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ASEE Faculty Development Program: PRINCIPLES of COMPOSITES
June 12-23, 1989, Hyatt Regency Hotel, Fort Worth, Texae

PROBLEM SET #4

Design a stiffness critical support gstructure that is
dimensionally stable[ low thermal expansion].

Constraints:
0 + 0.9 E-06/K at -20 to 18 C, CTE &

150 e¢m long, 3 cm. 0.D., 0.38 cm thick walls

110 Gpa, axial elastic modulus
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* FiBER -REINFORCED COMPOSITES - 1S THREE DECADES OLD , .
|+ BEGAN AS NEED FOR MORG MANGUVERABLE MRCRAFT (LiGHTER)

* CHARALIERISTICS

| ~ Low DENSITY [HIGH STRGNGTH
= HIGH STIPENESS TO - WEILHT
- DURABLE . ,
— Fuexigiry N DesEN

. useb 1 N MANY sneucn/,éA/_ CorMPONENTX
= PIRCRAFT /5PACECRAFT
~ AUTOMOTIVE
- MARINE

- .sménré GoodS

*  NOMENCLATURE
T LAMINA., LAYER | PLy
= LAMINAE | LAriNAS | LAYERS | PLYS

k4

- LAMINATE
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SR * FIBRE -REINFORCED COMPOSITES - CONSIST OF HIGH STRENETH [FIBERS
EMBEDDED /N . OR BONDED 70 A mATRIX W/ DISTINCT BoudbaRIE

BETWEEN THEM

* RETAIN  PHYSKKCAL PROPEGRTICS OF EpcH BUT PRODUCE A MATER/AL

THAT HAS PROPERTIES THAT CANT BE AcH/EVED BY E/TMER  ALoNE

% IN  GENGRAL | |
F188R~ PRINCIPAL LOAD CARRYING MEMBER.
| MATRIX - REEPS F£,8ERS  ORIENTED 4 FIXED
= AETS AS A LDAD TRANSFEE MEDIUM

= PROTELIS FIBER  FRory EWVIRONMENT (TEMP [ oiry)

PRINCIPAL FiBERS — ' GLASS | CALBON , KEVLAR

FIBERS — ARE (NdoR FPoRATED VIA
= CowryNvoUs .sqvemfb Rovie
o~ apur/'uuous.v ,wem}e ROVING
~ cHoPrED  STRANDS

L MATRIX MAy BE PoLYHéfe' ) METHL PR CERABMIC

* Common FORM USED IS A LAMINATE
STACKS  OF THW LAYERS OF FiBER /MATRIX CONSOLIDATED TO
PropeR  THICKNESS |

= CHARACTERISTICS
. PRYSicsm 1 MECHANICAL PROPERTIGS ~ARE CoNTROLLED By
| = Fi1BeR ORIENTATION IN EAcH taser
—  STACKING SEQVIENCE
" . STREHIGTH T WEIGHT RATIDS , Low SPELFIC GRAVITIES
MobvLvs To wszérlr.' raro == COMFETITIVE w‘/ METHLS






Sec & Teusile edd  Swigt %y t'

| | ' ' Geyv sh
N . _EXAMPLE 6P 7
7. |
474 . INCo, NickEL ALLoy g2 207 /397 1287 26 04
/378 - S0 38

(wnidivechimep) — KEVIAR 49 FiBEe Eroxy 138  75.8

o Iéwoww/' Somce load MT"T’ W.’-? = ra-fehin % Samt
W&ql«i’ z dlm-s:’H. Voliwe = -uus:A"GSA- 2“’7”‘ -

NickgL = 82 = 6 NICKEL part Wﬂ")’ks 6TiMES AS much
CEVLAR I.3% ~ 7 B
. _STRENGTH

= MBTALS ARE NogmAlLLy ISeTRoPic ( STRUCTURAL MATERIALS)
~  ComfoiTES  DEPEND> ON DIRGCTON ©F MEAWREMENTS
STRONGEST (N DIRECToN oF  FigER , wemissT L ™ Fiser.

| | = Smar  PROPERTY  CHARACTERISTICS (AN BE DETERMINED
For | | s
© COEFF OF THBErAL  EXPANS/oA

. Con/pucnw7 , /MPALT STRENGTH

= CAN  STRCK  LAMiNA  TD SUMULATE [SOTRoPIC CoNDITIOAS
* Bur  YOoU SACRIFICE  STRENSTH OF UN)DIRGCTIONAL — FIBERS

> YET SAVE ON WEIGHT

- DESIN  YoUR STRUCTURE
= ANISoTROFPY OF CopmposiTES  AlLowS FOR.
* TAIORING FROPERTIES FOR Jo& REQUIREMENTS

_—

) RS e S’ELéZrNE REINFORCEHENT oFf STRUCTURE ‘
* DESIGNING A MEMBEE. uy/ ZERs  THERMAL ;PMSrw
¢ STABILITY OVER, wibE FRNGE oF TEMPERATURES,
o HIGH INTERNAL DReqfont <y KGDUEFD ViBRATIon TREMSHSS1on)
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APPLICATIONS

Aircraft

Space
Automotive
Sporting Goods

Watercraft



Applications of Fiber-Reinforced Composites in Military Aircraft (1]

Overall weight
savings over

Aircraft Component Material metal parts (%)
F-14 Skin on the horizontal Boron fiber-epoxy 19
(1969) stabilizer box
F-11 Underwing fairings Carbon fiber-epoxy
F-135 Fin, rudder, and Boron fiber-epoxy 25
(1975) stabilizer skins
F-16 Skins on vertical fin Carbon fiber-epoxy 23
(1977) box, fin leading edge ‘
F/A-18 Wing skins, horizontal Carbon fiber-epoxy 35
(1978) and vertical tailboxes;

wing and tail control

surfaces, etc.
AV-8B  Wing skins and sub- Carbon fiber-epoxy 25
(1982) structure; forward

fuselage; horizontal
stabilizer; flaps;
aflerons
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Cocured Composite Fuel Tanks

11

(32]

Conformal Tooling
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e S TE 100°c
_ T

. 72FRO CTE ‘

. LowEk sPECIFIC 62/4\0)7

. phoH STRENSTR |

. HibH STIFFNESS -wr) RATIO -

Allows FoR STABLE sz-zéy;rwze_

Large Space Tclescop; (LST) [33] o
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Large Space Telescope (LST). [(36]
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(36]

- Space Shuttle cargo-bay doors.

J
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APPLICATIONS OF FIBER-REINFORCED
POLYMERS IN SPORTING GOODS @

Tennis Rackets
Racket Ball Rackets
Golf Club Shafts
Fishing Rods

Bicycle Frames

Snow and Water Skis
Ski Poles, Pole Vault Poles
‘Hockey Sticks
Sailboats and Kayaks
Oars, Paddles |
Canoe Hulls
Surfboards

Archery Bows
Javelins

Helmets

15



CONSTITUENTS

FIBERS + MATRIX + COUPLING AGENTS + FILLERS
: OR COATINGS

v
) LAMINA
(PLY, LAYER, CHARGE)

- —~
(a) UNIDIRECTIONAL CONTINUOUS fj" ]
| I I N
ol ] 1]
(b) BIDIRECTIONAL CONTINUOUS == fw)

(c) UNIDIRECTIONAL DISCONTINUOUS _—

’ \\ \\/’\ |\ SiMiLaR  To

(d) RANDOM DISCONTINUOUS < Ll=x isoTasPic

'

ey LAMINATE

[2]
16



LAMwa

IS MADE &P oF:

FIBER + MaFRix

COUPLING AGEWTS [COATINGS ~ IMPROVE BoNDinG OF Fi8ER TO MATRIX
*

= IMPROVE LOAD TRANSAER
FIUERS  * CONTRAL BRITTLENESS

-y

LAMNA  THICKWESS

Ot = mm (004 ~. OL i)
SEE PG 16 = MANUEACTURNG METHODS | -
*  UNIDIRECTIONAL % 3 »0.
» BipiRGCTIONAL R 0-go°
. BAaLanesp - FPRoPERTIES M 0°¢ 90° S‘Mé:
R W{/Mﬁ-m ¢ SEVERAL  LArinAS kmcxz?b N Gyen) 'SEaué-Mce‘
o ‘ 7o SuproRT A ReQUIRED Losp 5 B
- Nl Afeee-ssm&/ RR  SAME FrBeR TD BE USED N DIFFERENT LirnA
‘ : OR  WiTiwN SharE  LAMINA |
see P 1§-19 .~ FIBERS : DIAMErER OF F‘/é@es VERY SMALL — HARD TO #ANDLE

FIBERS HMANUFRCTORGD [N BUNDLES OR STRANDS

MUST PAY ATTENTIGN TP THE MICROMECKANICS RS T AFFECT  THE

MACROMECHANICS OF A  LOAD CARRYy 116 STRUCTURE

SINGLE. FILAMENT VALVES LISFED IN THE TABLE ; STRAnD VALVES NoRMALLY
| LOWER { REPRESeNT AVERAGE VALUES



ST S it




2

e
CONSTITUENTS
FIBERS + MATRIX + COUPLING AGENTS + FILLERS
| ~ OR COATINGS
: © T LAMINA
.(PLY, LAYER, CHARGE)
(a) UNIDIRECTIONAL CONTINUOUS f ' ]
) (b) BIDIRECTIONAL CONTINUOUS ﬁi;;i;;i;ig
L s S . -

_ o LowER STRENGTH
(e) UNIDIRECTIONAL DISCONTINUQUS. /;----- Tran (@)

o ' o \\\\/\ ‘\ SIMILAR TP
(d) RANDOM DISCONTINUOUS R \\\__l ISoTROPIC.
© (o) LAMINATE -
e 4
Z - V4
yd Z
XN
, ) \, \/\\'—\/\-//
N A~ ; :
yd _/ N

o [2]
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~ * FAILVRE IS NoT @pTASTROPHIC IN THE MDEMAL SENSE

 APPLICATIONS

[

AIRCRAFT — N6|7H' Ws = ’mc)lw Speeds / menased Pujloa.ds
P4 148
RoTOR émbes = CoNTROL VIRRATIONS By MASS D'STR".B => CHANGE
o NATURAL FREQUENCIES oF BLADES
= SunpcS caN Be é;-}Jé:mmD o
SPACE = WEIGHT RGDUCON =D INCRGASED 2740»5
= TEMPERATUBE SrABIL/YY  THROVGH O CTE

| WHILE  KEEPING WEBIGHT Down 4 HibHER s-ncmess/m-

. AUTOMOTIVE  —  DAMAGE TOLERANCE ¢ Mi6H Srrewess — ( Exrwezoe 840)9
| STEEWESs  (emassis ) REAR LA sPRo§

~ WEIGHT SAVINGS ~> FUEL ECanttrsy

\Sl%/enn;& GoopS — WE (Mrf_ REDUCT7ON | VIBRATION DAAMG , DESIEN
Frexisiry
we:im‘ reduchon b tnereased S/:u/.c hw-u.md,/ 6 (é,.ée.c CWCC)
vib dm/,.mj = reduce shock. P plager (Fenwss) L
cles,7y\ Flex => 79/7" s/mﬂ weight moved chub head snescage ’W/‘"
R b,;// = /nm,bf ,f’,wfe— -

'MM/;»L - M?A/ /ltdacﬁm =) rfdua.d’ dﬂ«a—? —-?fﬂ«n‘ar S’fu.u{: )nuuunad.l‘

”/ﬁ‘wz






SISATYNY TYHNLINYLS

(e]

@099,

@,

X XA A XY

.

-

’A’

PO P IIITIN
oLl BhaNL0. 9,920,021
oele a%a%a9.9.02%.9:¢
P — SRR
YRS 2$10,929.9.4.9.¢
o o RRNXRANANN
QPP RAXRKXANK

>0

RRXRRAAN

SOINVHIIW - O¥IVW

=
.A
X
(X

0, 9. 0.4«
¢

X

AR RR XX

)

-
o
-~ - .
XA AAA AN

o,

-
.A
.n

o
-

J148vi

X141vW

—D

Sy3did
c—D

SOINVHOIW - OYIIW

17



MATERIALS

e Fibers
— Glass
— Carbon
- Kevlar
— Boron
— Alumina
e Matrix
— Polymeric

thermosets
thermoplastics

— Metallic

— Ceramic

18



ADDITIVES

Coupling Agents
Fillers

Tougheners
Colorants

Flame Retardants

Ultraviolet Absorbers

19



FIBER FORMS

Continuous Strand Roving
Woven Roving
Chopped Strands

Chopped Strand Mat

Woven Roving Mat

FIBER

Major Load Carrying Component

Occupy the Largest Volume Fraction

20
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Typical Properties of Commercial Reinforcing Fibers (2]

- Tensile Tenstle Strain Coefficient of
Typical modulus, strength, to -thermal expansion
diameter Specific GPa GPa failure (10~* m/m per °C, Poisson's
Flber (um)@ gravity  (10° pst) (10 psi) (%) 0-100°C)® ratio
Glass
E glass 10 (round) 2.54 72.4 3.45 4.8 5 0.2
(10. 5) (500)
S glass 10 (round) 2.49 86.9 4.30 5.0 2.9 0.22
- : (12.6) (625)
PAN-carbon
T-300° 7 (round) 1.76 228 3.2 1.4 -0.1to -0.5
(33.5) (470) (longitudinal)
7-12 (radial) ~0.2
as? 7 (round) 1.77 220 3.1 1.2 -0.5to -1.2
(32) (450) (longitudinal)
T=12 (radial)
T-40° 6 (round) 1.81 276 5.65 2
(40) (820)
ams 7 (vound) 1.85 344.5 2.34 0.58
(50) (340)
GY-70° 8.4 (bilobal)  1.96 483 1.52 0.38
(70) (220)
Pitch-carbon
P-55° 10 2.0 380 1.90 0.5 -0.9
. (59) (275) {longitudinal)
P-100° 10 2.15 690 2.2 0.31 -1.6
: (100) (325) (longttudinal)
Keviar 49f 11.9 (round) 1.45 131 3.62 2.8 -2 (longitudinal) 0.38
(19) (525) +59 (radial)
Boron 140 (round) 2.7 393 3.1 0.79 3 0.2
(57 (450)
SiC 133 (round) 3.08 '400 3.44 0.84 LS -
(58) (485)
Al,0, 20 (round) 3.95 379.3 1.90 0.4 8.3
(35) (275)

21 um = 0.000039 in.
1 m/m per °C = 0.536 in./(n. per °F.

CAmoco.

dHercules Inc.

€Celanese.
DuPont.

21
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TENSILE STRESS (103 PSH)

700

600

500

400

300

200

100

4830
B ifluo
i S GLASS
B . 13450
HIGH
STRENGTH KEVLAR 49
- CARBON _2750
E GLASS
~HIGH -12070
MODULUS
CARBON
- <1380
- - 630
] ] | \ 0
1.0 2.0 3.0 4,0 5.0

TENSILE STRAIN (Z)

FIBER

NOTE LINEAR BEHAVIOR ;

HI16H STRENGTH DVE 76

ONLY

BRITTLE FRACTURE

22

FILAMENT — LESS # OF FLAwWS

TENSILE STRESS (MPa)

)



. Figtrs - CARRY loAD & HAVE LARSEST VOWME -FRACTION IN LAMINATE

"/—w : . 6Lass F/BE-ZS - most ""””“"7‘-‘{/ used
A - /ﬁz‘_’_c_"ﬁf/ /"-11‘, ’?‘,‘-"'/5 5/"4‘1?“\/, Q(CU/MIQS«-M#», Chtmizal resiatance

 DiSARY. % Iy Fensile modu s ; high specific grev. , 4’44«47«5/:.,/:14 /wﬁf‘w
Causes tycessive weay on Pools |
*  Egles - lmest cost availible
. Y 7/4“ A:flwr 605"' A;Ae:}' fensile s/u“fﬁ(
P4, 26-27 -  Bﬂs;’;:__wuumcm; Forry IS SrRAnD , RovING (seoupapsmaups);,wovw
- '; Cason RiBeRS - Can be m«,«/ac@f' /4 m«#? fa;l_kf»s:,’/c “Hlodulug. -
AV = ugh Fusile shenght. B wcisht, high Efut, Lo CTE , gred fatiu cha,
DiSADV = frw mlbu,& rese; hacr, - hogh mm;&w/} hegh cost
o used d/row/f dev/h[ Wefiﬁl«fwt«ﬂs hw'cm/baw'%«‘o“

IN GENERAL  Llow mobuLus FIBERS . HaveE LowER SPECIFIC GRAVITIES  LOWER. cosT,
HGHER TENSILE STRENGIH | HIGHER TENSUE STRAINS To FA/LURE

PG U-13  AS o5 Gy-Jo oR S |
* BASIC Formg iS TOW  (BuvbE OF SINSLE .mem,;n,,,,@;;)
Y - Keviar FIBEKS, ,. = oNLy oRGawic FifER  ow o _
ADV. = LowesT ', spmsl,c.émwzy | HIGHEST TENSILE STRENGTH/WT | DAMAGE ToL
CDISADY = MACHINABILIYY | LOW ComPRESSNE  STRENGTH
o VBAs;c éaauemm. Po@ 1S yAaen ;Rovm'a

USED IN Bopy ARMoR d #EwmETS
_ BokoN  FIBERS
ADV. —  Bien TENSZ MOPOWIS ; EXCELLENT BUckunG RESISTANCE 4 COMPRES$WE SR,

- ek o DisABN.- Hi6H cosT  (RESTICTED Tb AERDSPACE APPULC.)

ALUMINA  SiLlca  PiBERS

ADV. ~ MAINTAIN . STRENGTH AT Hi6H TEMP (TURRING BLADES
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P. 39

STRANDS ~ PARAULEL F».mm?ms
Rovnqé, - (i)mw;s'repb PARALLEL STRANPS
CHOPPED STRANDS — SHORT LENGTH STRANDS
STRAND MATS - CHOPPEP STRANPS ‘Mt%ED: w/ BINDER.
WOVEN ROVINGS ~ ROVINGS WOVEN lﬂwJ-“DtRE’moNS-

YARNS - WEAVED STRANDS

MATRIX  CHARACTER!STICS

1. TRAMSFER STESSES BET FIBERS ; 2. PRoVIPE A BARRIER AGAINST
ADVERSE ENVIRONMENT ; 8. PROTELT FIBERS FRoOM MECHANICHL DArAGE

e MSO  AFFECS  INTERLAMINAE SHEAR (EsPecray m S6NDING)

n INPLANE SHEAR — (UNDER TORSioNAL LOADS)
e Atso Viscosiry MELTING PoinT & CuRING TEMPERATURE  OF mfmz X .

AFFECT  FROCESSIBILITY & DEPECTS  IN THE CoMPOMITE

® TIPES .0F rtarmix
= THERMOSET THeERMOPLATIC PoL '
T  @~: , MOFLATIC 7&5@5 S EXAMPLES
- METALC P28
= CERAr:c

L Potymerie  mATRIX

POLyMER — LONG ~CHAW MOLECULE MADE UP OF ONG oR ~DRE REPEATING

UNITS ©OF AToMS JoNED - TOGBTHER By STRonG COVALGNT BONPS

THERMO PLATIC  POLYMER = INDIVIDUAL MOLECULER ; LINEAR STRUCTURE , NO CHEMILAL

Linp

_ ADY. - CAN BE HEAT SoFTENED , MELTED , POSTFORMED, . EASILy REPAIRED
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¥ 41-56

<

= HAS  SHORTER FABRICATION TIME | oWLIn/TEDP SHELE LIFE

= HAVE HI6H maphcT STRENGTH , FROCIVRE ResISTAVCE

DisADy — HIGH Solugron VISCoSITIES MAKE THER USE w/ ConTrNVOUS FrBERS

" HARD.

THERMDSETS — THE MoLECULES ARG CHE’M/Cﬂ-u7' JoNED  Pormwe  I-D -

| STRIKIURE  (ASo Awown AS RESNS)

ADV - THERMALY STABLE ,d_F'f&TMcwy, RESISTANT

| EXHIBIT  LESS CREEP 4 STRES RELAXATION

DisaPY = yrTEP  SHELE UGFE |, tewe. FABRICATION TimE, Lo STRA/NS [fAnn

(MoST Be srorep AT cowstadT TEMP) | CoST

EXarpgs  oF  THERMOSET PoLymers USED R 47-s56

= METALLIC MATRIX

A, USED  WHERE LoNG -7ERe RESSTINCE TO SEVERE ENVIRONMENT
 (Hert TEMP) /s WEEOED
- Yigo  SrRen6TH. 4 Mopius IS Hicnee ,r//ﬂn/fb!-fuéﬂ
~ CAN BE ﬂA;In’mu.f; bé‘»fbmép 4 ,m&@m&,\rw | 8y ‘7?}5&/:;44{ MECH,
_ TREATAENTS
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MATRIX

e Transfer Stresses between the Fibers

e Provide a Barrier against
Adverse Environments

e Protect the Surface from Abrasion

e Provide Lateral Support

H CHy H CH; H CH,
- =—C C C C C C -
H H H H H H
i\ J
Vol
REPEATING
(a) UNIT
| | |
== ——N—(CH,)g—N C—(CH),—C——-
_ J
N
REPEATING
(b) C o UNIT

Polymer molecules (a) polvpropvlene molecule (b) nvlon 6.6 molecule [2]



THERMOSET

e Thermal Stability
e Chemical Resistance

e Less Creep and Stress Relaxation

THERMOPLASTIC

e Unlimited Shelf Life
e Shorter Fabrication Time
o Postférmability |

e Ease of Repair
welding or Solvent Bonding
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EPOXY MATRIX - mgeroser

o Advantages over other Hermosets
_— Wide Variety of Properties
— Absence of Volatile Matters During Cure
— Low Shrinkage During Cure

— Excellent Resistance to Chemicals and
Solvents

— Excellent Adhesion to Fillers, Fibers, etc.

e Disadvantages
— High Cost

~ Long Cure Time

25



Matrix Materials (2]

Polymeric
Thermoset polymers (resins)
Epoxies: principally used in aerospace and aircraft applications

Polyesters, vinyl esters: commonly used in automotive, marine, chem-
ical, and electrical applications

Phenolics: used in bulk molding compounds

" Polyimides, polybenzimidazoles (PBI), polyphenylquinoxaline (PPQ):
for high-temperature aerospace applications (temperature range: 250-

400°C)
Thermoplastic polymers

Nylons (such as nylon 6, nylon 6, 6), thermoplastic polyesters (such as
PET, PBT), polycarbonate (PC), polyacetals: used with discontinuous
fibers in injection molded articles

Polyamide-imide (PAI), polyether-ether ketone (PEEK), polysulfone -
(PSUL), Polyphenylene sulfide (PPS), polyether imide (PEI): suitable 4 ) .
for moderately high temperature applications with continuous fibers -

Metallic

Aluminum and its alloys, titanium alloys, magnesium alloys, nickel-based
superalloys, stainless steel: suitable for high-temperature applications
(temperature range: 300-500°C)

Ceramnic

Aluminum oxide (Al,0O,), carbon, silicon carbide (SiC), silicon nitride
(Si4N,): suitable for high-temperature applications

w)
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FIBER/MATRIX CONTENT

v; = wy/ps
(wi/ps) + (1 —wg)/pm
Um — (]. - ’Uf)
DENSITY
1
Pc =
(wg/pg) + (1 —ws)/pm
Pec = composite density
(Y f — fiber volume fraction

ws = fiber weight fraction
P f == fiber density
Pm = matrix denis.ity

(2]

VUm — matrix volume fraction -

27
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Fraction of load shared by fibers in longitudinal tensile loading of a continuc
parallel fiber lamina. (2]
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Unidirectional Lamina
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EL vy

Loading conditions for the evaluation of basic elastic properties (5]
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INTERPLY HYBRID LAMINATES

Made of separate layers of LE fibers and
HE fibers both in a common matrix
Higher ultimate strain than LE fiber composites

e Strain at which LEfibers begin to fail is greater

than or equal to the ultimate tensile strain
of the LE fibers
LE fibers fail in a controlled manner, producing
a step or smooth inflection in the tensile
stress/strain diagram
Ultimate strength is lower than the tensile strength |
of the LE or HE fiber composites -
Ultimate strain is lower than that of the HE
composite
Tensile modulus falls between that of the LE
and HE composites |
Advantage is enhanced strain to failure
Strength and modulus is saerificed
[2]

LE — Low Eronéarion (Hi6H MoDULUS  caRBoON FIBERS)

( E-6uass , Kevear) 6Y-To [ $-6uAs5
LoAd /

€

HIGH ~ ELonGATIoN
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TENSILE STRENGTH
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1.0

VOLUME FRACTION OF LOW ENERGY (LE) FIBERS

Model for tensile strength variation in interply hybrid laminates [2]

ASSUME

BD - STRESS (W HYBRID AT WHICH FAILORE ;N LE F/BERS 0teoR (HE CARRIES mo toap)

AE - L T h

"

v < HE Fi8eRS  ConrRoL
v

Ve LE FI8ERS CoNTRoL
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Variations of tensile strength and modulus of a carbon/glass-epoxy interply
hybrid laminate with carbon fiber content [4] '
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MECHANICAL PROPERTIES

Static
~— Tensile

— Compressive

— Flexure

~ Inplane Shear
Fatigue
Impact
- Environmental
Fracture

Creep
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TENSILE STRESS (10,000 PSI)

FIBER VOLUME FRACTION (v¢) = 0.6
20l songga“ (400°F) S GLASS- 11380
HT CARBON- EPOXY
EPOXY KEVLAR 49-
EPOXY
154= -1 1035
10 - 630
ALUMINUM
(7075-16)
5 -1 345
0 1 1 | | ! 0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

TENSILE STRAIN ( % )

Tensile stress-strain curves for 0° laminates [2]

ComposiTES - LINGAR TO FAILURE | TENSILE RUPTURE OF FIBERS THEN DERend
METALS - PLAMC REGroN
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STRESS ( 100 MPA )

P L
AS CARBON - EPOXY

] 11.6

18.7%2
o
S
<
2

. S.B‘n
(72 )
s
[~ 4
(==

b [72]

4 2.9

- A 0
16 20
STRAIN (10°3)
(6]
as 06 1% LESS STiFe (SHEAR STRESS RELATED) , EXHIBITS RES STRAN
v more STiFr  (TeNsie SrRESS -RELATED) , Mo RES/DUAL STRAMN

UNLIKE METALS
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MANUFACTURING

Bag Molding
Compression Molding
Pultrusion

Filament Winding

Resin Transfer Molding
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MOVABLE PLATEN

—

Movable
Moid
Half

~~—— Shear edge

|/

T T T S T T T V-
[]
/

/]

~—— Charge

o ———]

Fixed |7

Mold —1
Half

~~—— Ejector pin

S

NONNANNN R CRRNRREERRRRRRSKRERENNSINNSNSNSNSNNNNNANS AN

FIXED PLATEN

Schematic of a compression molding process (2]
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- Surface
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Various defects in a compression-molded SMC part (2]
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- DESIGN'

e Design Allowables Depend On
. — Fiber/Matrix Material
— Stacking Sequence
— Manufacturing Technique
— Operating Environment
— Failure Modes/Prediction
- Hole/Size Effect

— Joints: Mechanical or Bonded

"""""
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Unique Characteristics of Fiber-Reinforced Polymeric Composites

Nonisotropic
Orthotropic
Directional properties
Four independent elastic constants instead of two
‘. Principal stresses and principal strains not in the same direction
Coupling between extensional and shear deformations

Nonhomogeneous
More than one macroscopic constituent
Local variation in properties due to resin-rich areas, voids, fiber
migorientation, ete. -
Laminated structure

Laminated structure

y Extensional-bending coupling
Planes of weakness between layers
Interlaminar stresses
Properties depend on the laminate type
Properties may depend on stacking sequence
Properties can be tailored according to requirements
Poisson’s ratio can be greater than 0.5

Nonductile behavior
¥ Lack of plastic yielding
Nearly elastic or slightly nonelastic stress-strain behavior \ )
Stresses are not locally redistributed around bolted or riveted holes
by yielding
Low strains to failure in tension

Noncatastrophic failure modes
Delamination
Localized damage (fiber breakage, matrix cracking, debonding, fiber pull-
out, ete.) )
Less notch sensitivity
Progressive loss in stiffness during cyclic loading
Interlaminar shear failure in bending

Low coefficient of thermal expansion
Dimensional stability
1] Zero coefficient of thermal expansion possible
Attachment problem with metals due to thermal mismatch

'| High internal damping: High attenuation of vibration and noise .
§ Noncorroding '
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ANISOTROPIC ELASTICITY
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,D//-’)-"Ezé’w“ RESPoNSES DUE' T /So?iEo/’;/C ) AM/Skaa;’/c. © MATERIALS
/SoTROPY -  APPLIED TENSILG LOAD  PRODUCES - ELONGATION (S LoAD DRECTON
ConTRACTION IN DiRECTIONS L 7® wAD,l
DRTHOTROPIC ~ APPLIED TENSILE LoAD IN PRINCIPAL DIRECTION i SAME RESPoNSE

~ IN NON PRINCIPAL DIRECTION : EXTENSIoN ¢ SHEAR CoUPLING

 ANISOTROPIC. - APPLED TENSILE LOAD IN ANY DRECTIon PRODUCES

+

ExTENSion 1 SHEAC CouPuNG, .
| SAME IS TRUE FoR APPLUED PURE SHEAR

¢ How Do WE GET THESE TYPES OF MATERIALS | |
ANISoTROPIC ~ MATERIAL TPROPERTIES ARG DIFFERENT IN ALL DiecTIoNS :
"‘) o | | = NO Puavss oF SYMMETRY
| 1SoTRoPIC - HA—TC{?-(A—L  PROPERTIES NRE SAME uJ ALL DuQé-‘cﬁ@;JS
. =) INFINITE MO. OF‘,?LA-MES: OF SYMMETRY .

ORTHOTROPIC. ~  MATERIAL HAS THREE PLANES OF SymmETRY

. * FIBER REINFORCED CoMPOSITES WAVE 3 PLANES OF SyMMETRY

CCoNTAINING  1,2,3  AXES  (PRINCIPAL MATERIAL DIRECTIONS)

<

e P’ UNIPIRECTIONAL FIBERS TROPGRTIES 11 2-3 PLANE ARE THE SaE
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Extensional-shear coupling and Poisson’s ratio (5]
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COMPONENTS OF STRESS AND STRAIN

T s g = Qg

13°°13 "%5+ "13 " %3 " %5

Ten ® O

12°°2 "% " "12 " 212 " %6

. 3]
¥ - ENGINEERING STRAIN

NORMALLY 9 CoHPoNGNTS of STRESS & Oy G, ..., 0y

FCor NO ROTATION S 032—; g, ete O—ij= aj;

INSTEAD OF woRKiNG WiTH A STRESS TENSoR (3x3) 4 REpuNPANCY (015,‘731,-”")
WORK WITH A VECTOR HAVING & ENTRIES

o)
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ROTATION OF AXES

b - Lo
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("1 = (7,1 (o)

38

o s o

m, n, AND P, ARE DIRECTION COSINES

]
€2
€
=T 3
€4
€5

te'r = (TJ (el

O



(€]

Gu-aw)

uil-

uw

uwZ  uwg-

59



‘ PRIMARILY CONCERNED WITH ROTATION IN Xl--X2 PLANE

Q Q Q Q
W= M- -

Q

e

—

ABouT X5 AXIS

. . q o < 1

;]
X1 m‘n 0 xl
X:L, -nm 0]]X

| 2
X3 - LnO 0 1- L.X3 -
- . ®)
m =cose , N = sine
2 00 0 2mn] -011
m2 0 0 0 -2mn | |ag
0 1 0 O 0 o3
0 0 m -n 0 oy
0 0 nom 0 a5 |
mn mn 0 O O mz-n2 %
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X1-Xo PLANE A PLANE OF ELASTIC SYMMETRY

oy £ TR
X1 1 0 0] [x
Xo = [0 1 0| |x
X 0 0 -1 |X

m1=n2';"1,p3'="1

ALL OTHER DIRECTION COSINES = 0
[Tl = [Tel FOR THIS TRANSFORMATION

] L oo o0 0 0],
eyl 01 00 0 0o
ey [0 01 0 0 0f|gg
cyl 00 01 0 0f|s,
0-5' 0 | 0 0 0 -1 0 o5
_a-éd _0 0 0 0 0 1_1 _°'v6J
e 0,50, 0,%0,, Ly 6q, gy gla, 3]
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IF Xz-Xj' PLANE |S ALSO PLANE OF ELASTIC SYMMETRY,
STIFFNESSES ARE INVARIANT UNDER THE TRANSFORMATION

X; 1 0.0|1X
Xy [=]0 1 0]|X
Xy | |00 1]|X
SIMILAR PROCEDURE AS BEFORE YIELDS -y

Cig = Co = C3¢ = Cg5 = 0

SYMMETRY WITH RESPECT TO THE X;-X, AND X,-X; PLANES
ALSO IMPLIES SYMMETRY. RELATIVE TQ THE X, -X; PLANE.
SUCH A MATERIAL | S REFERRED TO AS GRTHOTROPIC AND
|'S DESCRIBED BY 9 [NDEPENDENT CONSTANTS. 3]

)
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ORTHOTROPIC MATERIAL

Cy €2 Cp LI
Ciy Cp Cpy 0 0 0
I LR BRI .
0 0 0 Cpy 0 O
0 0 0 0 Cy O
00 0 0 0 Gy

-
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MATERIAL PROPERTIES

e Isotropic
_— Properties are the Same in All Directions
— Three Elastic Constants
e Anisotropic
— Contains No Planes of Material Symmetry
— Twenty-one Elastic Constants
e Orthotropic
— Three Orthogonal Planes of Symmetry

— Nine Elastic Constants |
' (2]
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~ FOR ORTHOTROP!C MATERIALS - 9 INDEPENDENT
ELASTIC CONSTANTS E E

Gy Goy, AND G

2 B3 12, "7 13
2 13

FOR TRANSVERSELY ISOTROPIC - 5 INDEPENDENT

CONSTANTS: EI’ E2' V19V 93 G

,- _Ez
23 A1 + v

12'

© 6

BULK MODULUS" - ASSOCIATED WITH UNIFORM

HYDROSTATIC PRESSURE o0y “09 =03 = P
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MATERIAL AND LAMINA

PROPERTIES



/»>



FIBER/MATRIX INTERACTIONS
IN A UNIDIRECTIONAL LAMINA
e Basic Assumptions
"~ Fibers are Uniformly Distributed
_ Fibers are Straight
_ Fibers have No Imperfections
— Perfect Bonding
— Matrix is Free of Voids

— Loads are Parallel or Normal to

the Fibers
* — No Residual Stresses are Present -

— Fibers and Matrix Behave in a Linearly

Elastic Manner .
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LONGITUDINAL TENSILE LOADING
P

A

\

P
For Perfect Bonding e = €,,, = €,

Using the 1-D Hooke’s Law

o= Fe

Therefore
gf ZEfEf ::E’fec (1)

Om = Epem = B €, (2)
Noting that Ey >> F,,

O‘f. > Om 80



N’

Applying a Tenéile Force
P=P;+ Py,

Since Load Equals Stress Times Area
oA =0pAf+omAm

Noting that

A, = Af + A,
v =A¢ /A,
Um — ATn/Ac

e =005+ om(l —vy)

Dividing by €. and using equations 1 and 2 produces
the Rule of Mixtures ¢

Er = Ef?)f —+ Em(l — vf)
[2] {
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VOLUME FRACTION LIMITS

e Cylindrical Fibers
. — Theoretically vy = 0.9

— Practical Limit for Good Wetting
of the Fibers vy = 0.8

— Critical Volume Fraction

(Umu — O-;n)

(Ufu — me)

vf—

[2]
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TRANSVERSE TENSILE LOADING
Neglects Interaction of Neighboring Fibers

Fibers Act as Hard Inclusions . . e

Local Stresses/Strains in the Matrix are
Higher than the Applied Stress

Cracks may Develop Normal to the Loading
Direction at the Fiber/Matrix Interface

or in the Matrix
(2]
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ELASTIC PROPERTIES OF A LAMINA

Longitudinal Modulus

Fi = Ef?)f + E v,

Transverse Modulus

E‘22 —

EEm

Ef'Um+Em Uf

Major Poisson’s Ratio

Vig = VfUy T UmUm

Minor Poisson’s Ratio

V21 =<E22/E11) V12

Shear Modulus

Gz =

EJJ_ 4 &,2

Depend m  1o14 tondent |y, 4

GG

Gf'U-m+Gm Uf

én\lc | een VK‘,LULS "-e»m WPM.;M‘S

Figee
85

U;“Z I"U;
D‘M‘ Purve, on Ef'

5!71147& ;;4 Patra,f/b(
i B '_’_)_j'f' + _‘{f
Lz Ena f}

Dc«Pmd(S more ®a [

E,;/Eu Mmeasuae

"‘-Wo?j '

Depends wove m G

(2]
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OBSERVATIONS ABOUT MODULI

E1y > Eao

'Y ’:Ei_bers Contribute More to Eq1
Matrix Contributes More to Fo9
V12 > V21

e Matrix Contributes More to G19
Than the Fibers
(2]
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-y COEFFICIENTS OF LINEAR THERMAL EXPANSION

e Unidirectional Continuous Fiber Lamina

. aflEfvf + amEvnvnz

Atoné Fiser PR, (o)

84
H Ef?)f + E, v
Qoo = (1 + Z/f)(afl‘;‘afr’) 'Uf L 7™ FiBer D/,Q(w‘/

(1 + vf)amUm + @112
)

Where

V12 = VfUf + UmUm

Q{f] =  The CTE of the Fiber in the Longitudinal Direction
Q fr = The CTE of the Fiber in the Radial Direction
Qlyp, =  The CTE of the Matrix

: (2]
W, A, METE ToMINATED

| : e - 47 o0 e (&/Ml/‘nm\) )

IN N CASE  o(m PVl ¥ (400 > o(0°)
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Angled unidirectional continuous fiber lamina 2]

PRoPeeTGS  MeAsurEp W X,Y PLANE (v Pepae)
w2 pLanve  (our oF Puave)
IN PLane W0Ra  LAMA R
VT OF PLANE  INTER LAMINAR
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v 1 /1 2w 1
umy=Eu[12 —:1—< + 12+———>sm226

Eqq F1i Eqy Eoo  Gig
1

Note that at 8§ = 0°, F,, = F1;

and at 6 = 9007 Ea::r: — E22 ?D))N/H/-—%zj’)
e 1))( R
Qg [ cos?0 sin26 | N
W\@ Wl oy | = sin?6 cos?0 (all >
wpw uamy 2sinfcosd —sinbcosl 22
3&\\}}: g = - -
0}'&)\) @‘"‘& 2\ K\(} dhux |y,  COEFE LINEAR  ExPansion [2]
\ AN
W va” olyy "
U\,\/’ "\l" SHEAR
6(',
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CONSTITUTIVE EQUATIONS

Definition of principal material axes and loading axes for a lamina (2]
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G-Z Z

Yy

G)’ Y

Normal stress and shear stress components (2]
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ORTHOTROPIC LAMINA

IN PLANE STRESS
(Uzz = Tgz = Tyz — O)
wﬁw
Uy
€rxx — wa/Ewm - Vymayy/Eyy — MgTzy
€yy = ~VayOuz/Euz + oyy/Eyy — myTay

€xy = —MgOgg — MyOyy + Tay/ Gy

[SOTROPIC LAMINA IN PLANE STRESS

(Uzz = Tzgz = Tyz = 0)

. A

‘o T E (“Yawm +oyy)
1

Czy = & (Tzy) 2
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normal

p—

— l,|~' "
\.7/ /h e
N V/En = norm3al b
Oz |
Z

Nq»imgl{; s_t;;ress{'g; an_dg‘s,h;eé'r ‘iStre_sfs: ‘coihpénents 2]

* IN THE SYySTEM SHOuJN ABOVE 77/6 DfeEWON oF THE OUTWARD Nokmat

DEFIIJESvTHE' + DIRECT/O/\/ .'//- PO//VTE'D /N + Coa:QD/A/ATE‘ DIEE'CT/O'J

,} * THE FAacE on MHIcH /7- ACTS /.I . ,c'/.za:‘ ’
’ 3y : .
/ R
~ * STREss + IF Ac_'ljs N + Dmecmo:\) ou + PAcc R IN & DIRECTION oN — FACE
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Where

m, and m, are Coefficients of
Mutual Influence

V192 1 1
by Eoe  2G1o

1 2v 1 1

2 12

—cosf0| — 4+ — 4+ — —
(Ell Fqq FEoo (?12>}

m, = stn2b l:

95



SPECIALLY ORTHOTROPIC LAMINA

S
Extensional and Shear Deformations

are Not Coupled
Principa,l Stresses are in the Same

Direction as the

Material Axes
€xe = €11 = Ozz/E11 — 2104y / Fo2
€Cyy — €22 — Uyy/E22 — VlZwa/Ell )
€xy — €Eygx — €12 = €21 = T:z:y/G12

GENERAL ORTHOTROPIC LAMINA

Extensional and Shear Deformations

are Coupled

ot AT

Direction of Principal Stresses 1 oM o

and Strains Do Not s )

Coincide 2]
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SPECIALLY ORTHOTROPIC LAMINA
Extensmnal and Shear Deformatlons

‘are Not Coupled
Prmcnpal Stresses are i the Same

Dlrectlon as the
Materlal Axes

Cxx = 611 = Umm/Ell V210yy/E22 |

' GENERAL ORTHOTROPIC LAMINA

Extensmnal and Shear Deformatlons
-are Coupled "

quwhpr W-L'r
JJM (0o P

.. pepenp on (€ T
. DerenD onl (€, Jem s ,,/a;’_)

- Eufg,, MEMIRE. oF oRTHeTROPY

Direction of Principal Stresses
and Strains Do Not -
C01nc:1de [2]'

< g6






STIFFNESS AND COMPLIANCE MATRICES

e Relate Stresses and Strains

e Are Functions of Lamina Properties
\ACPM4 Vo2 é}"} é};’

e [S] is the Compliance Matrix

e [Q] is the Stiffness Matrix

-
Foe SoTropic LamwaA  [Q] - [37
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SPECIALLY ORTHOTROPIC LAMINA

8 =0° or 90°
€rz (S11 Sz 0 ] (0w
€yy | = So1 Sa2o 0 Tyy
Ea:y L E O C 0 i 566 i Ta:y
Cnﬂoii’mw
511 =1/FEy;

S1o = S91 = —v12/E11 = —vs1/ Eas

Soo = 1/ Fas

Ses = 1/G12
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Oz Q11 Q12 0 ]
Oyy | = [ Q21 Q20 O
s hpeas
Eq
Q11 =
(1 — v12v91)
V19 L99
Q12 = Qo1 = =
(1 — v12v91)
E
Qa2 = 22

(1 — v12v01)

Qes = G12
| (2]
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(2] |  (Be-Tme e N\m .

(9,500 + 9,u1s) 995+ 075029,us(%98 — 15y — “Ge + 1igg)g = "H/1 =
.%mmowmﬁ.sm.?@m Y mmmmvl mmoo%mz.@m@@m — 2lgg — S%Nv I 7Yy —
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I Lo ey

(65500 + g, u1s)99Y+9,5009,u15 (907 — SIPg — B + 11H)= 993

0¢5009us (990 + () — C13))+ 95009 urs(99¢g — el — 1) = 9%py

055028L()+ 975000, uts (OO+ CIP))g + g, urs 11 = 8py

%N%QU%NQ&&A@@@@ — NN@ 4+ HH®V+ A%wm.OU,lT %ﬁ@wwvmﬂw — NH®

05 ULSCED+ 055029, uts(9O+ 1)) + 9,500 = 11
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Using trigonometric identities, Tsal and
Pagano have shown.
@11 = Uy + Uscos26 + Uscosdb
—@12 — @21 = U, — U36054(9
Qoy = Uy — Uyco528 + Uscos4h

— 1
Qg = 5 Ussin26 + Uz sindf

|
DO |

Qo = = Upsin260 — Ussindf

Qes = Us — Uscosdd 2
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U, through Us represent angle-invariant
stiffness properties of a lamina.

Us % (3Q11 + 3Q22 + 2Q12 + 4Q66)

1

=3 (Q11 — Q22)

% (Q11 + Q22 — 2Q12 — 4Qs6)
Us é (Q11 + Qa2 +6Q12 — 4Qss)
Us L U U.

5( 1 — Uy)

(2]
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S

U, through U5represent angle-invariant
- stiffness properties of a lamina.

U, (3Q11 + 3Q22 + 2le + 4@66)

OOli—*_

(Qll '—sz)

(W l

(Qll + sz - 2@12 - 4@66) -

OOI}—*

Uy = (Q11 + sz + 6@12 — 4Qs6)

OOH—*

Us (U1 = U4)

o

l\Dll—*

cAn Ao BE..’: ExPRESSED w Teams OF ANGLE INVARIANT
éummr:es Vi - Ve WHOSE FoRM S ARE SAmME AS ABove
éxce?r For. QN»EaLmeb 57?]:)9&5 . -
le. , o e
Vy= & (38 +35, + | 29.2 *‘ 3:.; )

PG 126 MALICK

S
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DISCONTINUOUS PARALLEL FIBERS
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~ UNIDIRECTIONAL DISCONTINUOQUS FIBER
” L LAMINA

e Assumptions
— Fiber has Circular Cross-section
— Fibers are Arranged in a Square Array
— Fibers are Uniformly Distributed

) — Matrix is Free of Voids

107



The tensile load is transfered to the fibers
by a shearing mechanism between }%
the fibers and the matrix.

Em<Ef

Therefore, the longitudinal strain in the matrix
is higher than the longitudinal strain
in the adjacent fibers.

Assuming

— Perfecting Bonding Between the Fiber
and the Matrix

The difference in the longitudinal strains
creates a shear stress distribution
across the fiber/matrix interface.

(2]
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Neglecting
— The Stress Tfa,nsfer at the Fiber Ends a

— The Interaction Between Neighboring
Fibers

Considering

~ A Length dz at a distance z From
the Free End

The force equilibrium equation is

(m/4)d}(op +doy) —(n/4)dGos — wdpdeT =0 ()

Simplifying

dOf 4T
dx d)[
Where
Uf — The Longitudinal Stress in the Fiber at a Distance & \‘)

From One of its Ends
T = The Shear Stress at the Fiber; Matrix Interface

df — The Fiber Diameter



Setting oy = 0 at z = 0 and integrating

/F/ ﬁMC/W W 0;:
4 T Lo
of = — TdT -

Assuming that the interfacial shear is constant

DISCONTINUOUS FIBER LAMINA

e Fiber Stress

— 1is Zero at the Ends of the Fiber

— Builds to a Maximum Value at the

Midpoint of the Fiber
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CRITICAL FIBER LENGTH @

Wit FIBER  BREAKS

The minimum fiber length required for the fiber
stress to be equal to the fiber ultimate strength
at its midlength is the critical fiber length.

O'fu
lo = d
i 27',&' !

For Effective Fiber Reinforcement
lf >> [,

For a given fiber, the [, can be controlled
by increasing/decreasing 7;,. 7; may
be increased by using coupling agents.

J
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CRITICAL FIBER LENGTH

The minimum ﬁber lenfrth requlred for the fiber
stress to be equal to the ﬁber ultlmate strength
at 1ts mldlengthwfs the crltlcal ﬁber lencrth

For & fective. F iber .:R{é@»,info‘r;cernent o
| a ._,?"(T :ovelz MosT ©oF
L4 = 'fu "_IB

l £ >> lc . Use mBER 7o /TS PerewmiAL
S S ) 7o CARRY LofD

For a given ﬁber the l ‘can be controlled
by 1ncreas1ng/ decreasmg Ti.T; May
be 1ncreased by usmd couphng agents

w Tt 1 f AN ACHIEVE Fzsc—;e Mﬂﬂ)///\/& PoTENTIAL W/o
mew/\/é ere.e LE‘A/&TAL

© 112 7
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a For [, <,
e There Will be no Fiber Failure

o TWO Failure Modes are Possible
— Interfacial Bond Failure

— Matrix Tensile Failure

S — The Actual Failure Mode Depends on

the relative values of 7,,, and 0,

FIBER TENSILE STRENGTH (G; )
u

=

‘ ’ ]
c
]fdc &?

|
|
|
|
|
]
]
|
|
|
|
1_‘3 e G - —3
2 2 2
£

1

————{
¢ > ——1.> 1

/
4
x‘»‘

Siguiiicance of critical fiber length on the longitudinal stresses of a discontinuous fiber. (2]
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N

_',,For ly <lc

There Will be no ‘FiibevffFailuré 7< g

2 .

° TWO Faihilje '-;MOdes a»re:':;_PQ;s,sible Go = Tooe \y # T3y (14

L,

~ Interfacml Bond Fallure (Fi8er Prcour)
Ltu‘}l":-ﬁ‘;r*'a' (| vﬂ ’
— Matrlx Tensﬂe Fallure
U‘Lt“ = chfv, +a-m(t~ 4)
~ The Actual Fallure Mode Depends on

the relative values of 7,,, and .,

" FIBER TENSILE STRENGTH. (G )

LM_J

(a)

e T AT T s meevsee
tl.- Loap TRAWSFER - R e i-:var *
LeNgry L L ‘ ™

J

digatliicance of critical ﬁber Iength o1 the lungltudmdl stresses of a discontinuous filier.

ACTUAL LOADJNQ EE  MALLICK ..P4 85
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™ INTERFACIAL BOND FAILURE

T ml fUf /
TLtu = — + 0, (1 —vy)
f
Ty, —  Fiber;Matrix Interfacial Shear Strength
!
O',,n = Matrix Stress at the Instant of Fiber
Pullout

MATRIX TENSILE FAILURE

T.L'lfbf
dy

OLtu —

+ O‘mu(l — ?Jf)
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UNIDIRECTIONAL DISCONTINUOUS FIBER
LAMINA
6 = 0°

e Longitudinal Modulus

/ fiber aspect rato
_1+2(ly/dff)nr vy
Ell — (I-nrvy) Em

e Transverse Modulus

. 1+2nva
FEos =

e Shear Modulus

. _ 1+nc;’l)f
G2 = Ga1 = g=gy,y Gm

e Major Poisson’s Ratio

V12 = VfUF + UmUm

Where B (B /Ev)—1
"L = T[E;[En)+2(i7/d5)
—_ (E /Em)_l
nr = (E;/Em)—i—Q
ng = (Gy/Gm)—1 (2]




RANDOMLY ORIENTED DISCONTINUOUS
FIBER LAMINA

e Lamina is Assumed Thin
E%andovn — (3/8)E11 + (5/8>E22
Grandmn — (1/8)E11 + (1/4)E22

Erandom

VUrandom —
' 2C:'r’andorn

-1
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MICROFAILURE MODES

Partial/Total Debonding of the Broken Fiber

Microcrack Initiation

Microyielding

Failure of Neighboring Fibers
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MICROFAILURE

e When a Fiber Breaks

— The Normal_Stress at each Broken End
is Zero

— Stress Concentrations at the Void are
Created by the
Broken Fiber

— High Shear Stress Concentrations Occur
in the Matrix
Near the Fiber Ends

— There is an Increase in the Average
Normal Stress in

the Adjacent Fibers
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 LAMINATE ANALYSIS






s LAMINATE

Many  PLIES

e]

$<

W) Lsyrd 2puHaAg

sawadH  AIVIIdesSayavie SYNINYT
g o~ o &2

quag 1224934
FPIHL < HIQIM

{

a1
!
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M.mw.m.xxu\wmw - >xz
.N\«
TM‘XN. xﬂo .W = xx—)_
a.N.w %
AX xK
W= W
\\_
Ax 2 ﬁz\
W W kk
}
XK
s -
X Z Z

KX

kK

“\l-/,,
HLGIM 1ing
r4 Ax XA
N =N
£ -
KX -
N
XX

kK

Javoikyg o W ¢ d

XX
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N., = Normal Force Resultant
in the z-direction

Nyy = Normal Force Resultant
in the y-direction

N, = Shear Force Resultant

M .. = Bending Moment Resultant
in the yz-plane

M,, = Bending Moment Resultant
" in the zz-plane |

M, = Twisting Moment Resultant
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FORCE RESULTANTS
hi2
| k
N '/ o dz
X Jhpr X
| hi2
K
N = o dz
Y e Y
hi2
N = 'rk dZ
X pp M
MOMENT RESULTANTS
 hi2
K
MX = / ondZ
“h/2
| hi2
K
- M '/ o zdz
Y Y
hi2
K
n o [
Y Jhp M
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LAMINATION THEORY ASSUMPTIONS

T . T
X&’78/ Géa
are O,

Laminate is Thin and Wide { plane stress.
dm/D be. "'/%“/'j
Interlaminar Bond Between
Laminae is Perfect

Strain Distribution |
Through the Thickness  (¥odr pit Hery.
Direction is Linear

All Laminas are Macroscopically
Homogeneous and we 5
Linearly Elastic Manner

Plate has Constant Thickness

Transverse Normal and Shear Strains ¢, % Y e 0
are Negligible !

Small Displacements and Strains

[2] (3]
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Where

LAMINATE STRAINS

o
€.+ zkoy

0
6yy + Zkyy

Mm
<
N

|

—_— O
€xy = €3y T Zkzy

0 o
€rzy €yy — The Mid-plane Normal Strains
0

€xy = The Mid-plane Shear Strain
k:z::c) kyy — Bending Curvatures
k'my = Twisting Curvature

Z = Distance From the Mid-plane in the Thickness Direction

(2]

130



1< ] [e]

Va

(

(e]

.»xv_ Z+ a.”:em_o +

My z 4 ah: M_wo b

Ax, A

Av_~+ov

A A

3%+ *yz4+ %99 .
V_N+o.v_o+:_~+ovv_o

A A

¢l X xw,ﬁ.'
v_~+cu. V_oiv_:o. V_o -

9L, . A K 21, X X 11
v.oiv_:o: v_o.iv_N,,e: v_o.u

S3SSIS Ald

fx
1

3

A

o)

3

X
fo

3
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LAMINATE FORCES AND MOMENTS ~

Ny = J& cx + 2y f@ (6/*?éy,)4z * f@ (x z)ey)cb(’*
: 0,6 r2 ks )ﬂe v [Qy (&) 2 ley)ads 4 ..

/%z:\ ()

Nay | _ [A B|| e,
Moo | LB D | ko »
k

[A], [B],and[D] are functions of the
elastic properties of each
lamina and its location
with respect to the
midplane of the laminate.

- 132
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[A] = The Extensional Stiffness Matrix (Ib/in)

A A Agg
(Al = | A1p Agp  Agg
| A1g Aze  Ass

[B] = The Coupling Stiffness Matrix (Ib)
ertltnsiin —éw,lf Coephry

FoR  SYiar 677E1 € M7

Bi1 Biz Big ] [s]lo]
Bl = | Bz Bss Bag
Bis Bas DBes

D] = | D12 Doy Das
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EVALUATION OF ELEMENT
STIFFNESS MATRICES o)

N
Amn = Z(an)j(hj — hj_1)

j=1

N
. P |

N
D = 1/3 z:(zjmn)](h:]3 — h?—l)
7=1

N — The Total Number of Laminae
\Q\ mn) 7 — The Element in the [Q] matrix of the Jth Lamina

DJ‘(L:;JS \&’& h] 1 = The Distance from the Midplane to the Top of the ]th Lamina

h] — The Distance from the Midplane to the Bottom of the J th Lamina
(2]

(3 Const in each ply
0’"’. a{wasurwh
ddrce Qs i Sune diy

Thea e Z&(‘v‘—h‘jﬁ) (v)
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LAMINATE GEOMETRY /DEFINITIONS

o Laminate is Constructed by Stacking
a Number of Laminae in the
Thickness (z) Direction

e Unidirectional Laminates
— Fiber Direction is the Same
in All Laminae

e Angle-ply Laminates
— Fiber Orientation Angles
in Alternate Layers

are ...[0/ —6/6/ —8/...
Where 6 # 0°0r90°

(2]
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Angle-ply laminate (2] -
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e Cross-ply Laminates
— Fiber Orientation Angles

in Alternate Layers
are .../0°/90°/0°/90°/...

e Symmetric Laminates
— The Ply Orientation is
Symmetrical About the
Centerline of the Laminate

— For Each Ply Above the Midplane,

There is an Identical

Ply at an Equal Distance
Below the Midplane

— The [B] =0
(2]
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Cross-ply laminate [2]
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%

////+6///T/

MIDPLANE

_l
!
|

0

Symmetric laminate configuration [2]

balbwcs Leninte f #6, -8
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e Quasi-isotropic Laminate
— Laminate Made of Three or More
| Laminae of Identical
Thickness and Material
with Equal Angles Between
Each Adjacent Lamina

e Balanced Laminate
— Every 460 above the
midplane can be matched with
a —0 below the midplane

— A6 and Asg = 0, there is no
normal stress-shear strain coupling

~ A Laminate can be balanced symmetric

140
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t

////+8///T/

h
_ _ MIDPLANE _ ,i _
h
v
tO

Laminate configuration for which Dyjg = D2g =0 (2]
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K
T T R T

B  MIDPLANE I
hy
t

0

Balanced laminate configuration (2]

¢(§ -8 mr,l«!/) Wrﬁﬂ\

MKF%’W%&W%W

Ay =hezo 1 we plasn ks crw)@wgwm

ok .
D FO Dy 0 bundung § hne eropb—y

- wid ‘
MAM 1'\(:‘/\—,, DH,T: b o m;o‘\“"”‘qtja”kc‘]m)
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e Unsymmetric Laminate
— Laminate is Not Symmetric .

About the Midplane

— Will form cylindrical or
saddle shapes

— [B] # 0, a Normal Force
such as N, or a Bending
such as M, will create
both bending-twisting curvatures
and extension-shear deformation.

o If for every +60 above
the midplane there is an
identical lamina of —6
at the same distance below
the midplane D = Dyg = O.
There is no bending moment-twisting
curvature coupling.
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SADDLE
SHAPE

: TWO POSSIBLE
CYLINDRICAL SHAPES

Possible configurations for unsymmetric laminates [2]
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@ LAMINATION THEORY

e Step-by-Step Procedure

~ — Evaluate Stiffness Matrices
for the Laminate

— Evaluate Midplane
Strains and Curvatures
for the Laminate Due to
a Given Set of Applied
) Forces and Moments

— Evaluate In-plane Strains
for Each Lamina

~ Evaluate In-plane Stresses
for Each Lamina
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LAMINATION CODE

§ymmetric Laminates

[09/905/0°] = [0°/90°] 4

Aqgle-Ply Laminates

[0°/45°9/-45°] 5 = [0°/245°]

ReEeating Sets of Plies

[0°/£45°/0°/£45°] _ = [0°/245°] 54

[o°/9o§/0°]

(3]
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EXAMPLE

Determine [A4], [B], and [D] matrices
for a [+45/ — 45| angle-ply laminate. Each
lamina is 6mm thick and contains 60 volume percent
of T-300 carbon fiber in an epoxy matrix. The
material properties are F; = 220 GPa, vy = 0.2,
E,, =36 GPa,rv,, =0.35.

SOLUTION:

Step 1: Calculate Fy,, E92, 12,121, and G4 for 6 = 0°.
Eii=FEsvs+ Eqnvy
= 220(0.6) + 3.6(1.0 — 0.6)

= 133.44 GPa

EtEm

Eoy =
22 Efvm + E_mvf

B 220(3.6)
~220(1.0 — 0.6) + 3.6(0.6)

= 8.78 GPa
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Vig = VfUf + UmUm

| )
= 0.2(0.6) + 0.35(1.0 — 0.6)
= 0.26
vo1 = Eg3/Eq; vi2
= 8.78/133.44 (0.26)
= 0.017
Need to find Gy and G, in order to calculate G2
Assuming that both the matrix and fiber are
isotropic materials <)
E
Gy= —T1
2(1 4+ vy)
_ 200
~ 2(1+40.2)
=91.7 GPa
-
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En

G = S

3.6
2(1 + 0.35)

=1.33 GPa

G;Gm

Gqio =
2T Giom + Gy

B 91.7(1.33)
~ 91.7(1.0 — 0.6) -+ 1.33(0.6)

= 3.254 GPa
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Step 2: Calculate Q11,Q22, Q12,Q21,.and Qss.

Ell

(1 — v1av21)

Qu1 =

133.44
(1 = 0.26(0.017))

= 134.03 GPa
Eag

(1 — v1ov91)

Q22 =

8.78
(1 —0.26(0.017))

= 8.82 GPa

1/12E22

(1 — viov01)

Q12 = Q21 =

0.26(8.78)
(1 = 0.26(0.017))

=2.29 GPa

Qe = G1z = 3.254 GPa
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Step 3: Calculate Q;, Q1. @o, @16, Qa6, and Qgg for the

8 = +45° lamina.

1
Ux =3 (3Q11 + 3Q22 + 2Q12 + 4Q6s)

i

(3(134.03) + 3(8.82) + 2(2.29) + 4(3.254))

77 GPa

d.

(W)

Uy =5 (Qu - Q)

(134.03 — 8.82)

N

= 62.61 GPa

Us ='é' (Q11 + Q22 — 2Q12 — 4Qs6)

ool

(134.03 + 8.82 — 2(2.29) — 4(3.254))

= 15.66 GPa
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U, —% (Q11 + Q22 +6Q12 — 4Qs6)

—

== (134.03 + 8.82 + 6(2.29) — 4(3.254))

oo

=17.95 GPa

Us

l\DIi—l

(U1 — Us)

Il
N
—~
ot
o
|
|
I
'—l
-]
Nej
ot
~—

= 18.91 GPa

Q1; = Uy + Uszcos20 + Uscos4t
= 55.77 + 62.61c0s2(45) + 15.66c0s4(45)
= 40.11 GPa

Q12 ‘= Qqy = Uy — Uscos4f
= 17.95 — 15.66c0s4(45)

= 33.61 GPa
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) Qg = Uy — Uzcos26 + Uscosdb
= 55.77 — 62.61c0s2(45) + 15.66c054(45)

= 40.11 GPa

_ 1 :
Q16 = 3 U, sin260 + Uz sin4f

(62.61)s1m2(45) + 15.665in4(45)

0o

= 31.31 GPa

— 1
Qe = 2 Usgsin28 — Uzsindf

— 7 (62.61)sin2(45) — 15.66sin4(45)
= 31.31 GPa
Qe = Us — Uscosdd
= 18.91 — 15.66c054(45)
= 34.57 GPa
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Similarly, for the § = —45° lamina

3 S
Q. = —31.31 GPa
Q;; = 40.11 GPa
Q6 = —31.31 GPa
Qg = 34.57 GPa
Writing (@] in matrix form
B 13403 2.29 0
Q] =| 229 882 0
0 0 3.254 f)

_ 40.11 33.61 31.31
[@.4s-] = | 33.61 40.11 31.31
31.31 31.31 34.57

40.11 33.61 -31.31
[Q_45o] - 33.61 . 4.0.11 —‘31.31
-31.31 -31.31 34.57

J
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ho = —0.006m

hl = 0m
ho = 0.006m
N .
Amn = Z(an)j(hj — hj_l)
=1
N .
an - 1/2Z(an)1(h3 - h?—l>
Jj=1
N —_—
/) Dm’n - 1/3 Z(an)](hlj o h?—l)
. j=1
(1) +45°
MID 4y
Y. |
+z
),
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)
Dopn = %[(amn)45(h? - h%) + (Q_mn)—‘ﬁ(hg - h’?)]
= (Qmn)15(0 — (—0.006)%) + (Q ) —15(0.0067)
= (Q,,,)s5(7.22107%) +(Q,,,,) —45(7.22107°)
L
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R 4 N
3{ i o % 40031 ) o~ 4R0x

- A11 = 0.006(40.11) + 0.006(40.11)
= 0.4813210° N/m

Ayg = 0.006(33.61) + 0.006(33.61)
= 0.4033210° N/m

Age = 0.006(31.31) + 0.006(—31.31)
=0 N/m

Agy = 0.006(40.11) + 0.006(40.11)
= 0.4813210° N/m

Az = 0.006(31.31) + 0.006(—31.31)
=0 N/m

0 Ags = 0.006(34.57) + 0.006(34.57)
= 0.4148210° N/m
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Bi, = —1.821073(40.11) + 1.821073(40.11)
=0N

Bis = —1.821075(33.61) + 1.821073(33.61)
=0N

Big = —1.821075(31.31) + 1.821073(—31.31)
= —1.1271z10° N

By = —1.821073(40.11) + 1.821073(40.11)
=0N

Bas = —1.821073(31.31) + 1.8210~3(—31.31)
= ~1.1271z10% N

Bes = —1.821075(34.57) + 1.821073(34.57)
=0N
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A 5
oo X Yo

Dy = 7.221078(40.11) + 7.221078(40.11)
= 5.7758210% N-m

D1y = 7.221078(33.61) + 7.221078(33.61)
= 4.8398210%3 N-m .

Dy = 7.221078(31.31) + 7.221078(-31.31)
= 0 N-m

Doy = 7.221078(40.11) + 7.221078(40.11)
= 5.7758210% N-m

Dyg = 7.22¢1078(31.31) + 7.221078(~31.31)

= (0 N-m

Dge = 7.221078(34.57) + 7.221078(34.57)

= 4.9780210° N-m
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Writing in matrix form

0.4813 0.4033 0
(A] = | 04033 04813 0 |=z10° N/m

0 0  0.4148
0 0 —1.1271
[B] = 0 0 ~1.1271 | z10° N

-1.1271 -1.1271 0

5.7758 4.8398 0
D] = |4.8398 57758 0 |z10° N-m
0 0  4.9780

Sincg +9€ -6 Buaveep A, Ay =0
SINCE  THhickNESs  saMe Dy, Dy <o

No  BzApng o T s COYRLE

MO WORMAL  STRESS - $HEAR EXTENSon CouPLE
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ELASTIC PROPERTIES OF
SYMMETRIC LAMINATE

e For a balanced symmetric laminate

A;p A 0
Al = | A1 Ay O
' 0 0 ‘466
e The inverse of [4] is
1 A2 —Ar
A~ = —A;p Ay
A= I o, 0

163
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e Substituting into the following

egm Ni“’
Egy = [4—1] Nyy
egy \ Nzy
1 Agz _A12 0 Na::n
—_ —JAIQ *411 0 N
Andyg — AL | 0  Auda-al NZZ

Ags

C
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) e For a uniaxial tensile load N,, = hoza,
| and Ny, = Nyy =0

€, = Az hoya
411-”"122 — A12
—Aq
€ = ho 24

- 2

o} —
€2y = 0
Therefore
2
E. = Ozz Ay A2 — A7,
Vs zT T o -
i\._ ) Gmw hA22
—€, Ai2
P vy _
:cy - -
e A2

e Similarly, by applying Ny, and N,

B A11¢422 — A%2

E,. =
vy hAll
o A
| v An
.y
A
Goy = 766



e For a balanced symmetric laminate, [B] = 0

D11 D1z Dis
[D] = | D12 D22 D
Dis D2s  Des

e The inverse of [D] is

o o o
Dll D12 D16
o o o
D12 D22 D26
o 0 o
D16 D26 D66

D7 = 5
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- Do = D11(D22Des — D%g) — D12(D12Dss — D16D26)

+D16(D12D26 — D23 D1g)
D?, = B%(D22Dgs — D2)
D3, = —%(D12D66 - D16D26)
D3¢ = Bgs(D12Dag — DaaD1g)
D3, = B3,(D;1Deg — D%)
D3g = —Bgg(D11D26 — D13 D16)

D¢e = Bg(D11Dgy — Dig2)
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e Substituting into the following equation
and applying M,, with My, = M,, =0

kgy = [D7}] My, |

)
kzy

Yields
D¢
kwm = - Mzz
D, :
kyy = D102 Ma:a:
ka:y = D106 Ma::c
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BEAMS

e For all symmetric beams, excluding all 0°,
all 90°, and 0°/90° layups for which

D16 = Dsg = 0,there will be a bending
-twisting coupling

e The deflection equation for a symmetric beam

d?w M,
dxz? Ey 1
Where
w — beam deflection
M ox — bending moment
I — moment of inertia
Eb — effective bending modulus

(2]

*
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o Effective Bending Modulus

12

F; =
>~ D3,

Where

b == beam width
t — beam thickness

Dikl = the first element in the inverse [D] matrix

o Liffective Bending Stiffness

1

*
11

B, = |
(2]

170
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)

e For all 0°, all 90°, or 0° and
90° combinations

(BD), = S (Bn)s 1,

V\_/'here

(E]_l )] — longitudinal modulus of the ]th layer

I] — moment of inertia of the ]th layer with respect to the midplane

e Bending Stiffness of a Sandwich Beam

b3 d+t\° _ bds

Where

ES — modulus of the skin
EC’ =— modulus of the core
b= beam width

T = skin thickness

d — core thickness

(2]
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TORSIONAL MEMBERS

o Maximum torsional stress in a thin-walled
tube of balanced symmetric laminate

construction .
T
Toy =
Y omr2t

— The angle of twist per unit length of tube
T
270G 3y 3t ~ S

¢=

Where
NormaL & (composiTe) < 4 o
T _ | Emier Mt on ,f
= applied torque

n
. ‘ [— ‘/S-JS Has LArsEsr & (u;@ In
T == mean radius ToR5/00

= 6, b T /
t — wall thickness 1 tn &

(2]
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. e Critical buckling torque for symmetrically
i\ ‘) .
laminated tubes of moderate length

T,. = 24.4C D38 A3/ p8/4~1/2
Where

C — 0925 for simply supported ends

C — 1030 for clamped ends
2]
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