Composites

Issuesto address...

« Whatarecomposites?
 Classificationof composites.

* Whycomposites?

» Mechanicalpropertiesof composites.
» Applications.

Composites:definition&examples

- Multiphasematerialswithchemicallydifferentphasesand
distinctinterfaces.

- Propertiesoftheresultantcombinationofmaterialsare
superiortothepropertiesoftheindividual components.

- Advantages:High-strength/light-weight,lowcost,environmentally
resistant...

- Naturalcomposites:
-Wood:strong&flexiblecellulosefibers in stiffer lignin(surroundsthe fibers).
-Bone:strongbut soft collagen(protein)withinhardbut brittle apatite (mineral).
-Certain typesof rocks can alsobe consideredas composites.

-Syntheticcomposites:fiberglass,concrete,carbon-carbon
composites....
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Environmental control
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» Matrix:
— softer,moreflexibleandcontinuouspart that surrounds the otherphase.
— transfer stress to otherphases
— protectphasesfrom environment
- Reinforcement(dispersedphase):
— stiffer,highstrength part (particlesor fibersare the most common).
— enhancesmatrixproperties
Fisa w165 Electron micrograph showing C fibEI’S
the spherical reinforcing carbon black H
partices in a synthetic rubber tire tréad very stiff
el s e pocka 1 48 b very strong
::.‘1::, (‘:..:::‘:\“1 of Goodyear Tire & ma’[rIX
less stiff
less strong
fibers lie




Compositecharacteristics

Depends on:

concentration Size shape

- propertiesof thematrix

material. oot (oeee)) (o))

|,f~1-:ir3'$ # .’)r.\h-il

material. 5 _

- propertiesof reinforcement s ——— =~ —— . -
o // /; f 2

- ratio of matrixto RO, ———grjentation
. distribution ‘éﬂjﬁ:‘r‘?ﬂﬁ‘v‘ﬁ‘//) 222D
reinforcement. /%____ -

- matrix-
reinforcementbonding
/adhesion.

- mode offabrication.

Classificationof Composites

» Matrix-based:
— MetalMatrixComposites(MMC)
— CeramicMatrixComposites(CMC)
— PolymerMatrixComposites(PMC)
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* CMCs:Increasedtoughness *PMCs:IncrgasgdE/p
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* MMCs: 1 0-6 AdaptedfromT.G. Nieh,"Creepruptureofa
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. | composite”,Metall. Trans.A Vol.15(1),pp.
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Ficine 16,2 A Composites
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discussed in this
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COMPOSITE SURVEY: Patrticle-l

Particle-‘einforced ! |
* Examples: _
'SpherOidite matrix: v q T particles: AdaptedfromFig.
«u:c’ 2o LQ;B.&-5° -0("— cementite 10.10,Callister6e.
steel ferrite( o) ENED 4 0- S, (Fig. 10.10is
(ductlle) "\ 0 '{_’3‘:\';0' (Fe3C) copyrightUnited
‘ by . t PAPEet Y © (brittle) StatesSteel
L s .9’. Corporation,1971.)
o3
: e e
obalt(du WwC 16.4is courtesy
WC/COC Cti|E)V (brittle, CarboloySystems,
ementedc . hard) glepar_tngem,Gene)ral
. ectricCompany.
arbide
10-15vol%!
AdaptedfromFig.

- matrix: rub particles: igglscigujzss;(ﬁg
Automobil C Go.odyearTireand
etl res (stiffe I’) RubberCompany.)
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COMPOSITE SURVEY: Particle-ll
|

|
Particle-reinforced
» Elastic modulus, Ec,ofcomposites:

--twoapproaches. upperlimit:  “ruleofmixtures”
e P
Data: 350 L lowerlimit: AdaptedfromFig.16.3,

Cumatrix 300
w/tungsten 250
particles 200

150

Callister6e.(Fig.16.3is
fromR.H. Krock, ASTM
= Proc,Vol.63,1963.)

1 1 1 1
0 20 40 60 80 100vol%tungsten
(Cu) (W)

» Applicationtoother properties:

--Electricalconductivity,g.:ReplaceEbyas,.
--Thermalconductivity,k:ReplaceEbyk.
12
Analogy to resistors inseries vs. parallel...




Fiber-reinforcedcomposites

Longitudinal Ficone 16,8 Schematic

Illfuihuh representations of

‘ (a) continuous and

aligned, (b) discontinuous

and aligned, and

i (¢) discontinuous and
| randomly oriented fiber-
reinforced composites.
Transverse
lirection
| i
fa) ] e
Continuous Discontinuous  Discontinuous
&aligned &aligned &random
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Fiber-reinforcedcomposites

The Fiber Phase

Smaller diameterfiber is strongerthan bulkin most materials
(especiallybrittle ones).Why? Flaws!

Whiskers:

« verythin singlecrystalsthat haveextremelylargeaspectratios.

« highdegreeof crystallinityand virtuallyflawfree — exceptionallyhigh
strength.

« usuallyextremelyexpensive.

« somewhiskermaterials:graphite,SiC, siliconnitride,aluminumoxide.
Fibers:

« polycrystallineor amorphous.

« typically:polymersor ceramics(polymeraramids,glass, carbon,boron,
SiC...

FineWires:

« relativelylargediameter, often metalwires.

« e.g. steel, molybdenum,tungsten...
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Fiber-reinforcedcomposites

The Matrix Phase
- canbemetal,polymers,orceramics.

* typically metalsandpolymerbecausesomeductilityisoften
desired.

* mainfunctionsofthematrix:
-Holdfiberstogether.
-Transmitanddistributeexternalstresstothefibers.

-Protectfibersfromsurfacedamage:abrasions,chemical
reactions...

* inCMCs,reinforcementsareusuallyaddedtoimprovefracture
toughness.
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Fiber-reinforcedcomposites

TheFiber-Matrix Interface

1. Molecularentanglement(interdiffusion): -se< Pl
. Entanglementofmoleculesattheinterface. ?“-.-\ &W iafj \?i’
o . W (Ll
. Especiallyimportantinfibersthatarepre-
coatedwithpolymers.

. olecularconformation/structuraland ﬁ ﬁ i i ::
chemicalaspects. f; f; ; ? -~
2. Electrostatic attraction

= §iiii
. Dependsonsurfacechargedensity. 5 o}

. e.g.glassfibers,polymerswithchargeablegr
oups.
3. Covalent bonding _l/_ ~ _/l_ e
. Usuallythestrongestfiber- A A A
matrixinteraction. ~B B B
. Themostimportantinmanycomposites.
4. Mechanicaladhesion
. Interlockingof2roughsurfaces

. e.g.thermosettingresins W

16




Fiber-reinforcedcomposites

Properties dependonLENGTH andORIENTATIONOof the fibers (as wellas
isolated propertiesof eachof the components)!

Criticalfiber length ad 0 | =Fibertensilestrength
f
Ic = an

d=  Fiberdiameter
c

T.= Smaller of:
« fiber-matrix bondstrength
Continuouswhenfiber length>>I, * matrixshear yieldstrength.
Discontinuouswhenfiberlength< 15 I,

||Possib|efai|uremodes: ||

1) fiberbreaking.
o Matrix - Fioone 106 The 9 B
‘ﬁ . —h — dcfl]llrlil[.illll p':l[lclll.ill 2) matl'lereaklng.
TERRNN | epe s 3) fiberpullout(interface
. L] " wmapidnic petweenfiberandmatrix
BN, fails)
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Fiber-reinforcedcomposites
s - _|

1™
|~

Long fibers
o(x)
[|1]

o

Better fiber efficiency

Poorer fiber efficiency

Frevne 16007 Stress—position profiles when fiber length [ (a) is equal 1o the

critical length /., (b) is greater than the critical length, and () is less than the

critical length for a fiber-reinforced composite that is subjected to a tensile stress

equal to the fiber tensile strength o 18




Notsodetrimentalsince:

1) Notallfibersfailatthesametime
2) Matrixstillintact

e[~ {~=3 Failure

Matrix

o 1. . S

Stress
Stress

Matrix

o t=—f—=
m

"

Strain Strain
fa) ihi
Frevne 10,9 (a) Schematic stress—strain curves for brittle fiber and ductile
5. Fracture stresses and strains for both mater are noted, l
(b} Sche ¢ stress—strain curve for an aligned fiber-reinforced composite that is
exposed o a uniaxial s applied in the direction of alignment; curves for the max mi
fiber and matrix materials shown in part (a) are also superimposed. 1

matrix mater

o>

COMPOSITE SURVEY: Fiber-|
| | |

Fiber-reinforced
AlignedContinuousfibers
e Examples:
--Metal:y'(Ni3Al)-a(Mo) --Glassw/SiCfibers

byeutectic solidification.

A

formedby glassslurry
- DA E

ff{?ure

surrace

FromF.L. Matthews andR.L.
Rawlings,Composite Materials;
EngineeringandScience,Reprint
ed.,CRC Press,BocaRaton,FL,

2000.(a)Fig.4.22,p.145(photoby J.
Davies); (b)Fig.11.20,p.349

fibers:y’(Ni3Al)(brittle)

FromW.FunkandE. Blank,“Creep 3 T
deformationof Ni3Al-Moin-situ (micrographby H.S. Kim,P.S.

o Rodgers,andR.D. Rawlings). Used
com_posnes ,Mﬁﬁ'{-ﬂ:ﬁfc‘igxﬁiﬂ-%gg),Pp- withpermissionof CRC 0

Press,BocaRaton,FL.
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Continuous-alignedfibers

Considera compositewithfibers havingsquarerod geometrywithstress in
thelongitudinaldirection...

fiber

A,
—| B

7

=
|

Matrix L
Whenl>>| (typicallyl> 151;), wecansimplify to:

I then AI‘composi'{e _ALfiber _ALmatnx

M——
B | | I

O —i »0 AL

€ =€

composite_efiber matrix

since €= _
ISOSTRAIN

21

Continuous- allgnedflbers

Longitudinalloading

Whatabout elasticmodulus? g

ToalosRe, Qe RanRgsiteis simply the sum of ,l
composite — Fmatrix. T iber
F
since g= N or F=gA .wehave: gA =0 A +0A
Recallstress-strainrelation:0=E€ /§ub-in for stresses...
E.£ A =E,E. A tEEA rearrange  E_= E.£A, +Ef ¢ Ay
_ — €A —EA—
Imposing isostraincondition€; =&; =€, E=F An +E A
“Area fractions” i "’ A f A 22

Prefer volumefractions.... \/

11



Continuous-alignedfibers

Longitudinalloading —L
Totalarea= Bb [B
. »g
A= numberof fibers x area of eachfiber=Nb?2 01
Thenwehave:  AcNb— Also, A=A-A
A B or
A
i:l— fg;Nb _
Forvolumefractions:V, =Bb|2 A A B
V, =Nbl
Vi Nb A
Then v="_NbINb_ Ar _  same as“areafraction
"v., Bbl B A
A }» E =V,E,+V\E
Similarly, V = — I
A Longitudinalelasticmodulus
(upperboundforEy) 23

Continuous- allgnedflbers

Longitudinalloading

B
Whatabout the 'Igadonthe matrixand the fibers? g T »g

—=? = b
E F=0A

With g=Ege
F ; Eev Isostrainconditions F E v
LI A fYf
Fn  En€nVm F. E.V,

24
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Continuous-alignedfibers

Transverseloading ¢

N

>

Stress,ratherthan strain, is the same inthis case:

Sameas whatwederivedfor volumefraction

B
g.=0; =0, ISOSTRESScondition 1 b
a
Thetotal elongationwillbethe sum ofelongationofthe
components:
AL, =AL, +AL,
Strain=g, _AL, _AL; AL WhereL = lengthof the composite
__I:_ L - L along the directionof stress=B
Again, to expressin terms of volumefractions: L L
L, =Nb f L=
RearrangelL,= — Similarly, —m
7Lf =m =Vf ‘ Vf ¢ VITI
L. B Y

Continuous-alignedfibers

Transverseloading

|
_AL, AL AL,
£F =+
L. L B
A
_ AL +ALm =V . )
Lf)vf Lm;vm lo'

8c =Vm£m+vf£f

] ] g Lowerboundfork,
From stress-strain relation;  ¢= (transversemodulus)
(9] g g
czy M4y E. E
Ec m Em f Ef ECI=
VE + VfI:
Applyingisostressconditionand rearranginggives mof L

26
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Continuous-alignedfibers

Many propertiesfollowthese upperandlowerbound
relationsfor continuous-alignedfiber composities.

Ingeneral: 0

Xel =Xupper =V X, TViX;

X =Xlov[\;er= XX
Vme +Vme

27

Continuous-alignedfibers:example

1. Calculatethe longitudinaland transverse modulus and
thermal conductivityfor polyesterreinforcedwith60%
volume fraction ofglasstiber (E-glass).

2. Calculatelongitudinalspecificstiffness.

3. Calculatethe percentageofthe loadon the fibers for
longitudinalloading.

E(GPa) K(W/mK) Specific

gravity
Polyester 6.3 0.17 1.46
E-glass 72.4 0.97 2.58

28
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Continuous-

alignedfibers:exampleMixe
ibers

» Atwo-fibercomposite(continuousaligned)
iscomposedof thefollowing components.

E(GPa) Vol.fraction
Kevlarfiber 131 30%
E-glassfiber 72.5 20%
Epoxymatrix 2.41 50%

» Calculatethe longitudinal elasticmodulus.

29

dF

Continuous-alignedfibers

Similar to

Tensilestrength .
| % elastic [
Longitudina:g™ =VO VO " modulus |

cl m m fof b

Thisis assumingthat the fiber failsprior to the matrix.
0,7 Stress in the matrix at failure

———
w

G*= Tensilestrengthofthe reinforcementfiber

Transverse:more complexduetomany factors that affect it
(e.g. matrix & fiberproperties,fiber-matrix bondstrength, presence
of voidsetc...)

Tensile Swrengths
sites. The Fiber

Fable 16,1 Typieal Longitudinal and Transverse
for Three Unidirectional Fiber-Reinforced (
Content for Each Is Approximately 50 Vol %.

Longitudinal Transrerse
Tensile Tensile
Ingeneral,strongeralong Material Strength (MPa) Strength (MPa)
|0ngitudina|directi0n Glass—polvester 700 20
Carbon (high modulusj-epoxy 1000 35
Kevlar-epoxy 1200 20

Source: D. Hull and T. W. Clyne, An Introduction to Composite Materials, 2nd
edition, Cambridge University Press, 1996, p. 179,
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Discontinuousé& aligned fibers

Discontinuouswhenfiberlength< 15 I,

1> 1,

.0

N ]« " :
= bR .. .
7 // BN ‘ 0,,=0V,01-—0+0,V,, Similar to continuouscase,
g N 210 exceptfor the lengthfactor.
Ifl<lg ! |
« _Ir +a T, =Smallerof:
cd ~ _Cvf e Vm m « fiber-matrixbondstrength

« matrixshearyield strength.

31
Discontinuous&randomfibers
Discontinuous,random 2D fibers I C fibers:
» Example: Carbon-Carbon s very stiff
--process: fiber/pitch, then : : very strong
burn out at up to 2500C. (b) ~C matrix:
--uses:diskbrakes, gas | less stiff
turbineexhaustflaps, nose lessstrong
cones. —Tiberstie
“ _inplane
_ (@)
EC—Eme+KEfo .
.. / Table 16,2 reed Polycarbonates with
efficiencyfactor Randomly Orien
(dependson viand E{/E,): et o — i Reiaforcement rof%)
--aligned1D: K=1 (anisotropic) Specific gravity Lis-122 135 L4 L%
--random 2D: K = 3/8 (2D isotropy) s @550, w oan e
--random 3D: K = 1/5 (3D isotropy) i Oososy o G o6
Elongation (%) 90-115 46 35 35
Impact strength, 12-16 20 20 25

notehed Tzod (Ibgfin.)

Source: Adapted from Materials Engineering's Materials Selector, copyright © Penton/TPC.

16



Polymermatrixcomposites

» Glass fiber-reinforced
polymer (GFRP)
composites:fiberglass
— Somereasonsforusing

glassasfibers:
« Easy to draw fibersfrom
molten state.
e Strength.
« Readilyavailable/economic.
¢ Chemicalinertness(e.g.
non-corrosive).

— Applications:automotive&
marinebodies,storage
containers,industrial
flooring...

33

Polymermatrixcomposites

» Carbonfiber-
reinforcedpolymer(CFRP)composites:

— SomereasonforusingC-fibers:

 Highestspecificmodulusandspecificstrengthofall
reinforcingfibermaterials.

» RetainhighmodulusandTSatelevatedT(chemical
oxidationmaybeaproblem).

* AtornearRT, veryinert.
» Canengineerspecificmechanicalandphysicalproperties.

— Some applications:fishingrods, golf clubs,bicycles,
military and commercial aircraft structural
components...

34
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Polymermatrixcomposites

« Aramid(e.g.Kevlar)fiber-reinforcedpolymercomposites:

— High strength, highmodulus.

— Muchbetter strength-to-weightthan metals.

— Stable torelativelyhighT (highmechanicalpropertiesmaintainedfrom
~- 200 to 200°C).

— Relativelyinert chemically(exceptstrong acids).

— Uses: bullet-proofvests, tires, ropes, missilecases, parts for automotive
brake,clutchliningandgaskets...

Mer unit I 10 Schematic

Fi \ representation of mer and chain

: structures for aramid (Kevlar)
fibers. Chain alignment with the
fiber direction and hydrogen
bonds that form between
adjacent chains are also shown,
|From F. R. Jones (Editor),
Handbook of Polymer-Fibre
Composites. Copyright © 1994
by Addison-Wesley Longman.
Reprinted with permission.]
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Carbon-carboncomposites

+ Carbonfiberreinforcedcarbonmatrixco
mposites.
— High modulus& TS (retainedtoT> 2000°C).
— Resistant tocreep.
— Large fracturetoughness.
— Small thermal expansioncoefficient.
— Highthermalconductivity.

— Uses:rocketmotors,frictionmaterialforaircraftand high-
performanceautomobilebrakes, componentsfor
turbine engines...

— Very expensivemainlydueto relativelycomplex
processing.

36
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Carbonnanotubecomposite

Material Young’s Carbonmatrix
Modulus
Aluminum 72GPa
alloys
Steel 200GPa
Tungsten 400GPa
Carbon >1000GPa
Nanotube

Nanotubebundles

37

Processingof fiber-reinforcedcomposites

rovings

Pultrusion

impregnation
tank

Hepper contasning
.-'/ heated resin

Release
pper

Waste release
paper

Prepregproductionprocess

Heated calender

Spoocled i

fibar l Spodled
Carrier pprte

paper 38
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Processingof fiber-reinforcedcomposites

Filamentwinding

=

Fravme 10,14 Schematic representations of
helical, circumferential, and polar fifament
winding technigues. [From N. L. Hancox,

. (Editor), Fibre Composite Hybrid Materials,
D The Macmillan Company, New York, 1981.]

&2

Helical winding

+
&2

@ )

Circumferential winding

@ )

Palar winding

<>
F
l o
=
2 |
R T (e 50.8 70
L5 |
} 1.22m {
Fuone 16,15  Schematic repr of a filament-wound composite shaft,
which is the subject of Design Example 16.1.
Requirements -atF=890N,deflection<0.33mm

-Circumferentialwindingwith6=15°
A) Whichfiber(s),ifembeddedinepoxymatrix,meetthethesecriteria?

B) Decideonthemostcost-effectivefiber.

Table 10,8 Elastic Modulus, Density, and Cost Data for
Glass and Various Carbon Fibers and Epoxy Resin

Elastic Modulus

Waterial (GPa)

Gilass fibers 725

Carbon fibers (standard modulus) 230 35
Carbon fibers (intermediate modulus) 285 70.00
Carbon fibers (high modulus) 400 175.00
Epoxy resin 24 9.00

40




Conceptsto remember...

Matrix& reinforcement.
Whatcompositecharacteristics dependon.

Classification:matrix-based— MMC,CMC, PMC;
reinforcement-based.

Particlereinforcedcomposites: upperandlower
bound for E (rule of mixtures).

Fiber-reinforcedcomposites

— Continuous-aligned,discontinuous-
aligned&discontinuous-randomcases.

— Criticallength.

— Longitudinal&transverse properties.
— Isostrain&isostresscases.
Structuralcomposites.

41
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