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Stress Concentration
Random Defects Oriented Defects
Poor tensile resistance Good tensile resistance
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Glass

Aramid or Kevlar® (very light)

Carbon (high modulus or high strength)
Boron (high modulus or high strength)

Silicon carbide (high temperature resistant)
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Continuous
Fiber
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Filaments

Discontinuous

|l 4 Fiber
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Glass . Fibers
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B Unidimensional: unidirectional tows, yarns, or tapes
B Bidimensional: woven or nonwoven fabrics (felts or mats)

B Tridimensional: fabrics (sometimes called multidimensional fabrics) with
fibers oriented along many directions (>2)
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FIGURE 2.2

Glass rovings and yarns. Three spools of glass yarns are shown at the center and four roving
spools are shown at edges. (Courtesy of Saint-Gobain Vetrotex America.)
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FIGURE 2.3
Photograph of individual rovings. (Courtesy of GDP-DFC, France.)
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TABLE 2.2

Typical Unfilled Thermosetting Resin Properties

Resin Density  Tensile Modulus  Tensile Strength
Material  (g/cm’) GPa (10° psi) MPa (10° psi)
Epoxy 1.2-14 2.5-5.0 (0.36-0.72) 50-110 (7.2-16)
Phenolic 1.2-14 2741 (0.4-0.6) 35-60 (5-9)

Polyester 1.1-1.4 1.6-4.1 (0.23-0.6) 35-95 (5.0-13.8)
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TABLE 2.3
Typical Unfilled Thermoplastic Resin Properties

Resin Density  Tensile Modulus  Tensile Strength
Material (g/cm?) GPa (10° psi) MPa (10° psi)
Nylon 1.1 1.3=3.5 (0.2-0.5) 55-90 (8-13)
PEEK 1.3-1.35 3.5-4.4 (0.5-0.6) 100 (14.5)

FPS 1.3-1.4 3.4 (0.49) 80 (11.6)
Polyester 1.3-1.4 2.1-2.8 (0.3-0.4) 55-60 (8-8.7)
Polycarbonate 1.2 2.1-3.5 (0.3<0.5) 55=70 (8=10)
Acetal 1.4 3.5 (0.5) 70 (10)
Polyethylene 0.9-1.0 0.7-1.4 (0.1-0.2) 20-35 (2.9-5)
Teflon 2.1-2.3 —_ 10-35 (1.5=5.0)
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(a)

FIGURE 2.5

Crystalline region

\

Amorphous
region

(b)

Molecular arrangements in (a) amorphous and (b) semi-crystalline polymers.
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FIGURE 2.6

Various weave styles for fabrics. (Courtesy of Cytec Fiberite.)
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FIGURE 2.7
Carbon fabrics with a variety of weave styles. (Courtesy of Cytec Fiberite.)

FIGURE 2.8
Schematic of noncrimp fabrics.
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FIGURE 2.9
Warp unidirectional fabrics.
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Stitched thread

FIGURE 2.10

Weftt unidirectional fabrics.
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FIGURE 2.11
[lustration of bi-ply fabric.

FIGURE 2.12
Dr. Hamzeh ShahrajdbiegaPAY Nmat. (Courtesy of GDP-DFC, France.)

Woven fabrics
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FIGURE 2.13
Prepreg types: unidirectional tape, woven fabric prepregs, and rovings. (Courtesy of Cytec
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Making unidirectional prepreg tape. (Courtesy of Cytec Fiberite.)
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2.4
l"! rties of Various Prepreg Materials

Fiber Out Time
Volume Processing Tensile Tensile Compressive Compressive Maximum at Room
Fraction Temp. Modulus Strength Modulus Strength Service Temp.  Shelf Life Temp.
Prepreg Material (%) (°F) (Msi) (ksi) (Msi) (ksi) (0°F, Dry) (0°E Months) (Days )
Unidirectional thermoset
Carbon (AS4, T-300)/epoxy 5565 250 15-22 180320 15-20 160-250 180-250 6-12 14-30
Carbon (IM7)/epoxy 55-60 250 20-25 320-440 18.5-20 170-237 250 12 30
5-2 glass/epoxy 55-63 250-350 6.0-8.0 120-230 6-8.0 100-160 180250 [ 10-30
Kevlar/epoxy 55-60 250-285 10 140 9 33 180 6 10-30
Carbon (AS4)/bismaleimide 55-62 350475 15-22 200-320 15-20 245 450-600 [ 25
Carbon (IM7)/bismaleimide 60-66 350440 20-25 380-400 22-23 235-255 450-600 6-12 25
Carbon (IM7)/cyanate ester 55-63 350450 20-25 100-395 18.5-23 205-230 450 [ 10
5-2 glass/cyanate ester 55-60 250-350 7 180 9 130 400 6 10
Unidirectional thermoplastic
Carbon (IM7)/PEEK 5763 550 26 410 22 206 350 Indefinite Indefinite
Carbon (G34/700)/Nylon 6 55-62 450-500 16 216 14 90 200 Indefinite Indefinite
Aramid/Nylon 12 52 400 6.8 205 6.5 — — Indefinite Indefinite
Carbon (AS4)/PPS 64 450-520 175 285 16.5 155 — Indefinite Indefinite
Carbon (IM7)/polyimide 62 610-665 25 380 22 156 400 Indefinite Indefinite
Fabric (plain weave) thermoset
Carbon (AS4)/epoxy 5763 250 89 75-124 7-9.5 65-95 — [ 10
5-2 glass/epoxy 55 250 5 30 4.5 55 180 6 10
Fabric (plain weave)
thermoplastic tape
Carbon HM (T650-35)/ 58-62 660-730 10-18 130-155 15.5 130 500-600 12 Indefinite
polyimide
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TABLE 1.3

Early Applications of Fiber-Reinforced Polymers in Military Aircrafts

Aircraft Component

F-14 (1969) Skin on the honzontal stabilizer
box

F-11 Under the wing fairings

F-15(1975) Fin, rudder, and stabilizer skins

F-16(1977) Skins on vertical fin box, fin
leading edge

F/A-18 (1978) Wing skins, horizontal and
vertical tail boxes; wing and
tail control surfaces, etc.

AV-EB (1982)  Wing skins and substructures;
forward fuselage; horizontal
stabilizer; flaps; ailerons

Material
Boron fiber-epoxy
Carbon fiber—epoxy
Boron fiber-epoxy
Carbon fiber—epoxy

Carbon fiber—epoxy

Carbon fiber—epoxy

Source: Adapted from Riggs, J.P., Marer. Soc., 8, 351, 1984.

Overall Weight
Saving Over
Metal Component (%)

19

25
23

35
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TABLE 1.4
Early Applications of Fiber-Reinforced Polymers in Commercial Aircrafts
Weight
Aircraft Component Weight (Ib)  Reduction (%) Comments
Boeing
727 Elevator face sheets 08 25 10 units installed in 1980
737 Horizontal stabilizer 204 22
737 Wing spoilers — 37 Installed mn 1973
756 Ailerons, rudders, 3340 (total) 31
elevators, fainngs, etc.
MecDonnell-Douglas
DC-10 Upper rudder 67 26 13 units installed 1n 1976
DC-10 Vertical stabilizer 834 17
Lockheed
L-1011 Aileron 107 23 10 units installed in 1981
L-1011 Vertical stabilizer 622 25

Dr. Hamzeh Shahrajabian-IAUN
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FIGURE 1.2 Use of fiber-reinforced polymer composites in Airbus 380,
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TABLE 1.5
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

Baseball bats

Sail boats and kayaks
Oars, paddles

Canoe hulls

Surtboards, snow boards
Arrows

Archery bows

Javelins

Helmets

Exercise equipment
Athletic shoe soles and heels
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