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1.1 DEFINITION

Fiber-reinforced composite materials consist of fibers of high strength and

modulus embedded in or bonded to a matrix with distinct interfaces (bound-

aries) between them. In this form, both fibers and matrix retain their physical

and chemical identities, yet they produce a combination of properties that cannot

be achieved with either of the constituents acting alone. In general, fibers are the

principal load-carrying members, while the surrounding matrix keeps them in the

desired location and orientation, acts as a load transfer medium between them,

and protects them from environmental damages due to elevated temperatures

and humidity, for example. Thus, even though the fibers provide reinforcement

for the matrix, the latter also serves a number of useful functions in a fiber-

reinforced composite material.

The principal fibers in commercial use are various types of glass and carbon

as well as Kevlar 49. Other fibers, such as boron, silicon carbide, and aluminum

oxide, are used in limited quantities. All these fibers can be incorporated into a

matrix either in continuous lengths or in discontinuous (short) lengths. Thematrix

material may be a polymer, a metal, or a ceramic. Various chemical composi-

tions and microstructural arrangements are possible in each matrix category.

The most common form in which fiber-reinforced composites are used in

structural applications is called a laminate, which is made by stacking a number

of thin layers of fibers and matrix and consolidating them into the desired

thickness. Fiber orientation in each layer as well as the stacking sequence of

various layers in a composite laminate can be controlled to generate a wide

range of physical and mechanical properties for the composite laminate.

In this book, we focus our attention on the mechanics, performance,

manufacturing, and design of fiber-reinforced polymers. Most of the data

presented in this book are related to continuous fiber-reinforced epoxy lamin-

ates, although other polymeric matrices, including thermoplastic matrices, are

also considered. Metal and ceramic matrix composites are comparatively new,

but significant developments of these composites have also occurred. They are

included in a separate chapter in this book. Injection-molded or reaction

injection-molded (RIM) discontinuous fiber-reinforced polymers are not dis-

cussed; however, some of the mechanics and design principles included in this

book are applicable to these composites as well. Another material of great
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commer cial inter est is class ified as particulat e composi tes. The major con stitu-

ents in these composi tes are parti cles of mica , silica, glass spheres , calciu m

carbonat e, and others . In general , these particles do not contrib ute to the load-

carryin g cap acity of the material an d act more like a filler than a reinfo rceme nt

for the matr ix. Par ticulate compo sites, by thems elves , deserve a specia l atten -

tion an d are not address ed in this book.

Anothe r type of composi tes that have the potenti al of becoming an impor t-

ant mate rial in the future is the nano composi tes. Even though nan ocomposi tes

are in the early stage s of developm ent, they are now receiving a high de gree of

atten tion from a cademia as well as a large num ber of indust ries, includi ng

aerospac e, automot ive, and biomedi cal indust ries. The reinf orcement in nan o-

composi tes is either nan oparticles , na nofibers, or carbon nano tubes. The effect-

ive diameter of these reinforcements is of the order of 10� 9 m, whereas the effective

diame ter of the reinf orcement s used in traditi onal fiber -reinforce d composi tes

is of the ord er of 10 � 6 m. The nano composi tes are introdu ced in Chapt er 8.

1.2 GENERAL CHARACTERISTICS

Many fiber-re infor ced poly mers offer a combinat ion of stre ngth and modu lus

that are either compara ble to or better than man y tradi tional metallic mate rials.

Becau se of their low density, the strength–w eight rati os and modulus– weigh t

ratios of these comp osite mate rials are markedl y sup erior to those of metallic

mate rials (Table 1.1). In addition, fatigue stre ngth as well as fatigu e damage

tolerance of many composite laminates are excellent. For these reasons, fiber-

reinforced polymers have emerged as a major class of structural materials and

are either used or being considered for use as substitution for metals in many

weight-critical components in aerospace, automotive, and other industries.

Traditional structural metals, such as steel and aluminum alloys, are consid-

ered isotropic, since they exhibit equal or nearly equal properties irrespective of the

direction of measurement. In general, the properties of a fiber-reinforced compos-

ite depend strongly on the direction of measurement, and therefore, they are not

isotropic materials. For example, the tensile strength and modulus of a unidirec-

tionally oriented fiber-reinforced polymer aremaximumwhen these properties are

measured in the longitudinal direction of fibers. At any other angle of measure-

ment, these properties are lower. The minimum value is observed when they are

measured in the transverse direction of fibers, that is, at 908 to the longitudinal

direction. Similar angular dependence is observed for other mechanical and

thermal properties, such as impact strength, coefficient of thermal expansion

(CTE), and thermal conductivity. Bi- or multidirectional reinforcement yields a

more balanced set of properties. Although these properties are lower than the

longitudinal properties of a unidirectional composite, they still represent a

considerable advantage over common structural metals on a unit weight basis.

The design of a fiber-reinforced composite structure is considerably more

difficult than that of a metal structure, principally due to the difference in its
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TABLE 1.1
Tensile Properties of Some Metallic and Structural Composite Materials

Materiala
Density,

g=cm3

Modulus,

GPa (Msi)

Tensile Strength,

MPa (ksi)

Yield Strength,

MPa (ksi)

Ratio of Modulus

to Weight,b 106 m

Ratio of Tensile

Strength to

Weight,b 103 m

SAE 1010 steel (cold-worked) 7.87 207 (30) 365 (53) 303 (44) 2.68 4.72

AISI 4340 steel (quenched and tempered) 7.87 207 (30) 1722 (250) 1515 (220) 2.68 22.3

6061-T6 aluminum alloy 2.70 68.9 (10) 310 (45) 275 (40) 2.60 11.7

7178-T6 aluminum alloy 2.70 68.9 (10) 606 (88) 537 (78) 2.60 22.9

Ti-6A1-4V titanium alloy (aged) 4.43 110 (16) 1171 (170) 1068 (155) 2.53 26.9

17-7 PH stainless steel (aged) 7.87 196 (28.5) 1619 (235) 1515 (220) 2.54 21.0

INCO 718 nickel alloy (aged) 8.2 207 (30) 1399 (203) 1247 (181) 2.57 17.4

High-strength carbon fiber–epoxy

matrix (unidirectional)a
1.55 137.8 (20) 1550 (225) — 9.06 101.9

High-modulus carbon fiber–epoxy

matrix (unidirectional)

1.63 215 (31.2) 1240 (180) — 13.44 77.5

E-glass fiber–epoxy matrix (unidirectional) 1.85 39.3 (5.7) 965 (140) — 2.16 53.2

Kevlar 49 fiber–epoxy matrix (unidirectional) 1.38 75.8 (11) 1378 (200) — 5.60 101.8

Boron fiber-6061 A1 alloy matrix (annealed) 2.35 220 (32) 1109 (161) — 9.54 48.1

Carbon fiber–epoxy matrix (quasi-isotropic) 1.55 45.5 (6.6) 579 (84) — 2.99 38

Sheet-molding compound (SMC)

composite (isotropic)

1.87 15.8 (2.3) 164 (23.8) 0.86 8.9

a For unidirectional composites, the fibers are unidirectional and the reported modulus and tensile strength values are measured in the direction of fibers,

that is, the longitudinal direction of the composite.
b The modulus–weight ratio and the strength–weight ratios are obtained by dividing the absolute values with the specific weight of the respective material.

Specific weight is defined as weight per unit volume. It is obtained by multiplying density with the acceleration due to gravity.
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propert ies in diff erent directions. How ever, the noni sotropic nature of a fiber -

reinfo rced composi te material creates a uniqu e opportunit y of tailori ng its

propert ies accordi ng to the design requir ement s. This de sign flexibil ity can be

used to selective ly reinforce a structure in the directions of major stre sses,

increa se its stiffne ss in a pre ferred direct ion, fabri cate curved pan els withou t

any secondary form ing ope ration, or produce struc tures with zero coefficie nts

of thermal expansi on.

The use of fiber -reinforce d pol ymer as the skin mate rial and a lightw eight

core, such as aluminu m hone ycomb, plast ic foam, meta l foam, and balsa wood,

to build a san dwich beam, plate , or shell pro vides an other de gree of de sign

flexibil ity that is not easily ach ievable with metals. Such sand wich constru ction

can produ ce high stiffness with very little, if any, increase in weight. Ano ther

sandw ich constr uction in which the skin material is an aluminum alloy and the

core material is a fiber-reinforced polyme r has found wi despread use in aircraft s

and other app lications , prim arily due to their higher fatigue perfor mance and

damage toleran ce than alumi num alloys.

In additio n to the directional depend ence of prop erties, there are a numb er

of other differen ces betw een structural meta ls an d fiber -reinforce d compo sites.

For exampl e, metals in general exhibi t yield ing and plastic deformati on. M ost

fiber-re infor ced co mposi tes are elastic in their tensi le stress–s train charact er-

istics. How ever, the heterog eneo us nature of these material s pro vides mecha n-

isms for energy absorpt ion on a micro scopic scale, which is compara ble to the

yield ing process . Dep ending on the type and severity of exter nal loads, a

composi te laminate may exh ibit gradual deteri oration in propert ies but usually

would not fail in a catastrophic manner. Mechanisms of damage development

and growth in metal and composite structures are also quite different and must

be carefully considered during the design process when the metal is substituted

with a fiber-reinforced polymer.

Coefficient of thermal expansion (CTE) for many fiber-reinforced composites

is much lower than that for metals (Table 1.2). As a result, composite structures

may exhibit a better dimensional stability over a wide temperature range. How-

ever, the differences in thermal expansion betweenmetals and compositematerials

may create undue thermal stresses when they are used in conjunction, for example,

near an attachment. In some applications, such as electronic packaging, where

quick and effective heat dissipation is needed to prevent component failure or

malfunctioning due to overheating and undesirable temperature rise, thermal

conductivity is an important material property to consider. In these applications,

some fiber-reinforced composites may excel over metals because of the combin-

ation of their high thermal conductivity–weight ratio (Table 1.2) and lowCTE.On

the other hand, electrical conductivity of fiber-reinforced polymers is, in general,

lower than that of metals. The electric charge build up within the material because

of low electrical conductivity can lead to problems such as radio frequency

interference (RFI) and damage due to lightning strike.
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TABLE 1.2
Thermal Properties of a Few Selected Metals and Composite Materials

Material

Density

(g=cm3)

Coefficient

of Thermal

Expansion

(10�6=8C)

Thermal

Conductivity

(W=m8K)

Ratio of

Thermal

Conductivity

to Weight

(10�3 m4=s3 8K)

Plain carbon steels 7.87 11.7 52 6.6

Copper 8.9 17 388 43.6

Aluminum alloys 2.7 23.5 130–220 48.1–81.5

Ti-6Al-4V titanium alloy 4.43 8.6 6.7 1.51

Invar 8.05 1.6 10 1.24

K1100 carbon fiber–epoxy matrix 1.8 �1.1 300 166.7

Glass fiber–epoxy matrix 2.1 11–20 0.16–0.26 0.08–0.12

SiC particle-reinforced aluminum 3 6.2–7.3 170–220 56.7–73.3
Another unique characteristic of many fiber-reinforced composites is their

high internal damping. This leads to better vibrational energy absorption

within the material and results in reduced transmission of noise and vibrations

to neighboring structures. High damping capacity of composite materials can

be beneficial in many automotive applications in which noise, vibration, and

harshness (NVH) are critical issues for passenger comfort. High damping

capacity is also useful in many sporting goods applications.

An advantage attributed to fiber-reinforced polymers is their noncorroding

behavior. However, many fiber-reinforced polymers are capable of absorbing

moisture or chemicals from the surrounding environment, which may create

dimensional changes or adverse internal stresses in the material. If such behav-

ior is undesirable in an application, the composite surface must be protected

from moisture or chemicals by an appropriate paint or coating. Among other

environmental factors that may cause degradation in the mechanical properties

of some polymer matrix composites are elevated temperatures, corrosive fluids,

and ultraviolet rays. In metal matrix composites, oxidation of the matrix as well

as adverse chemical reaction between fibers and the matrix are of great concern

in high-temperature applications.

The manufacturing processes used with fiber-reinforced polymers are dif-

ferent from the traditional manufacturing processes used for metals, such as

casting, forging, and so on. In general, they require significantly less energy and

lower pressure or force than the manufacturing processes used for metals. Parts

integration and net-shape or near net-shape manufacturing processes are also

great advantages of using fiber-reinforced polymers. Parts integration reduces

the number of parts, the number of manufacturing operations, and also, the

number of assembly operations. Net-shape or near net-shape manufacturing
� 2007 by Taylor & Francis Group, LLC.



process es, such as filament winding and pultr usion, used for making many

fiber-re infor ced pol ymer parts , eithe r reduce or eliminate the finishing ope r-

ations su ch as mach ining an d grinding , whi ch are co mmonl y req uired as

finishing operati ons for cast or forged meta llic pa rts.

1.3 APPLICATIONS

Com mercial and indu strial ap plications of fiber-re infor ced polyme r composi tes

are so varie d that it is impos sible to list them all. In this section, we highligh t

only the major struc tural applic ation areas, which include aircraft , space,

automot ive, spo rting goo ds, mari ne, and infr astructure. Fiber- reinforced poly-

mer co mposites are also used in electronics (e.g., print ed circuit boards) ,

buildi ng con struction (e.g ., floor be ams), furni ture (e.g., chair spring s), power

industry (e.g., transformer housing), oil industry (e.g., offshore oil platforms and

oil sucker rods used in lifting underground oil), medical industry (e.g., bone plates

for fract ure fixa tion, implan ts, and prosthe tics), and in many ind ustrial pro d-

ucts, such as step ladde rs, oxygen tanks, and power transmis sion shafts. Pote n-

tial use of fiber-re infor ced composi tes exists in many engineer ing fields. Putting

them to actual use requ ires ca reful de sign practice and approp riate pro cess

developm ent based on the unde rstand ing of their unique mechani cal, physica l,

and therm al charact eris tics.

1.3.1 AIRCRAFT AND MILITARY APPLICATIONS

The major struc tural applic ations for fiber -reinforce d composi tes are in the

field of milit ary and commer cial aircrafts, for which weight redu ction is critical

for higher speeds an d increa sed payloads . Eve r since the producti on applic ation

of boro n fiber -reinforce d epoxy skins for F-14 horizon tal stabi lizers in 1969,

the use of fiber-re inforced pol ymers has experi enced a steady grow th in the

aircraft indust ry. With the intro duction of carbo n fibers in the 1970s, carbon

fiber-re infor ced epoxy has become the primary mate rial in many win g, fusel age,

and empennage componen ts (Tab le 1.3). The struc tural integ rity an d durab ility

of these early components have built up con fidenc e in their perfor mance and

prompt ed developm ents of other structural aircr aft compon ents, resulting in an

increasing amount of composites being used in military aircrafts. For example,

the airframe of AV-8B, a vertical and short take-off and landing (VSTOL)

aircraft introduced in 1982, contains nearly 25% by weight of carbon fiber-

reinforced epoxy. The F-22 fighter aircraft also contains ~25% by weight of

carbon fiber-reinforced polymers; the other major materials are titanium (39%)

and aluminum (16%). The outer skin of B-2 (Figure 1.1) and other stealth

aircrafts is almost all made of carbon fiber-reinforced polymers. The stealth

characteristics of these aircrafts are due to the use of carbon fibers, special

coatings, and other design features that reduce radar reflection and heat

radiation.
� 2007 by Taylor & Francis Group, LLC.



TABLE 1.3
Early Applic ation s of Fiber -Reinfo rced Polym ers in Military Aircra fts

Aircraft Component Material

Overall Weight

Saving Over

Metal Component (%)

F-14 (1969) Skin on the horizontal stabilizer

box

Boron fiber–epoxy 19

F-11 Under the wing fairings Carbon fiber–epoxy

F-15 (1975) Fin, rudder, and stabilizer skins Boron fiber–epoxy 25

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

leading edge

Carbon fiber–epoxy 23

F=A-18 (1978) Wing skins, horizontal and

vertical tail boxes; wing and

tail control surfaces, etc.

Carbon fiber–epoxy 35

AV-8B (1982) Wing skins and substructures;

forward fuselage; horizontal

stabilizer; flaps; ailerons

Carbon fiber–epoxy 25

Source: Adapted from Riggs, J.P., Mater. Soc., 8, 351, 1984.
The compo site ap plications on co mmercial aircr afts be gan with a few

selective secondary structural componen ts, all of whi ch were made of a high -

strength carbon fiber -reinforce d epoxy (Table 1.4). They were designe d and

produc ed unde r the NASA Air craft Energy Efficiency (ACEE ) program and

were install ed in v arious airplane s during 197 2–1986 [1]. By 1 987, 350 comp os-

ite compon ents were placed in servi ce in various commer cial aircr afts, and over

the ne xt few years, they accumu lated milli ons of fligh t hours. Periodic inspec-

tion an d evaluation of these componen ts showe d some damages caused by

ground ha ndling acc idents, foreign object impac ts, and lightn ing strik es.
FIGURE 1.1 Stealth aircraft (note that the carbon fibers in the construction of the

aircraft contributes to its stealth characteristics).
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TABLE 1.4
Early Applications of Fiber-Reinforced Polymers in Commercial Aircrafts

Aircraft Component Weight (lb)

Weight

Reduction (%) Comments

Boeing

727 Elevator face sheets 98 25 10 units installed in 1980

737 Horizontal stabilizer 204 22

737 Wing spoilers — 37 Installed in 1973

756 Ailerons, rudders,

elevators, fairings, etc.

3340 (total) 31

McDonnell-Douglas

DC-10 Upper rudder 67 26 13 units installed in 1976

DC-10 Vertical stabilizer 834 17

Lockheed

L-1011 Aileron 107 23 10 units installed in 1981

L-1011 Vertical stabilizer 622 25
Apart from these damages , there was no deg radation of resi dual stre ngths due

to eithe r fatigue or environm ental exposu re. A good correlati on was found

between the on-ground en vironmen tal test pro gram an d the performan ce of the

composi te co mponents after flight exp osure.

Airb us was the first co mmercial aircr aft manufa cturer to make extens ive

use of co mposites in their A310 aircraft , whi ch was introd uced in 1987. The

composi te co mponents wei ghed about 10% of the aircra ft’s weigh t and

included such co mponents as the lower access panels an d top panels of the

wing leading edge, outer de flector doors, nose wheel doors, main wheel leg

fairing doors, engine cowling panels, elevato rs and fin box, leadi ng and

traili ng edges of fins, flap track fair ings, flap access doors, rear and forward

wing–b ody fair ings, py lon fairings , nose rad ome, cooling air inlet fair ings, tail

leadi ng edges, uppe r surface skin panels above the main wheel ba y, glide slope

antenna co ver, an d rudder. The composi te vertical stabili zer, whi ch is 8.3 m

high by 7.8 m wid e at the base, is ab out 400 kg lighter than the aluminu m

vertical stabilizer previously used [2]. The Airbus A320, introduced in 1988,

was the first commercial aircraft to use an all-composite tail, which includes

the tail con e, vertical stabi lizer, a nd hor izonta l stabili zer. Figure 1.2 schema t-

ically shows the composite usage in Airbus A380 introduced in 2006. About

25% of its weight is made of composites. Among the major composite com-

ponents in A380 are the central torsion box (which links the left and right

wings under the fuselage), rear-pressure bulkhead (a dome-shaped partition

that separates the passenger cabin from the rear part of the plane that is not

pressurized), the tail, and the flight control surfaces, such as the flaps, spoilers,

and ailerons.
� 2007 by Taylor & Francis Group, LLC.
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FIGURE 1.2 Use of fiber-reinforced polymer composites in Airbus 380.
Starting with Boeing 777, which was first introduced in 1995, Boeing has

started making use of composites in the empennage (which include horizontal

stabilizer, vertical stabilizer, elevator, and rudder), most of the control surfaces,

engine cowlings, and fuselage floor beams (Figure 1.3). About 10% of Boeing

777’s structural weight is made of carbon fiber-reinforced epoxy and about 50%

is made of aluminum alloys. About 50% of the structural weight of Boeing’s
Rudder
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Floor beams
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FIGURE 1.3 Use of fiber-reinforced polymer composites in Boeing 777.
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next line of airplanes, called the Boeing 787 Dreamliner, will be made of carbon

fiber-reinforced polymers. The other major materials in Boeing 787 will be

aluminum alloys (20%), titanium alloys (15%), and steel (10%). Two of the

major composite components in 787 will be the fuselage and the forward

section, both of which will use carbon fiber-reinforced epoxy as the major

material of construction.

There are several pioneering examples of using larger quantities of com-

posite materials in smaller aircrafts. One of these examples is the Lear Fan

2100, a business aircraft built in 1983, in which carbon fiber–epoxy and Kevlar

49 fiber–epoxy accounted for ~70% of the aircraft’s airframe weight. The

composite components in this aircraft included wing skins, main spar, fuselage,

empennage, and various control surfaces [3]. Another example is the Rutan

Voyager (Figure 1.4), which was an all-composite airplane and made the first-

ever nonstop flight around the world in 1986. To travel 25,000 miles without

refueling, the Voyager airplane had to be extremely light and contain as much

fuel as needed.

Fiber-reinforced polymers are used in many military and commercial heli-

copters for making baggage doors, fairings, vertical fins, tail rotor spars, and so

on. One key helicopter application of composite materials is the rotor blades.

Carbon or glass fiber-reinforced epoxy is used in this application. In addition to

significant weight reduction over aluminum, they provide a better control over

the vibration characteristics of the blades. With aluminum, the critical flopping
FIGURE 1.4 Rutan Voyager all-composite plane.
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and twisting frequencies are controlled principally by the classical method of

mass distribution [4]. With fiber-reinforced polymers, they can also be con-

trolled by varying the type, concentration, distribution, as well as orientation of

fibers along the blade’s chord length. Another advantage of using fiber-

reinforced polymers in blade applications is the manufacturing flexibility of

these materials. The composite blades can be filament-wound or molded into

complex airfoil shapes with little or no additional manufacturing costs, but

conventional metal blades are limited to shapes that can only be extruded,

machined, or rolled.

The principal reason for using fiber-reinforced polymers in aircraft and

helicopter applications is weight saving, which can lead to significant fuel

saving and increase in payload. There are several other advantages of using

them over aluminum and titanium alloys.

1. Reduction in the number of components and fasteners, which results in

a reduction of fabrication and assembly costs. For example, the vertical

fin assembly of the Lockheed L-1011 has 72% fewer components and

83% fewer fasteners when it is made of carbon fiber-reinforced epoxy

than when it is made of aluminum. The total weight saving is 25.2%.

2. Higher fatigue resistance and corrosion resistance, which result in a

reduction of maintenance and repair costs. For example, metal fins

used in helicopters flying near ocean coasts use an 18 month repair

cycle for patching corrosion pits. After a few years in service, the

patches can add enough weight to the fins to cause a shift in the center

of gravity of the helicopter, and therefore the fin must then be rebuilt or

replaced. The carbon fiber-reinforced epoxy fins do not require any

repair for corrosion, and therefore, the rebuilding or replacement cost

is eliminated.

3. The laminated construction used with fiber-reinforced polymers allows

the possibility of aeroelastically tailoring the stiffness of the airframe

structure. For example, the airfoil shape of an aircraft wing can be

controlled by appropriately adjusting the fiber orientation angle in

each lamina and the stacking sequence to resist the varying lift and

drag loads along its span. This produces a more favorable airfoil

shape and enhances the aerodynamic characteristics critical to the air-

craft’s maneuverability.

The key limiting factors in using carbon fiber-reinforced epoxy in aircraft

structures are their high cost, relatively low impact damage tolerance (from

bird strikes, tool drop, etc.), and susceptibility to lightning damage. When they

are used in contact with aluminum or titanium, they can induce galvanic

corrosion in the metal components. The protection of the metal components

from corrosion can be achieved by coating the contacting surfaces with a

corrosion-inhibiting paint, but it is an additional cost.
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1.3.2 SPACE APPLICATIONS

Weight reduction is the primary reason for using fiber-reinforced composites in

many space vehicles [5]. Among the various applications in the structure of

space shuttles are the mid-fuselage truss structure (boron fiber-reinforced alu-

minum tubes), payload bay door (sandwich laminate of carbon fiber-reinforced

epoxy face sheets and aluminum honeycomb core), remote manipulator arm

(ultrahigh-modulus carbon fiber-reinforced epoxy tube), and pressure vessels

(Kevlar 49 fiber-reinforced epoxy).

In addition to the large structural components, fiber-reinforced polymers are

used for support structures for many smaller components, such as solar arrays,

antennas, optical platforms, and so on [6]. A major factor in selecting them for

these applications is their dimensional stability over a wide temperature range.

Many carbon fiber-reinforced epoxy laminates can be ‘‘designed’’ to produce a

CTE close to zero. Many aerospace alloys (e.g., Invar) also have a comparable

CTE. However, carbon fiber composites have a much lower density, higher

strength, as well as a higher stiffness–weight ratio. Such a unique combination

ofmechanical properties andCTEhas led to a number of applications for carbon

fiber-reinforced epoxies in artificial satellites. One such application is found in

the support structure for mirrors and lenses in the space telescope [7]. Since the

temperature in space may vary between �1008C and 1008C, it is critically

important that the support structure be dimensionally stable; otherwise, large

changes in the relative positions of mirrors or lenses due to either thermal

expansion or distortion may cause problems in focusing the telescope.

Carbon fiber-reinforced epoxy tubes are used in building truss structures for

low earth orbit (LEO) satellites and interplanetary satellites. These truss structures

support optical benches, solar array panels, antenna reflectors, and othermodules.

Carbon fiber-reinforced epoxies are preferred over metals or metal matrix com-

posites because of their lower weight as well as very lowCTE.However, one of the

major concerns with epoxy-based composites in LEO satellites is that they are

susceptible to degradation due to atomic oxygen (AO) absorption from the

earth’s rarefied atmosphere. This problem is overcome by protecting the tubes

from AO exposure, for example, by wrapping them with thin aluminum foils.

Other concerns for using fiber-reinforced polymers in the space environ-

ment are the outgassing of the polymer matrix when they are exposed to

vacuum in space and embrittlement due to particle radiation. Outgassing can

cause dimensional changes and embrittlement may lead to microcrack forma-

tion. If the outgassed species are deposited on the satellite components, such as

sensors or solar cells, their function may be seriously degraded [8].
1.3.3 AUTOMOTIVE APPLICATIONS

Applications of fiber-reinforced composites in the automotive industry can be

classified into three groups: body components, chassis components, and engine
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compon ents. Exteri or body components , such as the hood or door pa nels,

requir e high sti ffness and damage toler ance (dent resi stance ) as well as a

‘‘Class A’’ surfa ce fini sh for app earance. The compo site mate rial used for

these compon ents is E-glas s fiber -reinforce d sheet moldi ng compound (SMC )

composi tes, in which discont inuous glass fibers (typi cally 25 mm in lengt h) are

randoml y dispersed in a poly ester or a vinyl ester resi n. E-g lass fiber is used

instead of carbon fiber because of its signi fican tly low er cost. The manufa ctur-

ing process used for making SMC pa rts is ca lled compres sion moldi ng. One of

the design requir ement s for many exter ior body panels is the ‘‘Cla ss A’’ surface

finish, which is not easily ach ieved with compres sion- molded SMC. Thi s prob -

lem is usu ally overcome by in-mo ld coati ng of the exter ior molded surface with

a flex ible resi n. How ever, there are many unde rbody and under-th e-hood co m-

ponen ts in whi ch the exter nal appearance is not critical . Example s of such

components in which SMC is used include radiator supports, bumper beams,

roof frames, door frames, engine valve covers, timing chain covers, oil pans, and

so on. Two of these ap plications are shown in Figures 1.5 and 1.6.

SMC has seen a large growth in the automotive industry over the last

25 years as it is used for manufacturing both small and large components,

such as hoods, pickup boxes, deck lids, doors, fenders, spoilers, and others, in

automobiles, light trucks, and heavy trucks. The major advantages of using

SMC instead of steel in these components include not only the weight reduc-

tion, but also lower tooling cost and parts integration. The tooling cost for

compression molding SMC parts can be 40%–60% lower than that for stamping

steel parts. An example of parts integration can be found in radiator supports

in which SMC is used as a substitution for low carbon steel. The composite
FIGURE 1.5 Compression-molded SMC trunk of Cadillac Solstice. (Courtesy of

Molded Fiber Glass and American Composites Alliance. With permission.)
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FIGURE 1.6 Compression-molded SMC valve cover for a truck engine. (Courtesy of

Ashland Chemicals and American Composites Alliance. With permission.)
radiato r supp ort is typic ally made of two SMC parts bonde d toget her by an

adhesiv e inst ead of 20 or more steel parts assem bled toget her by large numb er

of screws. The material in the c omposi te radiat or sup port is randoml y or iented

discont inuous E-glas s fiber -reinforce d vinyl ester. Anothe r exampl e of parts

integ ration can be foun d in the stat ion wagon tailgat e assem bly [9], whic h ha s

signifi cant load-be aring requir ement s in the open posit ion. The co mposite

tailgat e consis ts of two pieces , an outer SMC shell and an inner reinfo rcing

SMC piece. They are bonde d toget her us ing a urethane a dhesive . The co mpos-

ite tailgat e replac es a seven-p iece steel tailgate assem bly, at abo ut one -third its

weight. The material for both the outer shell and the inner reinf orcement is a

randoml y oriented discon tinuous E-glas s fiber-re inforced polyest er.

Anothe r manufa cturin g process for making co mposite body panels in the

automot ive indust ry is called the struc tural react ion injec tion moldi ng (SRI M).

The fiber s in these parts are usuall y randoml y orient ed discont inuous E-glas s

fibers and the matr ix is a polyu rethane or polyurea . Figure 1.7 shows the

photograp h of a one-pie ce 2 m long cargo box that is molded using this process .

The wal l thickne ss of the SRIM cargo box is 3 mm and its one-pie ce constr uc-

tion replaces four steel panels that are joined together using spot welds.

Among the chassis components, the first major structural application of

fiber-reinforced composites is the Corvette rear leaf spring, introduced first in
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FIGURE 1.7 One-piece cargo box for a pickup truck made by the SRIM process.
1981 [10]. Unileaf E-glass fiber-reinforced epoxy springs have been used to

replace multileaf steel springs with as much as 80% weight reduction. Other

structural chassis components, such as drive shafts and road wheels, have been

successfully tested in laboratories and proving grounds. They have also been

used in limited quantities in production vehicles. They offer opportunities for

substantial weight savings, but so far they have not proven to be cost-effective

over their steel counterparts.

The application of fiber-reinforced composites in engine components has

not been as successful as the body and chassis components. Fatigue loads at

very high temperatures pose the greatest challenge in these applications. Devel-

opment of high-temperature polymers as well as metal matrix or ceramic matrix

composites would greatly enhance the potential for composite usage in this area.

Manufacturing and design of fiber-reinforced composite materials for auto-

motive applications are significantly different from those for aircraft applica-

tions. One obvious difference is in the volume of production, which may range

from 100 to 200 pieces per hour for automotive components compared with a

few hundred pieces per year for aircraft components. Although the labor-

intensive hand layup followed by autoclave molding has worked well for

fabricating aircraft components, high-speed methods of fabrication, such as

compression molding and SRIM, have emerged as the principal manufacturing

process for automotive composites. Epoxy resin is the major polymer matrix
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used in aerospace c omposites; however , the curing time for e poxy r esin is very

long, which means t he produc t ion tim e f or epoxy matrix composites is also

very long. For this reason, epoxy i s not considered the primary matrix

m at e ri al in aut o mot ive composit es. T he polymer matrix used in automotive

applications is either a polyester, a vi nyl ester, or polyurethane, all of which

require significantly l ower curing time than epox y. The high cost of carbon

fibers has prevented their use in the cost-cons cious aut omot ive industry.

Ins t ead of carbo n f ibers, E-glass f ibers are used in automotive composites

because of their significantly lower cost. Even with E-glass fiber-reinforced

composi tes, the cost-eff ectiven ess issue has remai ned pa rticular ly critical , since

the basic material of constru ction in pr esent-day au tomobi les is low-car bon

steel, whi ch is much less expensi ve than most fiber -reinforce d c omposi tes on a

unit wei ght ba sis.

Altho ugh glass fiber-re infor ced polyme rs are the prim ary composi te mate r-

ials used in today’s automobi les, it is wel l recogni zed that signi fican t vehicle

weight reduc tion ne eded for impr oved fuel efficie ncy can be achieve d only wi th

carbon fiber-re infor ced polyme rs, since they have mu ch higher strength–w eight

and modulus– weig ht ratios. The problem is that the cu rrent carbon fiber price,

at $16 =kg or high er, is not con sidered cost-eff ective for automot ive applic a-

tions . Never thele ss, many attemp ts ha ve been made in the pa st to manufa cture

struc tural automotive parts using carbo n fiber -reinforce d polyme rs; unfortu -

natel y most of them did not go beyond the stages of prototyping and structural

testing. Recently, several high-priced vehicles have started using carbon fiber-

reinforced polymers in a few selected components. One recent example of this is

seen in the BMW M6 roof panel (Figure 1.8), which was prod uced by a pro cess

called resin trans fer moldin g (RTM) . This pa nel is twice as thick as a c ompar-

able steel panel, but 5.5 kg lighter. One ad ded be nefit of redu cing the weigh t of

the roof panel is that it slightl y low ers the cen ter of gravity of the vehicle, which

is impor tant for sports cou pe.

Fiber- reinfo rced c omposi tes have become the material of choice in motor

sports wher e lightw eight struc ture is used for gaining co mpetitiv e ad vantage of

higher speed [11] and cost is not a major mate rial selec tion de cision facto r. The

first major app lication of co mposites in race cars was in the 1950s when glass

fiber-re infor ced polyest er was intr oduced as replac ement for aluminum body

panels. Today , the composi te mate rial used in race cars is most ly carbo n fiber -

reinforced epoxy. All major body, chassis, interior, and suspension components

in today’ s For mula 1 race cars use carbon fiber-re inforced ep oxy. Fi gure 1.9

shows an example of carbon fiber-reinforced composite used in the gear box

and rear suspension of a Formula 1 race car. One major application of carbon

fiber-reinforced epoxy in Formula 1 cars is the survival cell, which protects the

driver in the event of a crash. The nose cone located in front of the survival cell

is also made of carbon fiber-reinforced epoxy. Its controlled crush behavior is

also critical to the survival of the driver.
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FIGURE 1.8 Carbon fiber-reinforced epoxy roof panel in BMW M6 vehicle. (Photo-

graph provided by BMW. With permission.)

FIGURE 1.9 Carbon fiber-reinforced epoxy suspension and gear box in a Formula 1

race car. (Courtesy of Bar 1 Formula 1 Racing Team. With permission.)
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1.3.4 S PORTING GOODS A PPLICATIONS

Fiber- reinforced polyme rs are extens ivel y used in sporti ng goo ds ranging

from tennis rackets to athletic sho es (Tab le 1.5) and are selected over such

traditi onal mate rials as wood, metals, and leat her in many of these applic ations

[12]. The advantag es of using fiber-re inforced polyme rs a re wei ght reductio n,

vibration damping , and de sign flexibil ity. W eight reductio n ach ieved by subs t i -

tuting carbon fiber-reinforced epoxies for metals leads t o higher speeds and

quick maneuvering i n competitive sports, such as bicycle races and canoe races.

In some applications, such as tennis rac kets or snow skis, s andwich construc-

tions of carbon or boron fibe r-reinforced epoxies as the skin material and a

sof t, l ighter weight urethane foam as the core m aterial produces a higher w eight

reduction without sacrificing s tiffness . Faster damping of vibrations provided

by fiber-reinforced polymers r educes th e shock t ransmitted to the player’s arm

in tennis or racket ball games and provides a better ‘‘feel’’ for the ball. In

archery bows and pole-vault poles, the hi gh st if fnes s–wei ght r at io of f iber -

reinforced composites is used to store high e lastic energy pe r uni t w ei ght, which

helps i n pr opelling the arrow ov er a longer distance or the pole-vaulter to j ump

a greater height. Some of these applications are described later.

Bicycle frames for racing bikes today are mostly made of carbon fiber-

reinforced epoxy tubes, fitted together by titanium fittings and inserts. An

exampl e is sho wn in Figu re 1.10. The prim ary purp ose of using carbon fibers is
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

Surfboards, snow boards

Arrows

Archery bows

Javelins

Helmets

Exercise equipment

Athletic shoe soles and heels
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FIGURE 1.10 Carbon fiber-reinforced epoxy bicycle frame. (Photograph provided by

Trek Bicycle Corporation. With permission.)
weight saving (the average racing bicycle weight has decreased from about 9 kg in

the 1980s to 1.1 kg in 1990s); however, to reduce material cost, carbon fibers are

sometimes combined with glass or Kevlar 49 fibers. Fiber-reinforced polymer

wrapped around thin-walled metal tube is not also uncommon. The ancillary

components, such as handlebars, forks, seat post, and others, also use carbon

fiber-reinforced polymers.

Golf clubs made of carbon fiber-reinforced epoxy are becoming increasingly

popular among professional golfers. The primary reason for the composite golf

shaft’s popularity is its low weight compared with steel golf shafts. The average

weight of a composite golf shaft is 65–70 g compared with 115–125 g for steel

shafts. Weight reduction in the golf club shaft allows the placement of add-

itional weight in the club head, which results in faster swing and longer drive.

Glass fiber-reinforced epoxy is preferred over wood and aluminum in pole-

vault poles because of its high strain energy storage capacity. A good pole must

have a reasonably high stiffness (to keep it from flapping excessively during

running before jumping) and high elastic limit stress so that the strain energy of

the bent pole can be recovered to propel the athlete above the horizontal bar.

As the pole is bent to store the energy, it should not show any plastic deform-

ation and should not fracture. The elastic limit of glass fiber-reinforced epoxy

is much higher than that of either wood or high-strength aluminum alloys.

With glass fiber-reinforced epoxy poles, the stored energy is high enough to

clear 6 m or greater height in pole vaulting. Carbon fiber-reinforced epoxy is

not used, since it is prone to fracture at high bending strains.
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Glass and carbon fiber-reinforced epoxy fishing rods are very common

today, even though traditional materials, such as bamboo, are still used. For

fly-fishing rods, carbon fiber-reinforced epoxy is preferred, since it produces a

smaller tip deflection (because of its higher modulus) and ‘‘wobble-free’’ action

during casting. It also dampens the vibrations more rapidly and reduces the

transmission of vibration waves along the fly line. Thus, the casting can be

longer, quieter, and more accurate, and the angler has a better ‘‘feel’’ for the

catch. Furthermore, carbon fiber-reinforced epoxy rods recover their original

shape much faster than the other rods. A typical carbon fiber-reinforced epoxy

rod of No. 6 or No. 7 line weighs only 37 g. The lightness of these rods is also a

desirable feature to the anglers.

1.3.5 MARINE APPLICATIONS

Glass fiber-reinforced polyesters have been used in different types of boats (e.g.,

sail boats, fishing boats, dinghies, life boats, and yachts) ever since their

introduction as a commercial material in the 1940s [13]. Today, nearly 90% of

all recreational boats are constructed of either glass fiber-reinforced polyester or

glass fiber-reinforced vinyl ester resin. Among the applications are hulls, decks,

and various interior components. The manufacturing process used for making a

majority of these components is called contact molding. Even though it is

a labor-intensive process, the equipment cost is low, and therefore it is afford-

able to many of the small companies that build these boats. In recent years,

Kevlar 49 fiber is replacing glass fibers in some of these applications because of its

higher tensile strength–weight and modulus–weight ratios than those of glass

fibers. Among the application areas are boat hulls, decks, bulkheads, frames,

masts, and spars. The principal advantage is weight reduction, which translates

into higher cruising speed, acceleration, maneuverability, and fuel efficiency.

Carbon fiber-reinforced epoxy is used in racing boats in which weight

reduction is extremely important for competitive advantage. In these boats,

the complete hull, deck, mast, keel, boom, and many other structural compon-

ents are constructed using carbon fiber-reinforced epoxy laminates and sand-

wich laminates of carbon fiber-reinforced epoxy skins with either honeycomb

core or plastic foam core. Carbon fibers are sometimes hybridized with other

lower density and higher strain-to-failure fibers, such as high-modulus poly-

ethylene fibers, to improve impact resistance and reduce the boat’s weight.

The use of composites in naval ships started in the 1950s and has grown

steadily since then [14]. They are used in hulls, decks, bulkheads, masts,

propulsion shafts, rudders, and others of mine hunters, frigates, destroyers,

and aircraft carriers. Extensive use of fiber-reinforced polymers can be seen in

Royal Swedish Navy’s 72 m long, 10.4 m wide Visby-class corvette, which is the

largest composite ship in the world today. Recently, the US navy has commis-

sioned a 24 m long combat ship, called Stiletto, in which carbon fiber-

reinforced epoxy will be the primary material of construction. The selection
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of carbon fiber -reinforce d ep oxy is based on the design requir ements of light -

weight and high stre ngth need ed for high speed , maneuver ability, ran ge, and

payload cap acity of these ships. Their stealth cha racteris tics are also impor tant

in mini mizing radar reflecti on.

1.3.6 INFRASTRUCTURE

Fiber- reinforced polyme rs have a great potential for replac ing reinforced con -

crete an d steel in bridges , buildi ngs, and other civil infrastr uctures [15]. The

princip al reason for selec ting these compo sites is their corrosio n resi stance,

which leads to longer life and low er maint enance an d repair co sts. Reinforced

concret e bridges tend to deteriorat e after severa l ye ars of use becau se of

corrosi on of steel -reinforci ng bars (rebars) used in their constr uction. The

corrosi on pro blem is exacerba ted be cause of deicing salt sp read on the bridge

road surface in wi nter months in many parts of the world. The deterio ration

can become so severe that the concret e su rrounding the steel rebars can start to

crack (due to the expan sion of corrodi ng steel bars) and ultimat ely fall off, thus

weake ning the struc ture’s load-c arryi ng capacit y. The co rrosion problem does

not exist wi th fiber-re inforced polyme rs. Anothe r ad vantage of using fiber-

reinforced polyme rs for large bridge struc tures is their light weight, whi ch

means low er dead weight for the bridge, easie r trans portation from the pro -

duction fact ory (where the c omposi te struc ture can be prefabr icated) to the

bridge locat ion, easie r ha uling and inst allation, and less injur ies to pe ople in

case of an earthqua ke . W ith lightw eight constr uction, it is also possibl e to

design bridges with longer span between the suppo rts.

One of the early demonst ration s of a c omposi te traffic bridge was made in

1995 by Lockhe ed Marti n Resea rch Laborator ies in Palo Alto, Cal ifornia. The

bridge deck was a 9 m long 3 5.4 m wid e qua rter-sca le section and the mate rial

selected was E-glas s fiber -reinforce d polyester. The composi te deck was a

sandw ich lamin ate of 15 mm thick E-glas s fiber-re infor ced poly ester face sheets

and a seri es of E-glas s fiber-re infor ced pol yester tubes bonde d toget her to form

the co re. The deck was suppo rted on three U-s haped beams made of E-glass

fabric-r einfor ced polyest er. The design was mod ular and the compon ents were

stacka ble, which sim plified both their trans portation and assem bly.

In recent years, a number of composite bridge decks have been constructed

and commissioned for service in the United States and Canada. The Wickwire

Run Bridge located in West Virginia, United States is an example of one such

construction. It consists of full-depth hexagonal and half-depth trapezoidal

profiles made of glass fabric-reinforced polyester matrix. The profiles are

supported on steel beams. The road surface is a polymer-modified concrete.

Anothe r ex ample of a composi te bridge structure is sho wn in Figure 1.11,

which replaced a 73 year old concrete bridge with steel rebars. The replacement

was necessary because of the severe deterioration of the concrete deck, which

reduced its load rating from 10 to only 4.3 t and was posing safety concerns. In
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View from the top showing round
composite cross-rods inserted in the
predrilled holes in composite I-bars

placed in the direction of trafffic

FIGURE 1.11 Glass fiber-reinforced vinyl ester pultruded sections in the construction of

a bridge deck system. (Photograph provided by Strongwell Corporation.With permission.)
the composite bridge, the internal reinforcement for the concrete deck is a two-

layer construction and consists primarily of pultruded I-section bars (I-bars) in

the width direction (perpendicular to the direction of traffic) and pultruded

round rods in the length directions. The material for the pultruded sections is

glass fiber-reinforced vinyl ester. The internal reinforcement is assembled by

inserting the round rods through the predrilled holes in I-bar webs and keeping

them in place by vertical connectors.

Besides new bridge construction or complete replacement of reinforced

concrete bridge sections, fiber-reinforced polymer is also used for upgrading,

retrofitting, and strengthening damaged, deteriorating, or substandard concrete

or steel structures [16]. For upgrading, composite strips and plates are

attached in the cracked or damaged areas of the concrete structure using adhe-

sive, wet layup, or resin infusion. Retrofitting of steel girders is accomplished
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by attaching composite plates to their flanges, which improves the flange stiff-

ness and strength. The strengthening of reinforced concrete columns in earth-

quake prone areas is accomplished by wrapping them with fiber-reinforced

composite jackets in which the fibers are primarily in the hoop direction. They

are found to be better than steel jackets, since, unlike steel jackets, they do not

increase the longitudinal stiffness of the columns. They are also much easier to

install and they do not corrode like steel.

1.4 MATERIAL SELECTION PROCESS

Material selection is one of the most important and critical steps in the

structural or mechanical design process. If the material selection is not done

properly, the design may show poor performance; may require frequent main-

tenance, repair, or replacement; and in the extreme, may fail, causing damage,

injuries, or fatalities. The material selection process requires the knowledge of

the performance requirements of the structure or component under consider-

ation. It also requires the knowledge of

1. Types of loading, for example, axial, bending, torsion, or combination

thereof

2. Mode of loading, for example, static, fatigue, impact, shock, and so on

3. Service life

4. Operating or service environment, for example, temperature, humidity

conditions, presence of chemicals, and so on

5. Other structures or components with which the particular design under

consideration is required to interact

6. Manufacturing processes that can be used to produce the structure or

the component

7. Cost, which includes not only the material cost, but also the cost of

transforming the selected material to the final product, that is, the

manufacturing cost, assembly cost, and so on

The material properties to consider in the material selection process depend on

the performance requirements (mechanical, thermal, etc.) and the possible

mode or modes of failure (e.g., yielding, brittle fracture, ductile failure, buck-

ling, excessive deflection, fatigue, creep, corrosion, thermal failure due to over-

heating, etc.). Two basic material properties often used in the preliminary

selection of materials for a structural or mechanical design are the modulus

and strength. For a given design, the modulus is used for calculating the

deformation, and the strength is used for calculating the maximum load-carrying

capacity. Which property or properties should be considered in making a

preliminary material selection depends on the application and the possible

failure modes. For example, yield strength is considered if the design of

a structure requires that no permanent deformation occurs because of the
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applic ation of the load . If, on the other hand , there is a possibi lity of brittle

failure becau se of the influ ence of the operatin g environm ental co ndition s,

fracture toughn ess is the mate rial propert y to consider .

In many designs the perfor mance requir ement may include stiffne ss, which

is define d as load per unit deform ation. Stiffnes s should not be co nfused wi th

modulus, since stiffne ss depen ds not only on the mo dulus of the mate rial

(which is a mate rial prop erty), but also on the design. For exampl e, the stiffne ss

of a stra ight be am with soli d circular c ross secti on de pends not only on the

modulus of the mate rial, but also on its length, diame ter, and how it is

suppo rted (i.e., bounda ry co ndition s). For a given beam lengt h and supp ort

cond itions, the stiffne ss of the beam with solid circul ar cross section is prop or-

tional to Ed 4, wher e E is the modulus of the beam mate rial and d is its diame ter.

Therefor e, the stiffness of this beam can be increa sed by eithe r selec ting a high er

modulus mate rial, or increa sing the diame ter, or doing both. Increas ing the

diame ter is more effe ctive in increa sing the stiffne ss, but it also increa ses

the weigh t and c ost of the beam. In some designs , it may be pos sible to increa se

the be am stiffne ss by incorpora ting other design feat ures, such as ribs, or by

using a sand wich constr uction.

In de signing structures wi th minimum mass or minimum cost, mate rial

propert ies must be combined wi th mass density ( r), co st per unit mass ($ =kg),
and so on. For exampl e, if the de sign object ive for a tension linkag e or a tie ba r

is to meet the stiffne ss perfor mance criteri on wi th minimum mass , the mate rial

selection criterion involves not just the tensile modulus of the material (E), but

also the modulus–density ratio (E=r). The modulus–density ratio is a material

index, and the material that produces the highest value of this material index

should be selected for minimum mass design of the tension link. The material

index de pends on the application and the design object ive. Table 1.6 lis ts the

material indices for minimum mass design of a few simple structures.

As an example of the use of the material index in preliminary material

selection, consider the carbon fiber–epoxy quasi-isotropic laminate in Table 1.1.

Thin laminates of this type are considered well-suited for many aerospace

applications [1], since they exhibit equal elastic properties (e.g., modulus) in

all directions in the plane of load application. The quasi-isotropic laminate

in Table 1.1 has an elastic modulus of 45.5 GPa, which is 34% lower than that

of the 7178-T6 aluminum alloy and 59% lower than that of the Ti-6 Al-4V

titanium alloy. The aluminum and the titanium alloys are the primary metallic

alloys used in the construction of civilian and military aircrafts. Even though

the quasi-isotropic carbon fiber–epoxy composite laminate has a lower modulus,

it is a good candidate for substituting the metallic alloys in stiffness-critical

aircraft structures. This is because the carbon fiber–epoxy quasi-isotropic

laminate has a superior material index in minimum mass design of stiffness-

critical structures. This can be easily verified by comparing the values of

the material index E1=3

r of all three materials, assuming that the structure can

be modeled as a thin plate under bending load.
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TABLE 1.6
Material Index for Stiffness and Strength-Critical Designs at Minimum Mass

Structure Constraints

Design

Variable

Material Index

Stiffness-Critical

Design

Strength-Critical

Design

Round tie bar loaded

in axial tension

Length fixed Diameter
E

r

Sf

r

Rectangular beam loaded

in bending

Length and

width fixed

Height
E1=3

r

S
1=2
f

r

Round bar or shaft loaded

in torsion

Length fixed Diameter
G1=2

r

S
2=3
f

r

Flat plate loaded in

bending

Length and

width fixed

Thickness
E1=3

r

S
1=2
f

r

Round column loaded

in compression

Length Diameter
E1=2

r

Sf

r

Source: Adapted from Ashby, M.F., Material Selection in Mechanical Design, 3rd Ed., Elsevier,

Oxford, UK, 2005.

Note: r¼mass density, E¼Young’s modulus, G¼ shear modulus, and Sf¼ strength.
Weight reduction is often the principal consideration for selecting fiber-

reinforced polymers over metals, and for many applications, they provide a

higher material index than metals, and therefore, suitable for minimum mass

design. Depending on the application, there are other advantages of using fiber-

reinforced composites, such as higher damping, no corrosion, parts integration,

control of thermal expansion, and so on, that should be considered as well, and

some of these advantages add value to the product that cannot be obtained

with metals. One great advantage is the tailoring of properties according to the

design requirements, which is demonstrated in the example of load-bearing

orthopedic implants [17]. One such application is the bone plate used for bone

fracture fixation. In this application, the bone plate is attached to the bone

fracture site with screws to hold the fractured pieces in position, reduce the

mobility at the fracture interface, and provide the required stress-shielding of

the bone for proper healing. Among the biocompatible materials used for

orthopedic implants, stainless steel and titanium are the two most common

materials used for bone plates. However, the significantly higher modulus of

both of these materials than that of bone creates excessive stress-shielding, that is,

they share the higher proportion of the compressive stresses during healing than

the bone. The advantage of using fiber-reinforced polymers is that they can be

designed to match the modulus of bone, and indeed, this is the reason for
� 2007 by Taylor & Francis Group, LLC.



selecting carbon fiber-reinforced epoxy or polyether ether ketone (PEEK) for

such an application [18,19].
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PROBLEMS*

P1.1. The modu lus and tensile stre ngth of a SMC compo site are report ed as

15 GPa an d 230 MPa , respectivel y. Ass uming that the density of the

SMC is 1.85 g=cm 3, ca lculate the strength–w eight rati o and modulus–

weight ratio for the compo site.

P1.2. The material of a tensi on membe r is ch anged from AISI 4340 steel to a

unidir ection al high-m odulus (HM) carbon fiber -reinforce d epoxy.

1. Calculat e the rati o of the cross-sect ional areas, axial sti ffnesses, and

weights of these two member s for equal load-c arrying capacit ies

2. Calculat e the rati o of the cross-sect ional areas, load-c arrying cap -

acities, and wei ghts of these two member s for equal axial stiffne ss

( Hint : Load ¼ strength 3 cross-sect ional area, and axial sti ffness ¼
modulus 3 cross-sect ional area)

P1.3. Com pare the height s and weigh ts of three rectan gular beams made of

aluminum alloy 6061-T6, titanium alloy Ti-6Al-4V, and a unidirectional

high-strength (HS) carbon fiber-reinforced epoxy designed to posses (a)

equal bending stiffness and (b) equal bending moment carrying capacity.

Assume that all three beams have the same lengt h an d wid th. (Hint : The

bend ing stiffne ss is proporti onal to Eh3 an d the be nding mo ment is

propo rtional to Sh 2, where E, S, and  h are the mod ulus, stren gth, and

height , respect ively.)

P1.4. Calculat e the flexu ral (bending ) sti ffness ratio of tw o can tilever bea ms

of e qual wei ght, one made of AISI 4340 steel an d the other made of a

unidir ection al high-m odulus carbon fiber–ep oxy c omposi te. Assume

that both beams have the same lengt h and width, but differen t height s.

If the beams were sim ply supporte d inst ead of fixed at one end like a

canti lever beam, how will the ratio ch ange?

P1.5. In a certain app lication, a steel be am of roun d cross secti on (dia-

meter¼ 10 mm) is to be replaced by a unidirectional fiber-reinforced

epoxy beam of equal length. The composite beam is designed to have a

natural frequency of vibration 25% higher than that of the steel beam.

Among the fibers to be considered are high-strength carbon fiber, high-

modulus carbon fiber , and Kevl ar 49 (see Table 1.1) . Select one of these

fibers on the basis of minimum weight for the beam.

Note that the natural frequency of vibration of a beam is given by

the following equation:
*Use Table 1.1 for material properties if needed.
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wn ¼ C
EI

mL4

� �1=2

,

where

wn¼ fundamental natural frequency

C ¼ a constant that depends on the beam support conditions

E ¼modulus of the beam material

I ¼moment of inertia of the beam cross section

m ¼mass per unit length of the beam

L ¼ beam length

P1.6. The material of a thin flat panel is changed from SAE 1010 steel panel

(thickness¼ 1.5 mm) an E-glass fiber-reinforced polyester SMC panel

with equal flexural stiffness. Calculate the percentage weight and cost

differences between the two panels. Note that the panel stiffness is

Eh3

12(1� n2)
, where E is the modulus of the panel material, n is the

Poisson’s ratio of the panel material, and h is the panel thickness. The

following is known for the two materials:
� 2007 by Taylor & Francis Group, L
Steel SMC
LC.
Modulus (GPa)
 207
 16
Poisson’s ratio
 0.30
 0.30
Density (g=cm3)
 7.87
 1.85
Cost ($=kg)
 0.80
 1.90
Suggest an alternative design approach by which the wall thickness of the

flat SMC panel can be reduced without lowering its flexural stiffness.

P1.7. To reduce the material cost, an engineer decides to use a hybrid beam

instead of an all-carbon fiber beam. Both beams have the same overall

dimensions. The hybrid beam contains carbon fibers in the outer layers

and either E-glass or Kevlar 49 fibers in the core. The matrix used is an

epoxy. Costs of these materials are as follows:

Carbon fiber–epoxy matrix: $25.00=lb
E-glass fiber–epoxy matrix: $1.20=lb
Kevlar 49 fiber–epoxy matrix: $8.00=lb

The total carbon fiber–epoxy thickness in the hybrid beam is equal to the

core thickness. Compare the percentage weight penalty and cost savings

for each hybrid beam over an all-carbon fiber beam. Do you expect both

all-carbon and hybrid beams to have the same bending stiffness? If the

answer is ‘‘no,’’ what can be done to make the two stiffnesses equal?



P1.8. The shear modulus (G) of steel and a quasi-isotropic carbon fiber–

epoxy is 78 and 17 GPa, respectively. The mean diameter (D) of a

thin-walled steel torque tube is 25 mm and its wall thickness (t) is 3 mm.

Knowing that the torsional stiffness of a thin-walled tube is propor-

tional to D3tG, calculate:

1. Mean diameter of a composite tube that has the same torsional

stiffness and wall thickness as the steel tube

2. Wall thickness of a composite tube that has the same torsional

stiffness and mean diameter as the steel tube

3. Difference in weight (in percentage) between the steel tube and the

composite tube in each of the previous cases, assuming equal length

for both tubes

P1.9. Using the information in Problem P1.8, design a composite torque tube

that is 30% lighter than the steel tube but has the same torsional

stiffness. Will the axial stiffnesses of these two tubes be the same?

P1.10. Write the design and material selection considerations for each of the

following applications and discuss why fiber-reinforced polymers can

be a good candidate material for each application.

1. Utility poles

2. Aircraft floor panels

3. Aircraft landing gear doors

4. Household step ladders

5. Wind turbine blades

6. Suspension arms of an automobile

7. Drive shaft of an automobile

8. Underground gasoline storage tanks

9. Hydrogen storage tanks for fuel cell vehicles

10. Leg prosthetic

11. Flywheel for energy storage
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