound #ects on propertiesThe pro-
duction d WC—-6"/, Co is a goodexample of the need for strict compositional contiigie tertiary-
phase diagram shvs that the composition range from 6.00 to 8'42must be adhered to in order to
prevent formation of phases other th&#/C and Co — a composition range of less than @/]2
Embrittlement by graphite occurs at higher carbon content and by eta(ph¥$€,,) at lower carbon
levels. Precise formulation and furnace atmosphere control is required, usually assisted by using a
graphite-lined furnaceAbout 0.1% outside the acceptable composition range there is a drop of about
25% from the optimum strength.

It is important to engineer the microstructure of cermets in order to optimize prapeeniesorm
dispersion of round oxide, carbide, or nitride grains in the matrix of metal binder is desired. Inhomo-
geneity and sharp grain corners can ada#sre origins. Round grains result frorawmer preparation
and/or partial dissolution of sharp contours in the molten mésathe amount of binder increases
(Figure 12.6.% the indentation hardness of the composite decreases, because metal, compared with
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FIGURE 12.66 Effect of increased binder on strength and hardnessTi®-&li-Mo cermet with a Jum average
carbide particle size.

ceramic, has aer elastic modulus and will deform more eadtracture strength increases with binder
because the metal phase confers fracture toughness. Gereratramic grain size decreases, hardness
and resistance to deformation increase feiked relaive amount of ceramic. dWwever, if the suface
area increases Siciently because of small grain size, there may not fiicint metal to wet all the
grain.

With these drersefactors a simplifiedvay of looking at microstructural features and adjusting them
for optimum performance is the mean free path,dr@age distance between neighboring ceramic
grains (theaverage thickness of the binder pha3é)e mean free path depends on the size and shape
of the grains and the amount of metal madviilable. Hardness, @lated-temperature hardness, strength,
and toughness depend on the mean free path because it is the zone for absorption ofrgyaakdcene
the medium for load transfer from grain-to-grdtigure 12.6.7shows that hardnesgaries with mean
free path for aariety of cobalt contents and tungsten carbide grain sizes in cemented.ddrbidere
does not continue bal 0.1 um because the metal binder becomes discontinuous.
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FIGURE 12.6.7 Effect of mean free path on hardness for a cemented carbide.
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TABLE 12.6.6 Particle-Reinforced Metals

A. Metals Strengthened by DispersedPowders

Strengthener Stress, kpsi
Matrix Onl y, No

Matrix Metals ~ Component % vol Reinforcement Composite Material
Pure iron AlLO, 4 2.2 1

Pure iron AlL,O,4 10 2.2 212

Pure copper AlLO, 10 2.> 200
Platinum Tho, 12.5 0.6 6.1°
Uranium AlL,O, 35 6d 144
Uranium AlLO, 7.5 64 20¢
Copper W (powder) 60 (E =18y (E = 34y

a  Stress for 100-hr rupture life, 630.

b Stress for 100-hr rupture life, 480.

¢ Stress for 100-hr rupture life, 1100

4 Stress for 1€ in./in./hr creep rate.

¢ Modulus of elasticit, E = stress/strain.

B. Stength Ratios at Hidh Temperatures

Dispersed Particles Strength by Test
Range d Test Strength Ratio,
% by Volume Temperatures, (Referred to Matrix at
Matrix Metal Material (Range) °F SameTemperature)
Aluminum Al,O, 10-15 400-800 2-4
Copper AlL,O, 3-10 800-1100 5-10
Iron AlL,O, 8-10 1100-1300 5-10
Nickel ThO, 3 1600-2100 Strength higher than that
of many super alloys
Platinum ThO, 12 2000-2400 8-11
Uranium Al,O, 4-7 900-1100 2-3

a  The tensile strength of the final product is two to four times the strength of the aluminum.

Table 12.6.6resents data for selected metal matrix systems with particulate reinforcement, including
strengthvalues at evated temperatures section ¢ Table 12.6.7provides stifnessvalues for cobalt
and nikel strengthened with sintered carbides.

Fiber-Reinforced MMCs

Fiber-reinforced MMCs may still be classed as an ging materials aread number of applications
have been practiced iden by the need for a lightweight, highfstess material and/or foreshted-
temperature resistance in structufidgese applications are typically for aerospace and simil@nadd
applications which can use a premium matefliak limited scope of current practical application and
the limitations placed on technology disclosure by the Export Aokttcand InternationaTlraffic-in-
Arms Regulations mke this section brief.

High-strength/high-elastic-moduldiers such as boron, silicon carbide, graphite, aluminum oxide,
and tungsten metal are typically incorporated in light metal matrices such as aluminum, magnesium,
and titanium The specific modulus (elastic modulusided by density) has beenasin to be wo to
four times that of high-strength structural met@lse specific strength may be substantially higher than
the metal These properties are maintained townaundreds of ejrees abve ambient, while those of
many advanced structural metals deteriorate both in immediate heating and long-term creep. Some
systems &ve been stwn to have considerabléatigue resistance, slving sveral times the stress for
equvalentcycle lifetimes These properties are important for structural shapes in which light weight
and ebvated-temperature resistance céord a premium. Some applicationash been struts and tubes
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TABLE 12.6.7 Fiber- and Particle-Reirforced Metals— Test Results on
Composite Metals

Strengthener Stress, kpsi

Matrix Only, No  Composite
Matrix Metals Components % Vol Reinforcement Material

Metals Stengthened by Fibers

Copper W fibers 60 20 2002
Silver Al,O; whiskers 35 1 &
Aluminum Glass fibers 50 (23%y (94%y
Aluminum Al,O, 35 25 161
Aluminum Steel 25 25 173
Nickel B 8 70 384
Iron Al,O, 36 40 23¢®
Titanium Mo 20 8! 96"

Metals Strengthened by Sinteed Carbides

Cobalt wC 90 (E = 30p (E = 85p
Nickel Tic 75 (E =31y (E = 55§

a Tensile strength with continuous fibers.

b Tensile strength at 38G; modulus of elasticity: Cu = 17, composite 42 (millions of psi).

¢ Percentage of tensile strength at room temperature retained when testetCat 300

4 Tensile strength, room temperature.

¢ Modulus of elasticit, E, measured in compression; hardness, 90 R-A; conipeess
strength, about 600,000 psi.

f Modulus of elasticit, E measured in compression; hardness about 85 R-A.

Compiled fromvarious sources.

for space structures,dyicle frames, turbine parts, propellers, and engine compofidmtgiber may be
incorporated unidirectionall as awoven 2D laminate or a 3D structuteabrication methods include
diffusion bonding, pultrusion (hot isostaticaging), hot rolling, molten metal fiitration, and casting.

Table 12.6.7gives metal matrix strengtheningalues for fiber reinforcements added violume
percentages from 8 to 60%.

Ceramic Matrix Composites
Richard L. Lehman and Daniel J. Strange

CMCs are ceramic matrix materials, either oxide, carbide, nitride, boride, or similar material, reinforced
with particulates, whigers, or continuous fibershe reinforcing phase may be afyamaterial but most
interest is directedotvard ceramic reinforcement medighe following sections address fibeand
whisker-reinforced ceramic composites, the materials whitdr the greatest potential for ameliorating

the brittleness of ceramics and favelopingexceptional mechanical and structural properties.

Ceramic Matrix Fiber Composites

Introduction. Ceramic matrix fiber composites (CMFCs) are the focus of substantial rebaamh

limited commercial application as of this writinthe research enthusiasm is stimulated by the potential

of high strength and toughness, mechanical and chemical dydtalitiness, and oxidation resistance,

all at ebvated temperatures in the range 1000 to0i@0The limited commercialization, which is
principally in military and aerospace applications, stems from the substantial costfabribated
materials, often in the range of thousands of dollars per kilogram. Fiber and matrix materials and
properties used in CMFCs are presentedable 12.6.8
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TABLE 12.6.8 Ceramic Matrix Composites: Fiber and Matrix Properties

Material E a R UTS e* g(Kc) T r
Nicalon 180-200 3140 75 2.5-3.0 14 (2.3) 1300 2.55
HM-carbon 345-414 -8-08 4 1.7-2.8 0.7 — 400, 3500 1.91
SCS-6 (SiC) 350-415 3.6 70 3.45 0.83 — 1300 3.3
FP-AI203 380 5.7 10 14 0.37 — 1316 3.9
Nextel 440 180 35 6 2.7 1.2 — 1426 3.1
Tyranno 193 3.1 5 2.76 15 — 1300 25
Ca-aluminosilicate 88-89 45-50 — 0.08-0.17 0.15 25 (2.2) 1350 2.8
Borosilicate glass 63-68 3.2-35 — 0.1 0.16 4.7, 40 600 2.2
Li aluminosilicate 74-88 0.9-15 — 0.17 0.21 10-40 1000-1200 2.1-2.4
Mg aluminosilicate 110 2.6 — 0.14 0.13 — 1200 2.6-2.8
Ba Mg aluminosilicate 106 2.7 — — — 40 1250 2.6
AS-1723 70-88 5.2 — — — 7-9, 40 700 —
7761 63 2.6 — — — — — —
9741 50 4.9 — — — — — —
7052 57 5.2 — — — — — —
Reaction-bonded $\, 110 3.6 — 0.084 0.08 — 1900 3.2
SiC 340-380 43 — 0.35-092 0.1 (1.5-4.2) 1500 3.2
Sio, 70-80 1.0 — — — 7-9 1150 —
ZrO, 195 4.2 — 0.216 0.11 (2.5) 1500 6.0
Mullite 145 5.7 — 0.185 — (2.2) — 2.8

Note E =Younds modulus (®a),a = codficient of thermakxpansion ¥10%/°C), R = fiber radius|{m), UTS = ultimate
tensile strength (Ba), e* = failure strain (%)g = surface emgy (J/n?), Kc = fracture toughness (R4 m?), T
= maximum-use temperatur®Q), r = density (g/crf).
Souce Karandika, P.G. and ChouT.-W., in Handbook on Continuous Fib&einfaced Ceramic Matrix Composites,
Lehman, R.L. et al., Eds., Purdue Rese&mindation, 1995West Lafayette, INWith permission.

Mechanical Behavio The primary goal of reinforcing a ceramic material with cerafifiers is to
increase the fracture toughness of otherwise brittle ceramic materials. In a monolithic ceflamnic, a

will propagate through the material under tension due to stress concentration at the crack tip. CMCs are
designed withg; /E,, > 1 so that the reinforcinfiber absorbs stresses which tend to open and gatgpa
cracks Thus, the stress at the crack tip is reduced. Fiber debonding at the crack front, sliding, crack
deflection, and other mechanisms also cbute to toughness. Often this is referred to as “rising R-
curve” behavior, indicating that the strength of the ceramic at a crack tip increases with increasing crack
length, stopping or sWing further crack gmth. The most significant feature of CMFCs is &xéengve

fiber pullout, which occurs durinfgilure The fiber pullout results fronolv interfacial shear strengths,

T, which is designed into the composite by modifying fiaigal properties and by usitiifpers with a

low Weibull modulus. Loading is characterized by an initial elagticon followed by progresse failure

of the matrixThe belavior is illustrated inFigure 12.6.8During this matrixXailure iegion, monotonically
increasing loads are supported by fheers. Ultimate}, the fibers bgin to fail according tobundle

theory and the remaining load support isvided by the frictional resistance fier pullout, a highly
significant éfect which absorbs tge amount of enigy and contiiutes a high strain-téailure perfa-

mance peviously unkrown in ceramicsThis “graceful” failure albws for a less catastrophfailure

than normally encountered in ceramics and is of greatfigignce in the design of such materials as
turbine blades where the consequences of catastrfgphice are evere.

Continuous and Chopped Fiber Compositéthe use of a continuous fiber reinforcement caveh
several adantage®ver the use of chopped fibelshere is a leyer strain to pullout due to the increased
fiber length, and the continuofibers do not &we stress-concentrating dils” as do thexposed ends
of chopped fibersAlso, the prearrangement of tfibers albws very careful control of the properties
in each direction, and the properties parallel tofither orientation will more closely mirror those of
the fibers themseés than of the matrix. dwvever, this type of composite is much mordfidult to
fabricate because of the problemsfiber wewving and forming, resistance to matriXiitration, and

© 1999 by CRC Press LLC



Materials 12-81

i

Ll

Ultimate Tensile/ _
Flexural Strength

/ ' T
Extensive TR,
Matrix ey
First Cracking ” l[ I m
Matrix *~

Cracking /£

i

Elastic Region
No permanent
Damage

TENSILE LOAD

Fiber pullout provides
catastrophic failure
protection

DISPLACEMENT
FIGURE 12.68 Load deflection bedvior of CMFCs illustrating egions of fracture bedvior.

resistance to densification, which necessitatpensve densification techniques, such as hot pressing,
chemicalvapor infiltration, polymepyrolysis, directed metal oxidation, or sol—gefilination.

Glass Matrix CMFCs. A broad class of CMFCs has beeeaveloped and commercialized based on
glassy matrix material§he incenitve for using a glassy matrix is the ease with which the matrix can
be densified atolv temperatures by vitreous sintering as opposed to the high-temperature solid-state
sintering required for crystalline matricdhe low-temperature processing, in addition to beingelr
cost, presees the high-strength properties of fitgers, which can easily begtaded at high tempe
atures. Unfortunatgl the useful temperature of a glass-based CMC is limitedet®,tbf the matrix,
or slightly alove, which prohibits traditional glass matrix CMCs from being usedthreme temperature
applications (abve approximately 100C). Newer glass and glass—ceramic compositions in the CaO-
Al,O;-SiO, system are pushing this limit to thegion of 1300C. Two commercial glass matrix
composites are Compglas™ and Blackglas™, both glass and glass/ceramic matrix materials reinforced
with SiC fibers.

Polycrystalline matrix CMCs acdhie higher temperature stability than the glass matrix composites,
allow a wider choice of matrix materials, and generablyehfewer problems with matrix redetty.
Typical crystalline matrix materials are the SiCNgj Al,O,, ZrO,, and mxked silicates. Unfortunatgl
it is extremely dfficult to sinter a CMC with a polycrystalline matrix to full density because of the
interference of the fiberdhis is particularly true with the nonoxide matrix materials. Pressureless
sintering is inffective for these materials, which necessitates the use of hot pressing oexotier
forming processes which raise material costs considerabl

Ceramic Matrix Whisker Composites (CMWCs)

Whisker reinforcement of ceramic matrices, while noesstic, can dramatically increase toughness
while preserving relately inexpensve forming techniquesigure 12.6.9llustrates the “rising R-cue”
behavior of alumina with the addition of SiC wikisrs, whileFigure 12.6.10shows the increase in
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fracture strength. The composites can generally be fully densified with hot pressing or hot isostatic
pressing (HIP). Unfortunately, the toughness values achieved to date with whisker reinforcement are
not as high as those for continuous-fiber reinforcement, although the lower cost of whisker composites
has stimulated industrial applications. Cutting tool inserts, which must withstand high stresses at elevated
temperatures (120Q), are fabricated commercially from SiC-whisker-reinforcegddAl(SiC/AlLO;).

These composite inserts have been a commercial product for a decade and are an excellent example of
cost-effective CMCs, i.e., high-value-added material applied to a small part exposed to extreme condi-
tions. Health concerns regarding highly durable ceramic whiskers produced from Si@l oh&ie

severely limited development and commercialization of these composites in the United States and

Europe.
9
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FIGURE 12.6.9 Fracture toughness and R-curve behavior of ceramic matrix whisker composites.

Carbon—-Carbon Composites

Introduction

Carbon-carbon composites were originally developed for rocket nose cones in the 1960s because of
their high specific strength, fracture toughness, thermal shock, and erosion resistance. Today, carbon—car-
bon composites are used in a broader range of applications, including brake components, fasteners,
heaters, crucibles, and other assorted high-strength/high-temperature products.

High-Temperature Oxidation

Perhaps the greatest obstacle to the use of carbon—carbon composites as an engineering material, aside
from high cost, is low oxidation resistance above’®0@Ithough carbon—carbon maintains its mechan-

ical properties to very high temperatures (>2@)0Q it must be protected from oxidizing atmospheres

at these temperatures or it will quickly degrade. Generally this is accomplished with SiC coatings with
varying degrees of success. For most high-temperature oxidizing applications, carbon—carbon composite
components are simply replaced when erosion reaches specified limits.
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FIGURE 12.6.10 Strength betvior of SiC whiske-reinforced alumina matrix ceramic composite.

Fabrication

Most carbon—carbon composites fabricated by polymepyrolysis, the process of soaking carlfidoer
yarns in a solution of a suitable polymthen winding or laminating thigbers into the desired shape.
Coal tar-based pitches, phenolics, and polyimides are also used as precursors.

The resulting green composite is then pressed, cured, and heated to 80@°® ih2@n inert
atmosphere, carbonizing the precur&ome structures are heated to@8&0to graphitize the matrix.
The matrix after carbonization will contain a high pongdigpically 30% This porosity is reduced by
infiltrating the matrix with the precursogain and repeating the carbonizatitytle. The densification
cycle is repeated until the desired density is reached.

Carbon—carbon composites can be formed in random, unidirectional, 2D, 2.5D, anda&i3.we
Unidirectional wewves povide the highest strength along fiteer axisbut much bwer strength in other
directions. Unidirectional waves are generally only used in laboratomestigations, as dy have little
technicalvalue. 2D weves abrics) are byar the most common due to the refatease of marfiacture
and good mechanical properties in the plane ofidbeic. 2.5D and 3D vawes albw the wewving of
very compéx structures with good properties inyadesired direction, yet the aeng costs can be
prohibitve and unnecessary for most industrial applications.

Mechanical Properties

Properties of some carbon—carbon composite materialsivae g Table 12.6.9The properties can
vary consideralyl however, depending upofactors such as the ae, bw diamete, precursg pressing
pressure, heat-treatment temperature, and number ofidatisn cycles.

Under cyclical loading, carbon—carbon withstands 70 to 80% of its ultimate tensile strength. Ca
bon-carbon composites alsevh lage strains tdfailure, exhibiting pseudoplastic betior. This is
unusual for a high-temperature ceramic material and is one of its prime attrattierresponsibility
for this belavior lies with the éw fiber—matrix intefacial bond strength and matrix microcracking.
Unlike most high-temperature materials, the mechanical properties of carbon—carbon aipaus at
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TABLE 12.6.9 Properties of Selected Carbon—Carbon Composites

Structural Grade? Fastener Gradé

Warp Fill Across Warp Fill Across
Property Units Direction Direction Ply Direction Direction Ply
Tensile strength MPa 112 115 N/A 139 128 N/A
Tensile modulus Gpa 89.6 91 N/A 71 717 N/A
Tensile strain to fail % 0.126 0.126 N/A 0.271 0.242 N/A
Compressive strength MPa 57 67 122 (min) 68 60 122 (min)
Flexural strength MPa 86.2 N/A N/A 106 106 N/A
Interlaminar shear MPa 3.92 N/A N/A 8.62 N/A N/A
Thermal conductivity JmsteCt 5.82 4.22 1.44 6.73 10.1 3.43
Coefficient of thermal  107°C-* at 37EC -0.94 -0.94 234 -1.2 -1.0 20.4
expansion
Density glcc 1.52 1.7
Izod impact value Jcrh 3.52 5.95
Hardness (Shore) “D” 69.8 79.8
method
Porosity % <20 <8.5
Resistivity, in plane, Q-cm 24x 10* 21x 10*
room-temperature
Resistivity, in plane, Q-cm 24x 10* —

175C0C

2 Fiber materials €16 PC — 2x 2 twill, 1780 denier continuous PAN fibers.
b Fiber materials €40 PS — 8 harness satin, 600 denier, staple PAN fibers.
Source:Fiber Materials Incorporated, Biddeford, Maine.

high temperatures. In fact, in inert atmospheres the strength of carbon—carbon composites increases by
40 to 50% up to a temperature of 1800

Thermal conduction, electrical conduction, and thermal expansion are all much greater along the
direction of the weave than perpendicular to it. Interestingly, thermal expansion is negative in 2D weaves
perpendicular to the fibers. It is therefore possible to use the fiber architecture to achieve near zero
thermal expansion in some directions.
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12.7 Ceramics and Glass

Richard L. Lehman, Daniel J. Strange, and William F. Fischer, 111

Traditional Ceramics

Traditional ceramics encompassnyanaterials, not simply pottgrdinneware, tile, and sanitaware,

but also technical whitvares, structural clay products, refractories, glazes, and endrelproduct
and processing technology of these materials haanadd substantially in recent years which has
improved products, reduced costs, amgbanded application. Refeo Table 12.7.1for properties of
selected ceramics in this group.

TABLE 12.7.1 (Part I) Physical Properties of Selected Ceramics

Cordierite Alumina, Alumina Magnesium
Material Porcelain Refractory Silicate Refractories Silicate
Specific gavity 2.2-2.4 1.6-2.1 2.2-2.4 2.3-2.8
Codficient of linear thermal 5.0-65 x 10° 2.5-30 x 10° 5.0-70 x 10® 115 x 10
expansion, ppmiC, 20-700
Safe operating temperatur&; ~400 1,250 1,300-1,700 1,200
Thermal condudvity 0.004-0.005 0.003-0.004 0.004-0.005 0.003-0.005
(cal/cnt/cm/seciC)
Tensile strength (psi) 1,500-2,500 1,000-3,500 700-3,000 2,500
Compresie strength (psi) 25,000-50,000 20,000-45,000 13,000-60,000 20,000-30,000
Flexural strength (psi) 3,500-6,000 1,500-7,000 1,500-6,000 7,000-9,000
Impact strength (ft-Ib¥/," rod) 0.2-0.3 0.2-0.25 0.17-0.25 0.2-0.3
Modulus of elasticity (psi) 7-10x 10° 2-5x 10 2-5x 10¢ 4-5 x 10F
Thermal shock resistance Moderate Excellent Excellent Good
Dielectric strength, 40-100 40-100 40-100 80-100
(V/mil; 0.25" specimen)
Resisivity (Q/cn?, 22°C) 1010 1010 1010 1010
Power factor at 19Hz 0.010-0.020 0.004-0.010 0.002-0.010 0.008-0.010
Dielectric constant 6.0-7.0 45-5.5 4.5-6.5 5.0-6.0
Whitewares

Whitewares are principally comprised of traditional ceramic bodies that are white, orepmor light

gray in appearance. Most whitare materials are formulated from yldlint, and feldspar (triaxial
compositions) although other addés may be incorporatedihe engineering properties of wiitares

are strongly Hected by porosjt a characteristic that reduces frost resistance and cleanbility

essential for certain aesthetiifeets.

Vitreous. Vitreous whieware bodies are translucent aratdno open porosit while eartheware and
wall tile, for example, lave substantial porositand serivitreous bodies bridge thgap in both porosity
and translucesy. The firing temperature isrgely responsible for the fiierences in properties of the
bodies by #ecting the dgree of vitrification The general cafjories of products within the wieware
group are tyen n Table 12.7.2

Earthenwae. Earthemvare materials are defined as awitieous clay-based cerami@are of medium
porosity (4 to 20%)They can be glazed or unglazed in thimished form There are four primary
subclasses of eartheare, natural chg fine, serivitreous, and talc earthemre. Natural clay earthesare

is deived from a single, unbeneficiatedglavhereas fine earthemare possesses beneficiated clays, as
well as nonplastic materials, to comprise a triaxialyp@&kenivitreous earthemare is also a triaxial

body, but it is fired to a higher temperature to form a more glassy phase, thereby creating a body with
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TABLE 12.7.1 (Part Il) Physical Properties of Selected Ceramics

High-Voltage Alumina Zirconia Titania/Titanate
Material Porcelain Porcelain Steatite Forsterite Porcelain
Specific gravity 2.3-2.5 3.1-3.9 2.5-2.7 2.7-2.9 3.5-3.8
Coefficient of linear thermal 5.0-6.8x 1¢° 5.5-8.1x 10° 8.6-10.5x 1¢¢ 11 x 10 3.5-5.5x 1¢¢
expansion, ppmMiC, 20-700
Safe operating temperatuf& 1,000 1,350-1,500 1,000-1,100 1,000-1,100 1,000-1,200
Thermal conductivity 0.002-0.005 0.007-0.05 0.005-0.006 0.005-0.010 0.010-0.015
(cal/lcn¥/cm/seciC)
Tensile strength (psi) 3,000-8,000 8,000-30,000 8,000-10,000 8,000-10,000 10,000-15,000
Compressive strength (psi) 25,000-50,000 80,000-25,000 65,000-130,000 60,000-100,000 80,000-150,000
Flexural strength (psi) 9,000-15,000 20,000-45,000 16,000-24,000 18,000-20,000 20,000-35,000
Impact strength (ft-Ib¥/,” rod)  0.2-0.3 0.5-0.7 0.3-0.4 0.3-0.4 0.4-0.5
Modulus of elasticity (psi) 7-14 10 15-52x 10 13-15x 10¢° 13-15x 1¢° 20-30% 10°
Thermal shock resistance Moderate—good Good Moderate Poor Good
Dielectric strength, (V/mil; 250-400 250-400 200-350 200-300 250-350
0.25' specimen)
Resistivity Q/cn?, 22°C) 10>-104 101410 10t-10' 10t-10% 10110
Power factor at 10Hz 0.006-0.010 0.001-0.002 0.008-0.035 0.0003 0.0006-0.0020
Dielectric constant 6.0-7.0 8-9 5.5-7.5 6.2 8.0-9.0

4,000-10,000
40,000-120,000
10,000-22,000

0.0002-0.050
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TABLE 12.7.2 Whiteware Materials

Percent Water

Class and Subclass Absorption Example Product Type
Earthenware
Natural clay >15 Artware and tableware
Fine earthenware 10-15 Tableware, kitchenware, and artware
Semivitreous 4-9 Tableware and artware
Earthenware
Talc earthenware 10-20 Ovenware and artware
Stoneware
Natural stoneware <5 Kitchware, artware, and drainage pipes
Fine stoneware <5 Cookware, tableware and artware
Jasper stoneware <1 Artware
Basalt stoneware <1 Artware
Technical vitreous stoneware <0.2 Chemicalware
China
Vitreous china 0.1-0.3 Sanitaryware
Hotel china 0.1-0.3 Tableware
Cookware 1-5 Ovenware and stoveware
Technical china <0.5 Chemicalware and ball mill jars and media
Fine china <0.5 Tableware and artware
Porcelains
Technical porcelains <0.2 Chemicalware
Triaxial electrical porcelains <0.2 Low-frequency insulators
High-strength electrical porcelains <0.2 Low-frequency insulators
Dental porcelains <0.1 Dental fixtures

the lowest porosity of the earthenware group, usually between 4 and 9%. The final earthenware body is
talc earthenware, produced principally from raw talc, with porosity ranging up to 20%. Earthenware
bodies range in color from white for the talc and triaxial bodies, to tan and brown for many artware
bodies, to a rusty red for terra-cotta.

Stoneware. Stoneware bodies can be either vitreous or semivitreous. They are primarily composed of
nonrefractory fireclays or a combination of triaxial materials that matches the forming, firing, and finished
properties of a natural stoneware body, bodies made from a single, naturally occurring, largely unben-
eficiated clay-bearing material. Fine stonewares incorporate beneficiated clays, as well as nonplastics.
Jasper stonewares are composed primarily from barium-containing compounds, while basalt stonewares
contain large amounts of iron oxide.

Vitreous stoneware bodies are made from blends of a variety of beneficiated materials that are fired
to higher temperatures to achieve low porosity levels (0 to 5%) necessary for many applications.
Stoneware bodies are usually quite durable and resistant to chipping. However, translucency is less than
that of china and the colors are not as white because of the presence of iron and other impurities.

China and Porcelain. China and porcelain are nearly synonymous terms which refer to fully vitreous
(no porosity) clay, flint, feldspar compositions which are typically glazed, fired to high temperatures,
and exhibit strength, hardness, and chemical durability. Thectgimais used to describe exceptionally

fine materials prepared from low-impurity raw materials and used in artware and dinnerware. In modern
times there has been a trend toward highly vitreous and highly translucent china compositions. Porcelain
is used to describe mostly technical ceramics of the triaxial composition which are used as electrical
insulators, sanitaryware, and chemical ware.

Subclassifications of china exist, such as vitreous china, hotel china, cookware, technical ceramics,
fine chinas, and porcelains. Body formulations are usually based on the triaxial body, clays, flint/silica
and fluxing agents, most usually feldspathic materials. However, there are a large number of bodies that
are composed of a large fraction of other materials. Inclusive of these are alumina, bone ash, cordierite,
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other flkes, and/or lithium compoundégitreous china is a cagory of traditional ceramics referring to
thevarious sanitanyare plumbing fixtures and accompaniments. Hotel chinas, as the name implies, are
generally used in commercial food establishments. Both bodies are glazed in dirsimgtgperation

in which both the body and glaze mature at the same time.

Technical whiéwares account for a wideariety of vitreous ceramics used in the chemical, dental,
refractol, mechanical, electrical, and structural ar@de compositions of most of these materials are
similar to that used in the hotel chinas, with the possible substitution of alumina and zircon for some
or all of the silicaThese materials can be either glazed or unglazednaiir absorption less than 0.5%.

Fine china bodies, including bone china, are highlyfigtgliand translucent materials that are usually
fired in o or more separate operatiofi$ie first, highetemperature firing matures the body and a
second, dwer-temperature firing matures thewly applied glazeThe separate firing conditions @il
for the use of high-gloss glazes. Subseqtiengs are used to apply decals and metallic decorations.

Porcelain ceramics are mostly used in technical applicafibedypical body is triaxiallable 12.7.%,
although some or all of the silica can be replaced with alumina to increase the mechanical properties.
Aside from triaxial porcelains, compositions in the Mg8l,O, - SiO, composition range are popular
for electronic applications due to the absence of mobile alkali ions.

Refractories

Introduction. Refractory ceramic materials are by nature inert, high-melting-point compounds that are
resistant to corrosion throughout the temperature range of use. Refractories must also withstand thermal
cycling, thermal shock, mechanidatigue, and a range of chemical attack from theagd-temperature
environments typical of most applications. Refractory materials are used in the processing of metals
(75% of all refractories), glass, cement, and in the processing of nearly all ceramics.

Temperatue Tolerance. A quality refractory must be stable at the intended use temperature. Refracto-
riness is a measure of the highest use temperature the material can withstand and is limited by the
softening or melting point of the constituent oxides. Most refractories are a mixture of phases, and, as
such, do not display a distinct melting poinit have a range of temperatures where the material starts

to soften or melt. Most frequemtla refractory is cagjorized by an upper use temperatbiceg, sometimes

the refractoriness is quaiiéid by the PCE goyrometric cone edualent The PCE is a measure of the

heat content that the refractory can withstand befeginbing to soften, which is determined by the
slumping ofpyrometric cones during thermaycle testing This value may correspond tofféirent
temperatures underftérent ewvironments or atmospheres and is thus a good indicator of maximum-
use conditions. Refractory suppliers cawvte PCEs for specific productd&nother measure of a
refractory quality is thdailure under load temperatur€he temperature where a refractory sags or
deforms is part of all refractory sp&cations and is related to the amount and composition of the glassy
phase within the material.

Dimensional Stability and SpallingDimensional stability and resistance to spalling are important pe
formance criteria for most refractories. Spalling is the crackiriigiking of the refractory which usually
results from thermatycling, thermal gradients within the refragtoor compressionfiects due to
differing thermalexpansion of the dlierent system materials. Spalling reduces ttiecéveness and
lifetime of the refractor. The dimensional stability of the refractory is also important. Since the refractory
is subjected to both heating and cooloygles, as well as thermal gradients in use,edpansion of

the material isrery important when choosing a refragtdrarge changes in the size of a refractory set
up stresses that can reduce tffeaiiveness of the refractory and may result irfaiture.

Porosity. Refractory porosity is closely controlled in méaacturing since it leads to a reduction in the
mechanical strength of the material andvadl for the penetration and chemical attack of liquids or
gases to the internal $ace of the refractygr However, on the positve side, the presence of internal

pores reduces the thermal condiitt of the material and increases fracture toughr€ss
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Fireclay Refractories.Fireclay refractories are composed lgfdrated aluminosilicates with silica

content of up to 75% or more with alumina and other minor contents of less than 40%, although
alumina-fortified fireclay refractories are made with considerably higher alumina contents. Properties
vary greatlyover this wide range of compositions — gensgtathe higher the alumina content, the

higher the performance. Fireclay refractories based on kaaleahigh refractoriness and high load
resistance. Resistance to chemical attack and thermal civiijudéecrease with increasing porgsit

whereas spalling resistance increases. Increased alumina content raises the resistance of the material
to attack in molten mironments. Fireclay refractories are the most widely used refractoryirahd
application in may industries.

Alumina Refractories.High-alumina refractories contain 80 to 99% or more aluminum oAislevith

fireclay materials, the higher the alumina content, the higher the refractoriness and the higher the load-
bearing capagit The chemical resistance of alumina refractories is greater than that fifetiay
refractories Alumina brick is used to replad&reclay brick in more evere applications in the steel
industy. Alumina bricks with phosphate bonding are used in the production of aluminum because of
their refractoriness and the resistance of the phosphate bonding to chemical attack by the molten
aluminum. Mullite (3A}O; - 2SiQ) refractories are similar to alumuna refractories in performante,

are cheaper and more resistant to thermal shock akplease of some temperature capapilit

Silica. Silica brick refractories, used in the glassmaking ingusénge in composition from almost
pure silica to mixtures containing lime, iron oxide, and alumina, depending oegtiee df beneficiation
of the ew materials These refractories stv a high égree ofvolume stability bedw 650°C (1200F)
and a dwer degree of spalling than the fireclay bricksigely because of thew thermalexpansion of
the silica.

Basic Refractories.Basic refractories are constituted from magnesite (MgO), calcia (CaO), and chrome
(Cr,0,) and are used widely in metatyical industries where basic slags predomin@key are not

suitable in acid, or high-silicapgronments. Refractories in this group, such as pure magnesite, dolomite
(Ca0-MgO0O), and chrome magnesite materiaggethigh refractorinessolume stabiliy, and arevery

resistant to chemical attack. Magnesite refractorage hetween 80 and 95% MgO contentgeel at

which the refractoriness and resistance to chemical attazkésnely high. Chromite refractories also

have excellent chemical resistance in basiwieonments, with moderate resistance in acidicren-

ments The chrome content in these refractories ranges between 30 and 45%. Chrome—magnesite
refractories are composed afer 60% MgO. Compositions and properties of selected basic and high-
duty refractories areigen n Table 12.7.3

Glazes and Enamels

A glaze is a continuous glassy layer that is bonded to tliaceuof a ceramicThe glaze is typically
hard, impervious to moisture, and easily clea#edenamel is similar in properties to a glaket the
substrate is metallicThe suface finish of either can be altered from glossy to matteabying the
composition or the firing condition8 glaze is usually composed of an aqueous suspension of ceramic
particles that is applied to the fare of a material, dried, afided. During firing, the materials within

the glaze react and melt, forming a thin glassy layer on tHaceuof the ceramic material. Some
materials are prefired and then the glaze is applieésds becoming more common, the glaze can be
fired along with the bad The maturing temperature of most glazes is on the order of 500 CL50

or 930 to 273€F. Glazes can be either ciegansparent, or opaque. Some glazes are formulated to form
crystals within the glaze for\ariety of optical ects, such as opalescence.

There are three main types of glazes u3ée first of these are thew glazes. Rw glazes can be
further brcken cwn into leaded, leadless, zinc-containing, slip, and porcelain glazes. Lead promotes
the processing of the glaze viavl viscosity and sdiace tension and imparts a high refraetindx to
the finished glaze. &lvever, due to the health hazards associated with free lead, there has been a
movement éward lead-free glazes in certain applications. Lead-free glazes require an increase in the
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TABLE 12.7.3 Compositions and Properties of Selected Basic and High-Duty Refractories

Maximum Use Temperature in O, Thermal Conductivity
Refractory Composition (°C) (°F) 100°C/212F 500°C/93C°F 100°C/183CF
Basic Refractories
Silica 93-96% SiQ 1700 3090 0.8-1.0 1.2-14 15-1.7
Fireclay 55-80% SiO 1300-1450 1370-2640 0.8-0.9 0.9-1.1 2.4-2.6
and 15-45%
AlL,O,
Magnesite  80-95% MgO 1800 3270 3.8-9.7 2.7-4.7 2.2-2.6
Fe,0; AlLO,
Chromite  30-45% QD,, 1700 3090 13 15 17

14-19% MgO,
10-17% Fe0,,
15-33% AJO,
Chromite— 60+% FeO, 1800 3270 1.9-35 1.2-2.3 1.6
magnesite AlLO,
High-Duty Refractory

Alumina  100% AJO, 1950 3540 26 9.4 5.3

Magnesia ~ 100% MgO 2400 4350 31 12 6

Silica 100% SiQ 1200 2190 0.8 1.4 1.8

Mullite 72% ALO,, 1850 3360 5.3 3.8 3.4
28% SiQ

firing temperature of approximately %0 from 1030 to around 1190. Porcelain glazes mature at
temperatures in the same regime as the underlying body from which they get their name. Zinc-containing
glazes are similar to porcelain glazes except that they mature at lower temperatures. Slip glazes are used
in artware glazing and high-tension electrical insulators. Fritted glazes are in the form of prereacted
glass which has been ground to form a powder. Special glazes offer special optical properties in the
finished surface. Salt glazes are formed by injecting salts into the firing kiln, with the resulting glaze
having a complex pattern of crystalline and glassy phases. Crystalline glazes are often zinc based and
produce crystals within the glaze, again for artistic value. Luster glazes form a metallic coating on the
glaze.

Structural Clay Products

Ceramic materials are used in a wide variety of applications in the construction industry, ranging from
concrete and cement for buildings and highways, to structural clay materials for use in piping and roofing.
For a discussion of concrete materials refer to Section 12.5.

Structural clay products have been used for millennia. Original uses included tile and clay brick for
building construction, as well as pipes in water supply and sewer applications. These materials are still
used today because of their high compressive strength and imperviousness to water. Structural ceramics
are coarse-grained materials with the one exception of ceramic tile. Typical raw material compositions
for these bodies are 35 to 55% clay, 25 to 45% filler, usually silica, and 25 to 55% fluxing material.
Colors range from white for the kaolinitic clay products, to a buff for the fireclay materials, to red for
the illitic materials. Properties vary widely between the different materials. Most concern is placed on
the water absorption, which relates to freeze/thaw durability and compressive strength.

Advanced Ceramics

Classes of Advanced Ceramics

Advanced ceramic materials are materials which have been engineered to possess exceptional levels of
mechanical, optical, thermal, or other property. Most often the materials possess high strength, high
stiffness, or are chemically inert. Typical materials contain oxides, nitrides, or carbides which may be
monolithic structures or reinforced with various particulate and/or fibrous materials. Refer to Section
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12.6 for a detailed discussion of composité® reinforcement phase usyaliut not necessayjl differs
from the matrix material. Phases used in designing engineered ceramics are Tiateld iL.2.7.4with
specific property characteristics as indicatet/anced ceramic materials are currently much raared
and less standardized than metals, and materials frifenetit mantacturers, oeven from diferent
production lots, will lave varied properties.

TABLE 12.74 Selected Poperties of Crystalline Phases Used in Engineered Ceramics

Melting Thermal Dielectric

Temperature Expansion Constant
Crystalline Phases Formula © o (ppm/°C) K
Magnesia MgO 2852 14 55
Magnesia spinel MgO - Al,O; 2135 8 8.0
Alumina AlLO, 2072 9 10.0
Mullite 3Al,0; - 2SiQ 1920 55 45
Silica Sio, 1723 — 3.8
Protoenstatite MgO - SiQ 1557 8.0 6.0
Forsterite 2MgO - SiQ 1910 12.0 6.0
Cordierite 2MgO - 2Al0;, - 5SiQ 1450 2.0 5.0
Carbon C 3652 4.4 —
Silicon carbide SiC 2700 4.4 —
Silicon nitride Si;N, 1900 — —
Zirconium oxide Zro, 5000 — —
Zircon ZrQ, - Si0, 2550 4.5 6.5
Wollastonite CaO - SiQ 1540 5.5 6.0
Titania TiO, 1830 — 90
Calcium titanate CaO- TiO, 1975 — 180
Strontium titanate  SrO - TiO, — — 360
Magnesium titanate MgO - TiO, — — 14
Barium titanate BaO - TiO, — — 2000
Magnesium ferrite  MgO - FeO, — — —
Zinc ferrite ZnO - FgO, — — —

Structural Ceramics

Requred Roperties. Structural applicationgwolve the use of ceramic materials in load-bearing situ-
ations. Material properties required for these conditions include strevgtla wide temperature range,
often as high as 1400, stifness, creep resistance, resistance to corrosion and oxidation, ang, ideall
damage tolerance or toughnetke major dificulty in the use of ceramics for structural applications
is their bw fracture toughness compared with metalssMéwsey, ceramicsexcel at high-temperature
betavior, have low density/weight ratios, high ffiiess, and chemical inertness the presentdvel of
technolog, there is a tradefbbetween high strength and high toughn&eget a high-strength material
usually requires a fine-grain-sized ceramic, while a tough ceramic material often tgageelarains

or reinforcement phases that are usually quigela

Applications. Existing and potential applications include autar&tbiomedical, pwer generation,
heatexchangers, wear materials, aerospace and military applications, cutting toolgriang other
technologies Table 12.7.5provides the mechanical properties of selectedaaded ceramicsThe
propertyvalues listed are guidelinesact properties are fiicult to specify since thexact properties
depend legely on processing. Material selection @vgrned by the mvironmental conditions of each
application.

Electronic and Magnetic Ceramics

Electronic and magnetic ceramic materiagehavariety of useful function®\lumina, alumina titanate,
and aluminum nitride are used as substrate materials, zirconia is used in oxygen sensors, lead zirconate
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TABLE 12.7.5 Mechanical Properties of Selected Advanced Ceramic Materials

Elastic Fracture Fracture
Density  Modulus  Strength  ToughnessKc Hardness

Material Composition (g/cc) (GPa) (MPa) (MPa - n9) (Vickers)
Alumina Al,O, 3.9 380 Up to 400 4-9 2000
Beryllia BeO 2.8-2.9 340 125 5 1100-1400
Chromic oxide CjO, 4.2-4.4 — — 4-9 —
Magnesia MgO 3.5 300 — 3-5 500-600
Spinel MgALO, 3.2 260 50-100 2-5 1200-1500
Zircon ZrQ, Sio, 4.25 160 50-100 2-4 —
Zirconia ZrQ, stabilized with CaO 55 200 500 Up to 13 1200-1500
Zirconia ZrQ, stabilized with MgO 55 200 500 Up to 13 1200-1500
Zirconia ZrQ, stabilized with Y0, 5.6 200 500-600 Up to 13 1200-1500
Zirconia (tetragonal) ZrQ 6.0 200 750 Upto 13 —
Zirconia (monoclinic) ZrQ 55 200 450 Up to 10 —
Reaction-bonded silicon nitride (RBSN) ;S 1.9-2.8 150-250 300-400 Up to 12 750
Silicon nitride (hot pressed) Bl 3.1-3.2 310 400-700 5-9 1600-2800
Silicon carbide (sintered) SiC 3.0-3.2 400 400-500 6-9 2400-2800
Silicon carbide (hot pressed) SiC 3.0-3.2 440 550-650 7-9 2500
Silicon carbide (RBSC) SiC 3.0-3.15  350-400 300-400 4-8 2000
Boron carbide BC 2.3-25 450 400-600 — 2800-3200
Boron nitride BN 2.0-2.1 20-160 — — Soft anisotropic
Graphite C 1.9 3-15 <50 — Soft
Tungsten carbide wcC 15 600 450-750 Up t6 20 1300-1600
Titanium nitride TiN 4.9 — — — —
Titanium carbide TiC 4.9 — — — 2800-3700

a  Anisotropic.
b With Co additions.
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titanate (PZT) and lead magnesium niobate are common actuator and transducer materials, and barium
titanate and related materials are used in capacitors. Ceramic materials are used not only in military and
aerospace applicationbut also in consumer electronics, computers, autivmand transportation
systems, andagwer generation systems. Electronic/magnetic ceramics are useful as a resaltietya

of properties. RefertTable 12.7.1for dielectric property data of selected compositions.

Optical Ceramics

Zirconia and transparent alumina, or sapphire, are often used as high-temperatases wdod to their

high melting points, chemical inertness, and high transparéhey are also used agatch crystals,

due to their high scratch resistance. Mirrors made from silicon carbide arecbelimgted because of

the higher strength-to-weight ratio compared with glass materials and tlieehglitv coeficient of
thermalexpansion of SiC. Laser crystals are a group of materials which are often based on doped crystals
— yttrium aluminumgarnet YAG) is representate, Infrared (IR) transparent wiogs and shields are

used principally in military and aerospace applications to protect IR sensors from damage. Missile nose
cones, or randomes, must possess high mechanical strength and be resistant to mechanical erosion and
thermal shockTypical materials include aluminum oxynitride, spinel, zindidal calcium fluoride,

yttria, and sapphire. Refep Table 12.7.6or IR absorption ranges of important ceramic materials.

Effect of Finishing and Machining on Properties

Final finishing of may advanced ceramics is required to obtain the optimum mechanical properties or

to meet design tolerances. Since sharp corners act as stress concentrators and are not associated with
good design, tty are usually machined to everal-millimeter radius if thy occur in the as-mafactured

product. Other operations include f&we grinding, polishing, or lapping operations. Ceramicyveme

hard materials, which rkas final matching machinirextremely time-consuming arepensve. Bvery

effort should be made tiabricate components to close to net shape tolerances, or to machine the piece

as much as possible prior final firing.

Traditional Glasses

Definition and Introduction

Traditionally, glass is defined as an mganic product of fusion which has cooled to a rigid state without
crystallizing This broad definition says nothing about the chemistry of the iylésather refers to the
traditional concept of cooling liquid melts bel the melting point to form substances which are rigid
elastic mechanical solidut which rave not crystallizedThe historical model for this process is the
melting of soda—lime silicate glass by fusing the materials at high temperature and cooling quickly
to form the well-kimwn window and container glass still in wide use tadathough this definition is
still generallyvalid, processesxist today in which glass is made without fusion. Chemical d&ydigal
vapor deposition, and sol-gel processesamples. May organic and metallic materials form glasses
and are in commercial use tggahus rendering the “imganic” part of the historical di@ition inap-
propriate.

A more applicable definition of glass is an X-rajfrdiction amorphous material whigkxhibits a
glass transitionA glass transition is the temperature point at which the amorphousesblilits a
continuous change in thermodynamic quantities such as heat capa@kpansion cofficient. Because
the structure of the glass is frozen before it reaches equilibrium, a glass is metastable with respect to
its corresponding crystalline phase. Walihe crystalline phase, the glass careta range of lyysical
properties depending upon the rate of cooling (thermal history) and these propertieersaliyn
isotropic.

Although glass can be made from an enormous range of polymers, oxides, metalsigamiciand
organic salts, the principle glasses of interest to a mechanical engineer will be glasses withwaitte net
formers such as SiOB,0,, P,O.. These oxides, among others, aremmn as glass former3hey are
capable of forming the three-dimensionalwmk essential to thexistence of the glassy state. Other
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TABLE 12.7.6 IR Transmission Limits for Selected Materials

Cadmium Telluride (CdTe)

Silver Chloride (AgCl) &

Sodium Chloride (NaCl)

Zinc Selenide (ZnSe)

Cadmium Sulfide (CdS)

Sodium Fluoride (NaF)

Zinc Sulfide (ZnS)

Arsenic Trisulfide Glass (As283)
Calcium Fluoride (polycrystalline CaF2)
Magnesium Fluoride (single crystal MgF)
Magnesium Oxide (polycrystalline MgO)
Yitrium Oxide (Y203)

Magnesium Fluoride (polycrystalline MgF2)

Lithium Fluoride (LiF) [
Sapphire (A1203) [
Alumina (A1203) &

Strontium Titanate (SrTi03)

Titania (TiO2)

Calcium Aluminate Glass (CaA1204)
Lithium Metaniobate (LiNbO3)
Calcite (CaCO3)

Fused Quartz (Si02)

Fused Silica (Si02)

5.0 10.0 15.0 20.0 25.0 30.0 35.0

Infrared Transmission Limit
[maximum wavelength in microns for >10% transmission, 2 mm thickness]
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oxides, such as alkalis, alkaline earths, waribus transition elements simply geto modify the basic
netwvork to producevarying properties.

The most common glass in use today isvity old soda—lime—silicate glass composition based on
the weight composition: 74% SjO16% NagO, and 10% CaO. In this composition the silica is the
network forme, the sodium breaks up the silicatewmtk to permit melting anthbrication at reasonable
temperatures, and the calciayides ionic bonding within the ngork to piovide chemical durabilt
This composition is used togawith minor variations, for early all containewindow, and tabdware
glass articles.

Composition/Properties

Traditional glasses are silicate glasses, i.e., glass which contgimsSt@e principal netork-forming
oxide Table 12.7.%jive compositions for a represematrange of commercial glassesgddable 12.7.8
lists properties for flat glasall glasses m Table 12.7.7contain at least 50% Sj@nd may are quite
close to the traditional 74/16/10 composition mentionest@ll he types and amount of méiér oxides
are determined by the properties required in Asmore specific list of technical glass compositions
from Corning, Inc., and ideffited by Corning glass codes, isen in Table 12.7.9Principal glass types
are discussed in the folling sections.

Pure Silica Glass. Pure silica glass (fused silica) hascellent thermal, mechanical, chemical, and
optical propertiesThermalexpansion is 5.5 107°C-%, use temperature is @& 1000C, and it has
excellent visible and ulawiolet (UV) transmission. Bwever, the melting point is greater than 20Q,
which m&es mantactureextremely dfficult andexpensve. Therefore, fused silica is used primarily
for such demanding applications as optfda¢rs, semiconductor process equipment, UV lamps, optics,
and space shuttle winds. If 7 wt% titanium dioxideTiO,) is added, the thermakpansion cofficient

is reduced to zero in normal temperature rangbis glass (ULE, or ultraolv expansion) is used in
applications which requirexceptional dimensional stabilitTelescope mirrors are aample.

High-Silica Glass. The high melting temperatures needed to produce puredki€s can bevoided

by first melting a special sodium borosilicate glass which can be formed into the desiredrslsape

glass (Vycor®) phase separates and after acid leaching results in a high (>96%) silica glass with nearly
the same properties as pure vitreous silica.

Soda Silica. In order to bwer the melting point, a flux is addethe most common flux is sodium
oxide (NgO), which m&es a ow-melting glass that is soluble iwater and is calledvater glass.
Dissoled glass is used to seal or bond materials suawaspeed grinding wheels.

Soda-Lime-Silica. This is the most common glass and accounts for more than 90% of all the glasses
made todg In this glass, lime (CaO) has been added to dmgpthe durability of simple soda—silica
glass. Small amounts of other oxides such as alumin®{Amagnesium oxide (MgO), and potassium
oxide (K,O) are also added to further enhance the desired prop&hietime is usually obtained from
limestone, and the sodium monoxide is obtained fraymamber of sodium compounds, notably sodium
bicarbonate or common baking soda.

Aluminosilicate Glass.Aluminosilicate glass is produced by adding up t86281,0, to soda—lime
glass Aluminosilicate glasses are resistant to thermal shock and high temperaturesy ard tiot as
difficult to produce as silica glaskhey find wide use in electronics and in high-temperature laboratory
equipment.

Borosilicate Glass. In borosilicate glass much of the soda and lime of ordinary glass is replaced by
boric oxide The result is a glass that hasoa ithermalexpansion and is thus resistant to heat and to
sudden changes in temperaturbe first borosilicate glassas dveloped by the Corning GlasVorks

under the trade name yr Borosilicate glasses are used in laboratory glass as well as in home
ovenware. Because of themw thermalexpansion tly are suitable for applications requiring dimensional
stability.
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TABLE 12.7.7 Commercial Glass Compositions by Application (Wt% oxide)

Low- (Textile
(Optical)  (High Lime expansion Boro- Lead fiber)
Vitreous  silica) Con-  Light table- boro- Thermo- silicate table- Halogen E S Optical
Oxide silica Vycor Plate Window tainer bulb  Tubing ware silicate meter Crown  ware lamp glass glass flint
Sio, 100.0 94.0 72.7 72.0 74.0 73.6 72.1 74.0 81.0 72.9 69.6 67.0 60.0 52.9 65.0 49.8
AlLO, 0.5 0.6 1.0 1.0 1.6 0.5 2.0 6.2 0.4 14.3 14.5 25.0 0.1
B,0, 5.0 12.0 10.4 9.9 9.2
SO, 0.5 0.7 tr 52 0.3
CaO 13.0 10.0 5.4 3.6 5.6 7.5 0.4 6.5 17.4
MgO 25 3.7 3.4 0.2 4.4 10.0
BaO tr 25 18.3 13.4
PbO 17.0 18.7
Na,0 1.0 13.2 14.2 15.3 16.0 16.3 18.0 45 9.8 8.4 6.0 0.01 1.2
K,O 0.6 0.6 1.0 0.1 8.4 9.6 tr 1.0 8.2
Zn0O 8.0
As,0, tr tr tr tr tr tr 0.3 tr 0.4

Source:Varshneya, A.K.Fundamentals of Inorganic Glassészademic Press, New York, 1994. With permission.
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TABLE 12.7.8 Properties of Clear ard Tinted Flat Glass
(Applicable Federal Specification Standard DD-G-451c)

Property Value
Specific gavity 25
Specific heat 0.21
Hardness (Mo's) 5-6
Softening point,C 729
Refractve index, sodium D-line 1.52
Modulus of elasticit, GPa 70
Tensile strength, Pa 45
Poissors ratio 0.23
Codficient of linearexpansion, ppniC 8.8
Dielectric constant, 1 Mhz 7.1

Lead Silicates. Lead silicate glass has a higheraxnaf refraction and also a higher dispersion than
soda—lime-silicate glass and thHusds use in optical applicationBhe high gloss resulting from high
Fresnel reflection nkas lead glasses of 24 to 35% PbO popular for consumer products in the form of
artware and lead crystal glass. Lead glasses fédrdnt compositions are used widely in electronic
applications sinceolv-melting sealing glasses can be formed with little or no alkali, a constituent which
promotes high electrical loss.

Strength of Glass

Theaetical Stength. Glass bedw the glass transition temperatuig) is a brittle solid, withfailure
originating at faws (scratches, defects, minute compositionfiedinces) which act as stress concen-
trators Without flaws of ay kind the strength of glass approaches theoretmeld of about 17 &a

(2.5 x 1@ psi). Unfortunatel, unless glass is processed under the utmost pristine conditions and then
immediately coated to prent suface abrasion by dust or othewigonmental agents, the glass will
contain fews which decrease the strength yesal orders of magnitude from theoreticalels.
Synthetic silica glass opticéibers, prepared under meticulous conditions and tested at 77 K, are among
the few glass materials whicexhibit nearly theoretical strength.

Nominal and Design 8ngth. The exactfailure stress for a spdic piece of glass will depend upon
the configuration and size of the defect at the crack origin. Since these dafgdtssizeover a wide
range, the standardadation in the strength of glass will also bega The glass design engineer must
allow large safetyfactors, often 20 to 50%, to account for the statistiaahtion. For most types of
glass a nominal strength of 70Psland a design stress of Piare typicalTable 12.7.1Gummarizes
strength andariability in the strength of glasses.

Strengthening andempering. Glass can be substantially strengthened, or tempered, either by rapid
cooling or by ionexchange of the stace to dvelop compresse stressedrast, uniform cooling of
glass plates heated to the softening point will introduckaseicompresge stresses on the glass (with
corresponding tensile stress in the center) which become permanently frozen into place upon cooling to
room temperaturélThese compresge stresses, typically 70 to 200P will resistexternally applied
tensile stresses and help teqamt crack propgation Tempering will increase the strength of glass by
as much as three to six tim@smpered glass will shatter violently wheffails as a result of the sudden
release of stored elastic egg although the biken pieces will not be sharp. Gengrabnly simple
shapes can safely be thermally tempered.

lon-exchange tempering also ingwes the strength of the glass by introducindasig compression.
In the ionexchange processrige ions are “sfifed” into the interstices in the glass structurevipusly
occupied by smaller ion$his is done by immersing the glass in a molten bath of the alkali salt (typically
KNO; for a sodium-containing glass) at arevated temperatureThe lager ions will introduce a
compresive strain as ty force theirway into the glass nebrk. The strains obtainable are much higher
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TABLE 12.7.9 Compositions of Silicate Glasses — Corning Glass Types by Number (approximate wt%)

B,O, AlLO,,
Glass  SiO,, Na,O, K,0, PbO, CaO, Boric Aluminum
No.2 Silica Soda Potash  Lead Lime Oxide Oxide Other
0010 63 7 7 22 — — 1 —
0080 73 17 — — 5 — 1 4% MgO
0120 56 4 9 29 — — 2 —
1720 62 1 — — 8 5 17 7% MgO
1723 57 — — — 10 5 15 6% BaO, 7 MgO
1990 41 5 12 40 — — — 2% LO
2405 70 5 — — — 12 1 11% ZnO + CdS, Se
2475 67 10 7 — — — — 12% ZnO, 2% CdO + F
3320 76 4 2 — — 14 3 1% \D,
6720 60 9 2 — 5 1 10 9% ZnO + 4% F
6750 61 15 — — — 1 11 9% BaO + 3% F
6810 56 7 1 3 4 1 10 12% ZnO + 6% F
7040 67 4 3 — — 23 3 —
7050 67 7 — — — 24 2 —
7052 65 2 3 — — 18 7 3% BaO +F1% Li,O
7056 70 1 8 — — 17 3 1% LO
7070 71 0.5 1 — — 26 1 0.5% O
7250 78 5 — — — 15 2 —
7570 3 — — 75 — 11 11 —
7720 73 4 — 6 — 15 2 —
7740 81 4 — — — 13 2 —
7760 79 2 2 — — 15 2 —
7900 96 — — — — 3 0.3 —
7913 96.5 — — — — 3 0.5 —
7940 99.9 — — — — — — 0.1% O
8160 56 3 10 23 1 — 2 5% BaO + F
8161 40 — 5 51 — — — 2% BaO + 2% KD
8363 5 — — 82 — 10 3 —
8871 42 2 6 49 — — — 1% LD
9010 67 7 7 2 — — 4 12% BaO + @0, + NiO +
F, 1% Li,O
9606 56 — — — — — 20 9% TiQ 15% MgO
9700 80 5 — — — 13 2 —
9741 66 2 — — — 24 6 1%+ 1% Li,O

a See Table C.12 in Appendix.
Source:Hutchins, J.R., lll and Harrington, R.XKjrk-Othmer Encyclopedia of Chemical Technology, 10, p. 542.
Copyright © 1966 by John Wiley & Sons, Inc. Reprinted by permission.

than those from thermal tempering, generating stresses as high as 700 MPa, although the surface
compressive layer is quite shallow and subject to penetration. lon-exchanged glasses can be more than
10 to 20 times as strong as normal glass and are used, for example, in aircraft windshields to resist bird
impacts.

Behavior at Elevated Temperatures

Glasses do not have a clearly defined melting temperature. Instead, there is a temperature range where
the viscosity of the glass changes smoothly from solid (greater thaRd.0 sec) to liquid (less than
10 Pa - sec). It is useful to define some points on the viscosity—temperature curve to create a clearer
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TABLE 12.7.10 Ideal and Practical Stengths of Glass, Glass Fibers, and Glass—Ceramics

StrengthMWeight Ratio,

Type of Glass Tensile Stength, psi psi/lb per cu. in.

Untreated Glass

Theoretica strength 1,000,000-4,000,000 45,000,000

Fibers, protected imacuum Up to 2,000,000 —

Fibers, in ai, commerciallyavailable 250,000average 6,000,000average

Fibers, &ective strength in plastic 150,000average 1,800,000-4,500,000

Bulk glass, protected imacuum Up to 500,000 —

Blown ware unabraded Up to 100,000 90,000

Presse ware unabraded 8,00 average 55,000

Buk glass abraded 4,000-8,00 average 30,000

Bulk glass, abraded, 1000-hr stress 2,000 minimum —

Buk glass abradeddesig strength 500-1,500 —
Tempeed Glass

Buk glass abraded 15,000-35,000 —

Norma desig strength 1,500-6,000 —
Chemically Strengthened Glass

Buk glass abraded 100,0® and more —
Glass—-Ceramics

Buk materia) unabraded 20,000-35,000 27,000

Buk material abraded 10,000-24,000 —

Desig strength 3,000-6,000 —
Chemically Strengthened Glass—Ceramics

Buk material abraded 200,0®@ ard more —

Compiled from sveral sources.

picture of the viscosity bekior of a glassThe strain point is defined as the temperature at which a
glass will release 95% of its stresses within a period of Bhiis occurs at a viscosity of approximately
1035 Pa - secThe annealing point occurs at'd@a - sec a viscosity at which 95% of stresses will be
released in 15 mirAt 1056 Pa - sec, the softening point, the glass will deform undemits weight.

The working point is defined as 1®a - sec, and is a typical minimum viscosity for machioeking
during forming. Referd Table C.12 in tB Appendix, Properties of Silicate Glasses.rylaroperties

of glasses are presented in this comprekenable, including maximum application temperatures (upper
working temperature) and viscosity data for most common glasses. Genieeattreme uppeworking
temperature corresponds to the strain point of the glass. Normal service conditions are typically 50 to
60% of the strain point on the€elvin temperature scale. Under normal service conditions glass is a
brittle, mechanical solid, it possesses no mechanical characteristics of a liquid, and it Wilvnot
Specific heat and thermal conduity data are presented Table 12.7.11Below the glass transition,
glass is not a supercooled liquid, it is a glass. Old svirsdare not thiker at the bottom because of
viscous fbow.

Chemical Durability

Although glass is often considered extraordinarily inert materialeven the most durable glasses
undego some mvironmental @gradation and my glasses are rapidly atkaed by strong acid or basic
solutions. Corrase aqueousreironments can cause the ions in the glass textsacted by a leaching
process. Chemical durability bestior is difficult to generalize and trial-and-error testing is usually
required for each applicatiolmhe most evere attack igxperienced agxtreme high andow pH values;
neutral pH solutions rarely attack glass at digant rates. Glasses high in $i®@Il,0,, and CaO are
generally most durable. Glasses high in alkali, such g® HaK,0O, are less durable.,8; and PbO
are intermediate.

A notable form of chemicalagradation which occurs under simple, apparently benign, conditions is
weathering. Standard soda-lime—silicate wimdlass can be permanently damaged in a short time (~30
days) if held under high humidity with a means to retain adsorbed moisture onfétoe s8uch a means
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TABLE 12.7.11 Thermal Properties of Sveral Glass Types

Specific Heat Thermal Conductivity, cal/cm se€C x 102
Material 25°C  500°C 100CC -100C 0°C 100°C 400°C

Fused silica 0.173 0.268 0.292 25.0 31.5 35.4 —
7900 0.18 0.24 0.29 24 30 34 —
7740 0.17 0.28 — 21 26 30 —
1723 0.18 0.26 — — 29 33 —
0311 (chemically strengthened)  0.21 0.28 — — 27 29 35
Soda—lime windw glass 0.190 0.300 0.333 19 24 27 —
Heavy flint, 80% PbO, 20% SiO — — — 10 12 14 —
Foamglass insulation 0.20 — — (0.97) 1.3 1.73 (2.81)
Fibrous glass — — — — (0.8) — —
9606 glass—ceramic 0.185 0.267 0.311 — 90 86 75
9608 bw-expansion glass—ceramic 0.195 0.286 — — 48 51 55

Notes:Parentheses indicatxtrapolatedvalues. Specific heat increases with temperature and approaches Zero at 0
K. There are no critical temperatures or phase chafgesmal condudtity increases with temperature and
is very high for glass ceramics.
a To cawert to Sl units, 1 cal/cm sé€ = 418.6 w/mk.
Souce: Hutchins, J.R. Il and Harrington, R, Kirk-Othmer Encyclopedia of Chemicchnolog, Vol. 10, p. 598.
Copyright © 1966 by JahWiley & Sons, Inc. Reprinted by permission.

can be a dirt film or perhaps a sheet @fispape The moisture iorexchanges with sodium ions in the
glass, which form a high-pH dace film which accelerates the attack on the glass. Pitting and adherent
sufface deposits can quickly form, making the glass unusable.

For container applications requirirgtremely high purl, it is common to use a durable glass such
as a borosilicate or to increase the chemical resistance of the glass ufdng seatments of SO
SnQ, or TiO,.

Optical Properties

Traditional glasses are principally used becauseate transparent in the visiblgion of the spectrum;
windows, containers, and precision optics et@mplesAlthough pure silica is highly transmige overt
the entire visible spectrum, impurities impart coloration which detract from the performance of some
glassedut which can also be used to produce beautiful and useful colored glessesl2.7.12ists
impurity ions and their resulting colors. Iron is the most common inypumitparting a blue-green-
yellow tint depending on the oxidation state. It is possible to neutdalizeot bleach impurity colors
by “decolorizatiori the addition of complementary coloring oxides to producevenall neutral gray
absorptionTraditional glasses do not transmit well in the UV or IR range, witletbeption of certain
specialty glasses. Pure silica is the bestmple, enabling high transmissioevéls (>10%, 2 mm
thickness) from 160 nm to 4m.

The refradive index of common silicate glasses are in the range of 1.5 to 1.7 andicpakies are
given n Table C.12 in ta Appendix,Properties of Silicate Glasse

Specialty Glasses

Non-Silica-Oxide Glasses

Glasses made from,8; and RO, glass formers rather than Si@ossess some special thermal, optical,

and chemical properties which keethem of interest in certain nar engineering fields. Borate glasses,
often in combination with PbO, are useful solder and sealing glasses for electronic applications; phos-
phate glassesahe special optical properties and are also usedass-soluble chemicals in indugtr
Tellurite glassesdve high refradve indexes and, hence, are used in some demanding re&agitic
applications. Glasses based op(Bj ShO;, TeO,, or V,0; have very low melting points, suggesting

their use asow-temperature electrical seals. Boro-aluminatage very high electrical resisfties.

Alkaline earth aluminatesde excellent IR transmitting properties and keaxcellent high-temperature
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TABLE 12.7.12 Coloring Additives to Glass

Color Additive
Red Colloidal Au or Cu, Cd-Se (S, Te)
Pink MnG, - CeQ, Seé-
Orange CdS (Se)
Amber Fe$, FeO; - TiO,
Yellow uo,, CeQ - TiQ, CdS
Green Cy0,, FgO,, CuO, U0,
Blue CoO, FeO, CuO
Violet NiO, Mn,O,
Gray CaO, - NiO
Black Mn,O; - CLO;, PbS, FeS, CoSe
UV absorption CeQ TiO,, Fe0;, V,0;, Cro,
IR absorption FeO, CuO
Decolorization, i.e., mask Ee, color MnO, Sé&, NiO, Co0,
Opacification, i.e., white opals CaMaF, ZnS, CAPO,),
Solarization Cerium, arsenic

lamp seals. Despite their unique properties, non-silica-oxide glasses are costly and make up only a very
small percentage of the glass produced annually.

Chalcogenide Glasses

A class of excellent IR-transmitting glasses, the chalcogenides, are obtained by combining group VI
elements with group V and IV elements. Glasses in this group also exhibit photoconductivity and

semiconductivity. Applications for these glasses consist of IR-transmitting optical waveguides (to 20

pum), high-performance IR optical applications, and specialty applications which utilize their photocon-

ductivity properties. Most notable of these applications is the photosensitive coating applied to photocopy
drums. Purity issues have limited applications in optical fibers as of this writing.

Heavy Metal Fluoride Glasses

Heavy metal fluoride glasses (HMFG) are an important new (1975) composition group because of their
extremely low theoretical optical attenuation€¢dB/km at 3.5um), which makes them candidates for
repeaterless transoceanic communication links. Unfortunately, this magnitude of transmission has not
been obtained in practice because of problems with high oxygen impurities and crystallization. Further-
more, HMFGs are readily attacked by water, and current development efforts are aimed at improving
chemical durability. At present, HMFGs are limited to short transmission distance IR optical applications.

Amorphous Metals

Certain metal compositions can be fabricated as glasses by subjecting streams of the molten metal to
extremely rapid quenching rates {16 16°C/sec). The resulting glasses possess intriguing properties.
Strengths approach theoretical limits, and electrical resistivities are greater than their crystalline coun-
terparts yet decrease with temperature. Most importantly, they have extremely low B—H hysteresis curves.
For this reason they are used commercially as power transformer core laminations.

Amorphous Semiconductors

Many elements and compounds which exhibit semiconducting properties in the crystalline state are also
semiconductors in the amorphous state. Si, Ge, P, As, 8d&& = 0 to 1.2), SiH, (x = 0.1 t0 0.2)

are important examples. These materials are use in fabrication of inexpensive vapor deposition fabrication
of photovoltaic cells.
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Glass Ceramics

A useful group of materials is made by batching, melting, and forming a product as a glass followed

by heat treatment to nucleate and grow crystalline phases from the glass to produce a ceramic with up
to 99% crystalline phase content. The microstructure contains crystals of apousike, a glassy

matrix, and no porosity. The processing route is a principal advantage since high-speed glass-forming
methods can be used, no porosity exists, the formed shape can be inspected as a transparent glass, and
rejects at the forming stage can be recycled.

Glass ceramics are typically stronger than most ceramics as a result of zero porosity, and they are
tougher than glass because of the deflection of crack fronts around the crystals. High-temperature
properties are generally not good due to the glassy phase and the nature of the process, thus limiting
most glass ceramics to low- and intermediate-temperature applications €)10A0wide range of
products has been made from glass ceramics, from home cookware to industrial bearings and aerospace
radomes.
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